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Abstract

Abstract

Computational chemistry methods were employed tdysamall boron containing reactive
intermediates, such as borylenes, which are thdogmaof carbenes and nitrenes, and
borirenes and boriranes that are isoelectronic yidopropenyl and cyclopropyl cations,
respectively.

Density functional theory (DFT) was used to stuttg telectronic and molecular
structure of various substituted borylenes BR (R =FHCI, CH;, CF;, tBu, NH,, Ph and
SiMes). Geometries of singlet and triplet borylenes wapémized at the B3LYP/def2-TZVP
level of theory. The influence of substitution dmetfrontier molecular orbitals (FMO)
energies, HOMO-LUMO energy gaps, and singlet-ttipleergy splittings was also examined.
In addition, two lowest singlet-singlet electrotiansitions were computed using equation-of-
motion coupled cluster singles and doubles (EOM-CC&B{J time-dependent density
functional theory (TD-DFT; B3LYP, CAM-B3LYP, andB97X functionals were used), both
methods in combination with the aug-cc-pVTZ basis s

The reactivity of singlet borylenes towards unesteed and saturated hydrocarbons
was investigated. The geometries of the studiedispavere optimized at the MP2/cc-pVTZ
level of theory. Energies were further recomputédha CCSD(T)/aug-cc-pVTZ level of
theory. To study the mechanisms of the addition iasdrtion reactions, ethyne, ethene, and
methane were chosen as model hydrocarbons. Theifyhif borylenes was also studied in
terms of geometrical parameters of the transittates calculated for the addition reactions.

The aforementioned addition and insertion reastimvolve weakly bound van der
Waals complexes formed between hydrocarbons anglemas that correspond to shallow
minima on the potential energy surfaces. Spin-corapbscaled second-order Mgller-Plesset
perturbation theory (SCS-MP2) in conjunction witle thef2-QZVP basis set was used to
optimize the geometries of all complexes. Energiese refined with the CCSD(T) method
employing the def2-QZVP and aug-cc-pVTZ basis s&gmmetry-adapted perturbation
theory (SAPT) analysis was performed to study thtunme of the interaction in borylene-
hydrocarbon van der Waals complexes.

The reactions of three-membered boron heterocyblesrane and borirene) towards
unsaturated hydrocarbons (ethyne and ethene) weestigated. Dimerization reactions of
borirenes and boriranes were also studied. All ggoes were optimized at the M062X/6-
311+G(d,p) level of theory. Energies were recomgtethe CCSD(T)/def2-TZVP level of
theory.



Zusammenfassung

Zusammenfassung

In dieser Arbeit wurden kleine, borhaltige reaktivéwischenstufen mit Hilfe
guantenchemischer Methoden untersucht. BetrachtetemuBorylene, die Bor-Analoga von
Carbenen und Nitrenen, aber auch Borirene und Boridirewiederum isoelektronisch zu
den Cyclopropenyl- bzw. Cyclopropylkationen sindctidefunktionaltheorie (DFT) wurde
angewandt um die elektronische und geometrischekiBir unterschiedlich substituierter
Borylene BR (R = H, F, Cl, CH Ck;, tBu, NHz, Ph und SiMg zu untersuchen. Die
Molekilgeometrien der entsprechenden Singulett- Tinglett-Borylene wurden auf dem
B3LYP/def2-TZVP Theorieniveau optimiert. Zudem wurdier Einfluss verschiedener
Substituenten auf die Grenzorbitalenergien, die HBBMUMO-Energieabstande und die
Singulett-Triplett-Energieaufspaltungen untersuchisatzlich wurden die zwei energetisch
tief liegendsten, elektronischen Singulett-Singuletrgange sowohl mit der EOM-CCSD-
Methode (equation-of-motion coupled cluster themwgles, doubles) als auch mit
zeitabhéngiger DFT (TD-DFT, time-dependent denéityctional theory; B3LYP, CAM-
B3LYP undowB97X) und dem aug-cc-pVTZ Basissatz berechnet.

Die Reaktivitat der Singulettborylene wurde gegemidesattigten und ungesattigten
Kohlenwasserstoffen erforscht. Dabei wurde die gsosthe Struktur der jeweiligen
betrachteten Spezies auf dem MP2/cc-pVTZ Theorgaivoptimiert und anschlie3end die
Energie mittels CCSD(T)/aug-cc-pVTZ verfeinert [CCSR(Tcoupled-cluster, singles,
doubles, and perturbative triples]. Exemplarischrdea Ethin, Ethen und Methan als
Kohlenwasserstoffe gewahlt, um die MechanismenAtititions- und Insertionsreaktionen
zu betrachten. Fir die Additionsreaktionen wurdddemdem die Philie (Elektro- oder
Nukleophilie) der Borylene im Ubergangzustand anhgewmetrischer Parameter untersucht.

Die gerade erwahnten Additions- und Insertiongreakn verlaufen zunachst tber
schwach gebundene van-der-Waals-Komplexe zwischem \eerschiedenen Kohlenwas-
serstoffen und Borylenen, die flachen Minima auf Betentialenergieoberflache entsprichen.
Die Geometrien aller Komplexe wurden mittels SCS-MR2Verbindung mit dem def2-
QZVP Basissatz optimiert und die Energien mit der CO3Methode unter Verwendung
des def2-QZVP und aug-cc-pVTZ Basissatzes verfeiigne Analyse der intermolekularen
Wechselwirkung wurde mittels symmetrieadaptiertédri@gstheorie (SAPT: Symmetry-
Adapted Perturbation Theory) durchgefuhrt, um méder die Natur der Wechselwirkung in
den van-der-Waals-Komplexen zwischen Borylenen uoldlé&wasserstoffen zu erfahren.



Zusammenfassung

Des weiteren wurden Reaktionen zwischen dreiglegm Borheterocyclen (Boriane
und Borirene) und ungesattigten Kohlenwasserstqitnin und Ethen) betrachtet, wie auch
die Dimerisierung von Borirenen und Boriranen. Alleed&etrien wurden mittels
Dichtefunktionaltheorie [M06-2X/6-311+G(d,p)] optient und die Energien auf dem
Theorieniveau CCSD(T)/aug-cc-pVTZ verfeinert.
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Introduction

1 Introduction
1.1 Borylenes as Reactive Intermediates

Borylenesl, monovalent boron species, which can be alsoccaiteanediyls or borenes are

analogs of carbene!™® and nitrenedil *® (see Scheme 1). The unique structure of
borylenes makes them highly reactive and theredateemely rare and elusive. Due to the
empty p orbitals on boron atom borylenes are censalLewis acids that are able to accept

lone pairs of electrons.

JU—?:

Scheme 1Simplified structures of borylerig carbendl , and nitrenéll .

One of the most significant experiments in boryletlemistry was the high
temperature generation of haloborylenes. In the [B960s, Timms reported the first
generation of subvalent boron monohalides by pgssoron trihalide (BGl or BFs) over
solid boron under high temperature and low pressoraitions’" & The thus generated
haloborylenes were co-condensed with alkynes akenat at low temperature. This co-
condensation of borylenes with unsaturated hydbmres resulted in formation of 1,4-
diboracyclohexa-2,5-dieney (Scheme 2) and 1,4-diboracyclohexanes. Although no
detected directly, boriranes and borirenes, such/asvere suggested as possible transient
intermediates in this reaction. Diatomic boryleri@s (where X = H, F, Cl, Br, and I)

generated in the gas phase were all investigateddans of microwave spectroscdpy’

cl
Cl B

HC=CH + BCl — | —»[ ]
/=\ B

|

Cl

v \"

Scheme 2Reaction of chloroborylene with acetylene studigdimms!®
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Introduction

In 1984 Pachaly and Wé&St generated triphenylsilylborylene, B, VII by
photolysis of organobis(triphenylsilyl)boranes, RB{&),, or tris(triphenylsilyl)borane,
(SiPhy)3B (V1) in hydrocarbon (3-methylpentane) glass matrixt@6°C using UV lightX =
254 nm) (see Scheme 3). Although the borylenes weteobserved directly in these
experiments, the intermediacy of silylborylene waeduced from the reaction products
isolated after warming the matrix to room tempeamtlVithout the trapping agent, the
product of borylene insertion into the C-H bond em8thylpentane was isolate¥I(l ).
Adding tetrahydrofuran (THF) to the glass matriguied in the formation of the cyclic C-O
insertion productX. In the presence of bis(trimethylsilyl)ethyne twresponding borirene
X was obtained as the product of borylene cycloamdit?

C-H insertion Ili viil
|:>o o SiPh
RB(SiPhs), —-1%" . :BSiPh [
(SiPh3) —Rsipn, 3 C-O insertion IX
\"/| VII
R= CH3, CgH11 or SIPh3 Me3SiCECSiMe3 ?Iph:;
> B
[2+1] cycloaddition — X
Me3Si SiMe3

Scheme 3Generation of (triphenyl)silylborylene and itscgans by Pachaly and We&t.

Another experiment in which a borylene was conalutiebe an intermediate was the
metal reduction of bulky arylboron dihalides 2,6 8A&H3BX, (Mes = 2,4,6-MgCeH>) (XI)
and 2,6-TripCeH3BBr, (Trip = 2,4,6+PrsC¢H,) leading to the formation of 9-borafluorenyls
(Scheme 4). During this reaction, the generatetbarylene Xl underwent intramolecular
insertion into a C-Gs-bond involving theo-Me group to produce borafluorenydiil !
More recently, dehalogenation of dichloroborai¥ that was stabilized by a N-heterocyclic
carbene (NHC) with sodium naphthalenide NgFg] resulted in the formation of an
enantiomeric mixture of the corresponding boriraXigs(Scheme 5). NHC-stabilized parent
borylene was invoked as an intermediate that um#srg[2+1] cycloaddition with
naphthalen&® However, Curran and coworkers proposed an altematidical mechanism

for the formation of trapping producdtg! A NHC-stabilized borylene was also proposed as a

12



Introduction

transient intermediate that undergoes intramolecGkd insertion in the photochemically
induced isomerisation of C,C-chelate dimesitylbof®hles,).*”!

Mes Mes

Mes .Li-.
BCl, : @ ©
2Li ~CH3; - -CH r-CH
CHs, Et,0 (T—i B e B 3 @B 3

(LlOEtz)g

@ ‘ LiOEt,
Xl Xl Xin

Scheme 4Arylborylene as transient intermediate in the reiducof arylboron dihalidet’”

_CH
CHy 7N
N—

N :
. Na[C1oHg] ; :
[ J=BHCl, — = H,d  ‘g-H
N
XIv XV

Scheme 5Dehalogenation of NHC-stabilized dichloroboranesbglium naphtalenide.

In the experiments performed by Ito et’dlanother arylborylene, ThtB (Tbt = 2,4,6-
tris[bis-(trimethylsilyl)methyl]pheny)XVII , was inferred to be a transient intermediate in
the photolysis of bis(methylseleno)borane, ThtB(SgMXVI). The photoreaction was
carried out in the presence of benzil or phenantdgainone as trapping reagents (Scheme 6).
In both cases, the formed product was 9,10-dihygyb&nanthrenXVIIl , a cycloadduct of
borylene and benzil. When ThtB(SeM@Jas irradiated in the presence of dimethyl digelfi

one of the obtained products, bis(methylthio)borié, was ascribed to be a product of
borylene insertion into the S-S bond.

o0 ) )
b 0 by

O
—Ph_Ph rpt-g — > Tbt—B ‘ XVIII
(0] O (e}
Tst(SeMe)ZMTbt—B:— ‘ . Tot—8 ‘

-Me,Se,
XVI XVII

SN
Tbt~g-S~g—Tbt
TbtB(SMe), + o

XIX

MeSSMe

Scheme 6Photolysis of bis(methylseleno)borane ThtB(SeMe)d subsequent trapping reactions of transient
borylene with benzil and phenanthrenequinone (@myl) dimethyl disulfide MeSSMe (bottom).

13
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In the aforementioned experiments, the involvenadridorylenes was inferred on the
basis of the products formed during the trappiragtiens. Direct spectroscopic observations
of organoborylenes are limited and involve the ardd spectroscopy detection of
ethynylborylene and phenylborylene. The former wadsserved with the help of IR
spectroscopy along with other organoboron speoiesdd after co-deposition of pulsed laser
evaporated boron atoms and ethyne in an argonxatti5 K? The latter organoborylene,
phenylboryleneXXl, was obtained, along with (B-nitreno-N-phenyl)imiorane XXII ,
during the UV photodecomposition of diazidophenyime PhB(N), XX in solid nitrogen
and neon matrices at 10 K (Schemé&¥)Eurther irradiation of phenylborylene with longer
wavelength X = 350-450 nm) light resulted in the intramolecutesertion into thertho-C-H
bond of the phenyl ring and formation of benzolare XXIll . Inorganic aminoborylene
(BNH) was detected as one of the products formed duhiagco-condensation of pulsed
laser ablated boron atoms with ammonia in solidamt 10 K?¥ All borylenes described in
this section were identified by comparison of thatnw isolation infrared spectra with the

computed vibrational spectf&:>¥

N3

/ 254 nm, Ny, 10 K .
B ! - B:

\ 3N,

N3

XX XXI
254 nm,
-3N, N, 10 K > 350 nm
Oreste (o
XXl XXI1I

Scheme 7Generation of phenylborylene and its intramoleciraertion into thertho-C-H bond of the phenyl
ring to form benzoborirene.

1.2 Stabilization of Borylenes

1.2.1 Stabilization by Metal Centers

Free borylenes could not be isolated, althoughlboeg stabilized in the coordination sphere
of transition metals were generated and isolated. chemistry of transition metal complexes

of borylenes is well established and summarizedeieral review articlé$>>**! Borylene
ligands of transition metal complexes can be catego into three main types according to

14
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the coordination number of boron (see Schenm&8f! These are terminal borylenes (mono-
and bisborylene), bridging borylenes (homo-, heterand semibridging), and
metalloborylenes with boron atom situated in betwseo or three metal centers. Moreover,
Lewis base adducts of either terminal and briddiogylene ligands are known. The first
transition metal borylene complexes were synthdsige 1995 by Braunschweig and
coworkers (Scheme ! These are highly stable dinuclear manganese caes¥exIVa-c
with bridging borylene ligands, which were isolaiedhe form of red crystals. Three years
later the first terminal borylene complexes of chium XXVa and tungsterXXVb were

synthesized and structurally characterized (ScHfi&

TERMINAL BORYLENES METALLOBORYLENES
L ML,
L,M=B—R L,M=B L,M=B-M'L, L,M=E
R ML,

BRIDGING BORYLENES

R R B/R R
.B. B, LoMZ2s B,
LM ML, LM ML, "ML, LM ML,

L = ligand; M, M', M" = transition metals

Scheme 8General classification of borylene Iigar{%lls.%]

X
oc E|; ,CO oc\ [ele SiMes
R I\7In/—Mn--'III R XXIvaR = H, X = NMe; OC—M; B=—N
3 \ XXIVb R = Me, X = NMe;, 2 _ XXVa M = Cr
co CoO XXIVC R = Me, X = tBu ocC To SiMes; XxvbM =W
XXIV XXV

Scheme 9First transition metal complexes with bridgingilend terminal (right) borylene ligands.

Transition metal complexes of borylenes can semwec@nvenient sources of the
borylene unif*? Upon irradiation of these complexes the boryleigarid is readily
transferred onto different molecules, like oth@msition metal complexes or even organic
molecules (see Scheme 10). For instance, room tanope photolysis of terminal borylene
chromium and tungsten complex¥XV of the general formula (OEYMI=BN(SiMej3) in the
presence of alkyne results in the formation of feo@sXXVla-c, the products of borylene

15
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cycloaddition to the CC triple bond (Scheme 16#)Also metalloborylene complexes are
known to be good sources of borylene ligands. Thetqlysis of (OC)Cr=BFe(CO)(n’-
CsMes) (XXVII) in the presence of 1,2-bis(trimethylsilyl)ethyngelds ferroborirene
XXVIIl  (Scheme 10BY” On the other hand, irradiation of the mixture of
(OCxCr=BN(SiMe3), and 3,3-dimethyl-1-butene does not result in thepeeted
cycloaddition product but rather in the producbofylene insertion into a terminal C@
bond of the butane derivati’éXIX and the chromium complexXX (Scheme 100! In
addition to borirenes, photochemical borylene tienfom the terminal iron bis(borylene)
complex onto substituted acetylenes provides aresscdo iron complexes of 1,4-
diboracyclohexadiene and 1,4-dibora-1,3-butadi&he.

, Me;Siv., SiMe
A 0C, SO SiMe; , S 3 ovia R - Sivie,
OC—M=B=N + R—R Y - B XXVIb R = Ph
o To  sive, AN, VeReE
XXVaM = Cr
XXVb M =W XXVI
Mes Me5\ﬂ co
oc, £o , Fé-co
OC—‘CE=B=I:'e\ + R—R S B
5 A
0C €O oc o R R  R=SiMe,
XXVII XXVIII
N(SiM
C oc co  siMe Lo Ho | Nsies)
oc—Cr=B=N + = v H_ BNEMe: 7B M
o %0 sive MesC  H Vel W (CO),Ct-]
3 ©s b~ “CMe;
XXIVa XXIX XXX

Scheme 10Photochemically induced borylene transfer fromahe¢nters and the obtained reaction products.

1.2.2 Stabilization by Lewis Bases

Borylenes can be also stabilized by nucleophilibeaes (Scheme 11). In 2011 Kinjo et al.
published the first synthesis and isolation of patsrylene, BH, stabilized by two cyclic
(alkyl)(amino)carbenes (CAAC) bearing the bulky 2igapropylphenyl (Dipp) group on the
nitrogen atom and cyclohexyl group on the carbommato protect the boron center
(XXX1).”¥ The bonding between boron atom and two CAAC ligdadsest described by a
donation ofc lone electron pairs of carbenes into the emptyriptads of boron and a
backdonation from the lone electron pair of theopoworbital into the p{) orbitals of
carbene&’® The HB(CAAC) molecule was obtained by reduction of the CAAC-B&iduct

16
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by potassium graphite KCOn the other hand, the reduction of N-heterocychrbene—
tribromoborane adduct NHC-BBby KGCs results in the formation of an air-sensitive cae
stabilized neutral diborane with a B=B double bomsdreported by Robinson et [}, 4°!
Further investigations concerning synthetic appneacto Lewis base stabilized borylenes
involve efficient preparation of two bis(carbena)denes XXXlla and XXXIlIb of the
general formula (L)(CAAC)BH] (L is either benzimidaygbtlene or cyclopropenylidene),
achieved by two-electron reduction of bis(carbey@pnium salts (triflates) with K&*® In
these compounds the boron lone pair of electronsaisly delocalized on the CAAC due to
the weaker electron accepting properties of L lidganompared to CAAC as confirmed by
crystallographic characterization (shorter B-C(CAA®nt) and DFT computatio®’ In
2014 Kinjo and coworkers synthesized and charasdria bis(oxazol-2-ylidene)-
phenylborylene addu¢tXXlll by KGCs reduction of a boronium saff! To asses electron
donating properties towards Lewis acids, the phHmorylene adduct was reacted with the
chromium complex [(thf)Cr(CQ). The reaction afforded the terminal borylene-chiam
complex XXXIV .*1 Also in 2014, Bertrand et al. were able to syriteesCAAC-
aminoborylene addustXXVI (Scheme 12¥® The reaction proceeded through the stepwise
reduction of the CAAC-bis(trimethylsilyllaminodichilmborane adductXXXV with
cobaltocene Co(Cp3)and yielded the corresponding nearly linear CAA@puted singlet
aminoborylene that is reminiscent of the singlebeae, [bis(diisopropylamino)phosphino]-
trimethylsilylcarbene, stabilized by push-pull stifoents and possessing allenic, though
flexible, structurd*® *% The CAAC-aminoborylene adduct displays electrophitiaracter of
boron and is able to irreversibly bind carbon madexCO moleculeXXXVIl) and to split
molecular hydrogenX{XXVIIl ).

Dipp

\ Dipp Dipp Iﬁ XXXlla L = Q

H
N /é \N B v/NYN\(

~— N : L
%JE ﬁ %j? o K

XXXI XXXII .
Ph Ph
\N b N/ \N B
0 .0 .. I/
Cr(CO)g
XXX XXXIV

Scheme 11Borylenes stabilized by cyclic carbenes.
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Scheme 12Synthesis and reactivity of CAAC-stabilized amion}bene[.48]

Quite recently, the neutral borylene dicarbonyl pter TpB(COY! [Tp = 2,6-
di(2,4,6-triisopropylphenyl)phenylKXXIX and borylene bis(isonitrile) DurB(CNDipp)-
*2 (Dur = 2,3,5,6-tetramethylpheny¥L were synthesized by Braunschweig and coworkers
(Scheme 13). TpB(CQ@)was prepared by the treatment of the molybdenumit@l borylene
complex [(OC3Mo(BTp)] with carbon monoxide CO, while DurB(CNDippyas obtained in
the reaction of the iron terminal borylene complg®©C)s;(MesP)Fe(BDur)] with 2,6-
diisopropylphenylisocyanide (DippNC). The computatib analysis of the HOMO of the
borylene complexes revealadbackdonation from the p(B) filled orbital into tleenptyn*

orbitals of the ligandS™

To—= 7 Lo — 7
| P B
o7 ZAA 72270y Z o .
o7 Yo OC co /N "\ DipeNC CNDipp
Dipp Dipp

XXXIX
XL

Scheme 13Borylene complexes with carbon monoxide and isibeft"
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1.3 Boriranes and Borirenes

Three-membered monoboron heterocycles called In@sraand borirenes, are rather rare
compounds and are isoelectronic to the cycloprapd cyclopropenyl cations, respectively
(Scheme 14> *¥ Both borirane and borirene are highly strained mdks that have one
empty p orbital on boron atom that is capable afepting an electron pair. Boriranes are
saturated alicyclic compounds, while borirenes aematid®*® A number of
experimentdl® 18 3% 57lang theoretic® "©®% studies have been carried out to reveal the

properties of borirenes.

L L S

C® B Co® B
VANV VEANVAAN

cyclopropyl borirane cyclopropenyl borirene
cation cation

Scheme 14Comparison of borirane to cyclopropyl cation andifene to cyclopropenyl cation.

The chemistry of boriranes has hardly been ingat#d. The majority of the known
boriranes were synthesized with Lewis base (e.gdioye, THF, NHC) coordinated to the
boron atom through a dative bolidl.>*® The pyridine-stabilized 1,2,3-triphenylboriranes
XLlla,b were obtained by photochemical cyclization of gyre-borane complexeslla,b
(Scheme 155" On the other hand, the THF-stabilized boriraidll (Scheme 16) was
generated in the reaction of tetracarbahexaboramé(b tetrahydrofuraf®®! More recently,
two NHC-stabilized boriraneXLIV were synthesized by Braunschweig and cowofRens
the reaction of trans-stilbene dianion ¢MasH:2]) with NHC-stabilized dichloro-
phenylborane, NHC-B(Ph)&l Intramolecularly stabilized derivatives of boraceradienes
XLV that can be obtained via the photoisomerizatiothefcorresponding borane were also

extensively studied by Wang et} 8489

) N @\Q
Ph. N= N Ph. Nx
\B/ hv Ph /N \B/ N hv

Ph’ B Ph’ / g Y /
lPh Ph”  Ph lph Phwgﬂ«
XLla XLlla XLIb XLIlb

Scheme 15Photoisomerization of pyridine-borane adducts fanahation of boriranes.
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Scheme 16Examples of Lewis base-stabilized boriranes.

So far only few uncoordinated boriranes were ssited. These are 1,4-diboraspiro-
[2.3]hex-5-ene XLVI ),19%? 5.0xa-1,4-diboraspiro[2.3]hexan&L(VIl ),1*¥ 1.4-diboraspiro-
[2.5]octa-5,7-dieneXLVIII ),%? and 2-borylboriraneXLIX )% 8 (Scheme 17). Boriranes
XLVI and XLVIlI were first produced by Klusik and Berndt in 1983 dygloaddition of
acetylene and acetone, respectively, to methyleaeb® Further addition of ethyne to 1,4-
diboraspiro[2.3]hex-5-ene yielded 1.4-diboraspirbacta-5,7-dien&? 2-Borylborirane was
obtained by the addition of HCI to the C=B double daf boranediylborirané (Scheme
17) 63

R4 R4 R4 R4

| R | R l R> |

B B/ 2 B 2 B B/ B
= o) N I
XLVI XLVII XL xux 13

R A

\
---n-R .
B\\ B .x  MesSi_ B

Megsiﬂz_/ ] \B/R

SiMe; Me;Si >'(
L

Scheme 17Uncoordinated boriranes and synthesis of 2-boryiioe from boranediylborirane.

Heteroaromatic borirenes are more stable thandmes and many uncoordinaféd
39, 65701 (gcheme 18) as well as Lewis base coordifdtedorirenes were prepared. In
metalloborirenesLV, that can be obtained by photochemical borylemaster from a
metalloborylene complex, the metal center is cotatkdirectly to the boron atoif: ° The
reactivity of the boron center iB-mesitylborireneLIV and B-trimethylsilylaminoborirene

LIl towards Lewis bases (pyridine, dimethylaminopyréli N-heterocyclic carbene,
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trimethyl- and tricyclohexylphosphine) was studig.Neither B-mesitylborirene norB-
trimethylsilylaminoborirene reacted with phosphinaddition of N-heterocyclic carbenes to
both types of borirenes resulted in the formatibNidC-coordinated borirenes. Additionally,
B-mesitylborirene reacted also with pyridines. Tlesédo can be removed by addition of
tris(pentafluorophenyl)borane Bff During this reaction uncoordinated borirenes are
regenerated and the corresponding base adduct gisBBfmed (Scheme 19).

Me5\ﬁ co
SiPhg N(SiMes),  CMe; Mes Fé-CO
B B B B B
Me3SiASiMe3 R~ R R ‘EI;/CMe3 Mes™  Mes R R
Cl
LI LIl LI LIV LV

Scheme 18Examples of known borirenes and metalloborirenes.

" base R"
R \g* BPf, 8
/2\ -base-BPf3 /\
R R’ R R'

Scheme 19Dequaternization of base-stabilized borirene.

1.4 Carbenic Philicity

The concept of the carbenic philicity is well edistied®** A number of experimental and
theoretical measures are available to explain thliterences in reactivity of various
substituted carbenes. Most of the philicity scadee based on the addition reaction of
carbenes to alkenes, for instance the empiricatteity indexmexy introduced by Mos§™
One of the theoretical scales for the carbenicigtyilis based on the energies of frontier
molecular orbitals (FMO) of carbenes. Electrophdarbenes possess low-lying HOMO and
LUMO orbitals, while the HOMO and LUMO of nucleofibi carbenes are high-lyirg?
Depending on the substituents, carbenes can bsifiddsinto electrophilic (Ck CCh),
ambiphilic (MeOCCI, MeOCPh), and nucleophilic [MeOCNEOMe),, NHC].

Another theoretical measure of the philicity depeld by Houk and Mo&¢! is based
on the geometrical parameters of the transitionestan the cycloaddition reactions of
carbenes with olefins. The tilt anglg,is an important geometrical parameter descriltieg

carbenic philicity (Scheme 20). The tilt angle bétideal nucleophile would be 90° and in

21



Introduction

case of the ideal electrophile it would equal e Bngles. andp that measure the distortion
of the hydrogen atoms of ethene from planarityhi@ transition state, is also an important
parameter for estimation of the carbenic philicithe more nucleophilic character of the
carbene is, the larger are angleandp. The ratio of C1-C2/C1-C3 distances in the transition
state can be used to determine the philicity. Tai® is closer to 1 in case of electrophilic
and is decreasing in nucleophilic carbenes.

¢
X \\C
_--T=c,
//l
// !
B,
NP Y S
WS 2 H
V H H \

Scheme 20Transition state parameters as measures of carphiicity according to Houk et &f®!
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2 Objectives and Expected Output of the Thesis

Computational chemistry, which plays an importare nm physical organic chemistry, is
essential in predicting possible reactions and arplg their mechanisms. It is also a
convenient tool for the interpretation of experirtay obtained data. Moreover, computer
chemistry offers unique insight into the propertbésnolecules when experimental results are
unavailable.

Borylenes, BR, monovalent boron compounds, are exaegtbut very elusive reactive
intermediates. Contrary to carbenes, whose chemistwell established, the knowledge
available from experiments concerning the reagti\atectronic and geometrical structure, as
well as excited states of borylenes is still lirdite

The presented thesis provides information on theidsaheights, exothermicities and
mechanisms of borylene reactions that could notob&ined from earlier experimental
investigations. Details on the influence of sulbstin on the electronic structure, orbital
energies, singlet-triplet energy separation, stmeést of transition states, and reactivity
patterns are given. Knowledge of the low-lying &lecically excited states and vertical
singlet-singlet excitation energies of various é&rgorylenes e.g. phenylborylene, is highly
valuable in detecting borylenes in prospective UN/Vhatrix isolation or time-resolved
spectroscopy experiments.

The thesis presents also the novel low-energyieapathways for the reaction between
three-membered boron heterocycles, boriranes aricebes, and unsaturated hydrocarbons
such as ethyne or ethene. The interaction betweearpty orbitals of boron and thdond
results in a ring enlargement reaction that progetiough an unusual pentacoordinate
intermediate which resembles the olefin and ace&leomplexes of transition metals or
borylene stabilized by two hydrocarbon moleculdsese intermediates are not expected to
be detectable under the experimental conditionthadarriers for their disappearance are
very low. But related 1,5-cyclooctadiene-borylenemptexes have significantly higher
barriers for reactions and it is predicted thaythleould be observable. The results obtained
concerning the reactivity of boriranes and borieet@vards unsaturated hydrocarbons are
important in terms of interpreting Timms’ experinemiscussed in Chaptérl Owing to
the extremely low barriers, ring expansion readishould be at least competitive to the
formation of 1,4-diboracyclohexanes and 1,4-dibpchahexadienes.

The present work contributes substantially to adendeveloped area of boron chemistry

and provides valuable information in terms of pexdjve experiments.
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3 Methodology

The results presented in the following sectionsewastained by means of state of the art
computational chemistry methods. In particular dgngunctional theory (DFT) and
perturbation theory of second order (MP2) were uledgeometry optimizations. These
methods are well established, widely used, and rgénegive reasonably good results for
molecular structures. Details on these methods @rd be found in numerous review
paper§®1% and textbookt™ 1% on computational chemistry.

The energetics of chemical reactions and barrieights, however, are more
challenging to compute accurately. Therefore, cediluster theory with singles, doubles,
and a perturbative estimate of triple excitatioBE€SD(T)}***** was employed to improve
energetics of the reactions that were studied. G88D(T) method is considered the “gold
standard” in present day quantum chemistry ansl éxpected to provide energy data within
chemical accuracy if the underlying single-detelamin approximation provides a
qualitatively correct description of the systemr Betails of the method the reader is referred
to a number of comprehensive reviews. CCSD(T) sddlesith the number N of the basis
functions, which makes this method computationgjiyte challenging. Recent technical
improvements allow application of the resolutiontioé identity*°® (RI) approximation that
speeds up CCSD(T) computations and allows applicatidarge basis sets to medium sized
molecules!® As large basis sets are required for obtainingaeably accurate results with
the highly correlated CCSD(T) method, here triplexamt quadruple-zeta basis $8&were
employed.

In chapters4.1 and 4.2 ground state singlet and lowest triplet state getoss of
substituted borylenes were optimized using the ilyBBLYP density function&f*°**? in
conjunction with the def2-TzZVIB> 4 hasis set. Singlet-singlet vertical excitation rejes
presented in chaptet.2 were computed employing equation-of-motion couptdaster
theory with single and double excitations (EOM-CCS8)'*® and time-dependent density
functional theory (TD-DFT)*'°12% Both methods utilized the aug-cc-pVitZ %% basis set.
The functionals used in TD calculations were B3LY&nge-separat€d”! hybrid CAM-
B3LYP *?® andwB97X *?° Excited state computations were performed usiagyometries
optimized at the B3LYP/def2-TZVP level of theory. tNi@l transition orbital (NTGY"
analysis was carried out using the ®B97X results to determine the main orbital
contributions of the electronic excitation. Secamder Mgller-Plesset perturbation theory

(MP2)**! was employed to optimize the geometries using ctVTZ*® basis set in
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chapter4.3. Energies were further refined with coupled-clugtexory using single, double,
and a perturbative estimate of triple excitatiocB§SD(T)*! in combination with the cc-
pVTZ and aug-cc-pVT??**?® hasis sets. Geometries of van der Waals compltisesssed
in chapter4.4 were optimized using the spin-component scaled J$&3%% second-order
Mgller-Plesset perturbation theory (MP2) combineithwAhlrichs’ polarized quadruplé-
def2-QzVP'*® basis set. Standard MP2 tends to overestimateitidéing energies of stacked
n-n complexes. Bachorz et &t* have shown that binding energiesmoéomplexes can be
corrected by using the SCS-MP2. However, bindingges of the systems with hydrogen
bonding are underestimated’: 1*!'In 2004 Grimme et 4t proved the advantages of SCS-
MP2 over standard MP2 for the computation of mdecgeometries of simple molecules
and weakly bounded systems. Energies were refinigd @oupled-cluster theoy® of
single, double, and a perturbative estimate ofdrgxcitations [CCSD(T)] in combination
with the def2-QZVP (def2-TZVP in case of phenyldene complexes) and the aug-cc-
pVTZ basis sets using SCS-MP2 geometries. Symmelaptad perturbation thedty/ *®

of third order with density fitting [(DF-SAPT2+3}f* *%in conjunction with the aug-cc-
pVTZ was used to study the interaction energieshefvan der Waals complexes. SAPT
analysis was carried out using the SCS-MP2 geoesetiThe resolution of the identity
approximatiofi®® was applied in SCS-MP2 and CCSD(T) calculations usinible fitting
basis set§*!! All geometries in chapterd.5 and 4.6 were optimized using the hybrid
exchange-correlation density functional MO6I2% in combination with 6-311+G#3146]
basis set. Energies were further refined with cedqadluster theory using single, double, and
a perturbative estimate of triple excitations, CCSD{$ing polarized tripl&- def2-TZVP
basis set. Additionally, frozen core approximatwas applied in all MP2, CCSD(T), SAPT,
and EOM-CCSD computations. The nature of the statyopaints (minimum or saddle-
point) was confirmed by subsequent analytical (mizakin case of SCS-MP2) computations
of second derivatives and harmonic vibrational diextpies. Zero-point vibrational energy
(ZPVE) corrections were added to the energies iapths4.1, 4.3 4.5 and 4.6. All
computations were performed for isolated moleculds.DFT, conventional MP2, EOM-
CCSD, NTO, and standard CCSD(T) calculations were paed with the Gaussian 68!
program. RI-SCS-MP2 and RI-CCSD(T) computations weropaed using the Turbomole
6.5 progrant™*® SAPT analysis was performed using the PSI4 prodfdhFigures of
molecular structures and orbitals were preparedgusie CYLView!™® Chemcraft™®" and

Molekef**? programs.
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4 Results and Discussion
4.1 Electronic Structure and Geometries of Borylenes

In order to investigate the substituent effectstlom electronic structure and geometry of
borylenes, a wide variety of substituents R (where ®Hs, tBu, Ph, SiMe, NH,, F, CI, or
CFs) varying in the electron donating or electron widwing properties were chosen.
Furthermore, the effect of substitution by electdamating and electron withdrawing groups
(R = CH;, OH, OMe, NH, SiMe;, F, CI, CE, CN, NQ) in meta and para positions (relative
to boron atom) in arylborylenes were studied (Sahed).

R—B: R =H, F, Cl, CHs, CF3, tBu, SiMe3, NH,, NHMe, NMe,

R R = H, SiMe,, CHs, OH, OMe, NH,, F, Cl, CF3, CN, NO,

Scheme 21Structures of studied molecules.

Borylenes, alike carbenes, possess one lone pa&ileocfrons on the non-bonding n
orbital (Scheme 22). This sp type orbital is alke tighest occupied molecular orbital
(HOMO) of borylenes. However, contrary to theirtwam analogs, borylenes have only one
substituent and two empty, rbitals located on the boron atom. These comphsetwo
lowest unoccupied molecular orbitals (LUMO and LUMD) which are doubly degenerate in
borylenes ofC,,, andCz, symmetry. The electronic configuration of the s@round state is
o7, while the configuration of the lowest excitecpleit and singlet states can be described as
o'n'. The LUMO and LUMO+1 are no longer degenerate dnylenes of lower symmetry

(Cav, Cy) as a result of the interaction with the substitae
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9!
s C(B)—R
7

Px 0,

Scheme 220rbitals of the lowest singlet state of borylene.

Energies of HOMO and LUMO of parent borylene, BHy eomputed at the
B3LYP/def2-TZVP level of theory, are -6.52 and -2.6¥, respectively. Similarly to
carbenesg-electron withdrawing substituents, F, Cl, orsClewer the HOMO energy of
borylenes compared to BH. The LUMO energy of halglaoes is increased owing to the
electron donation from the lone pair of halogetht® empty p(B) orbitals, while the LUMO
energy is decreased by £RElectron donating substituents (¢HBu, SiMe) increase the
energy of both HOMO and LUMO compared to BH. Thehykgroup elevates the energy of
the LUMO due to the electron donation via hyperagajion. The HOMO and LUMO
energies of aminoborylenes are increased comparB#i tdue to the electron donation of the
nitrogen lone pair into the empty p orbital of borintroduction of a phenyl or trimethyilsilyl
group results in an increase of the HOMO energy hlas nearly no influence on the energy
of the LUMO. Introduction of the electron releasgrg@ups on the phenyl ring increase, while
electron withdrawing groups decrease the energfedoth frontier molecular orbitals,
compared to those of unsubstituted phenylboryl&he. effect is stronger for substitution in
para position.

Most substituents increase the HOMO-LUMO energy gappared to BH (3.92 eV).
Haloborylenes followed by aminoborylenes and al&ptenes have the largest H-L gaps.
Among all studied borylenes only two, phenylborgeand trimethylsilylborylene have H-L
gaps smaller than parent borylene. EDG introducegdaira position of arylborylenes only
slightly increase, while EWG in para position caiesably decrease the H-L gap compared to
PhB (Table 1).

The singlet-triplet energy splitting of BH computaitthe B3LYP/def2-TZVP level of
theory underestimates somewhat the experimentadferchined valu&® (calc. 26.4
kcal/mol; exp. 29.8 kcal/mol). In most cases, Stiggin increases the S-T gap compared to
BH. Largest S-T gaps were obtained for haloboryle(g8.9 kcal/mol in BF) and

aminoborylenes (> 44 kcal/mol) (see Table 1). Ayvanall singlet-triplet energy separation
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was found in SiM¢B where the singlet state is favored only by 8.2/kwal over the triplet
state. In the arylborylene series substitution cisfeghe S-T gap more significantly when
electron releasing or electron pulling group ipthin the para position. EDG increase while
EWG decrease the gap relative to unsubstitutedyinetylene. The results are in agreement
with  trends observed in substituted phenyl(carbbmet)carbends®  and
phenylcarbened®® %%

Table 1. B-R bond lengths (in A) of borylenes in their kest singlet and triplet states, energies of moscul
orbitals (in eV), HOMO-LUMO energy gap (in eV), arthglet-triplet energy splitting (in kcal/mol) cquted
at the B3LYP/def2-TZVP+ZPVE level of theory.

Borylene d(B'R)S d(B'R)T State €Homo ELumo ELumo+1 AE,., AES-T
HB 1.233 1.192 n -6.52 -2.60 -2.60 3.92 26.4
FB 1.265 1.315 n -7.84 -1.33 -1.33 6.51 78.7
ciB 1.722 1.705 n -7.28 -2.13 -2.13 5.14 53.8
MeB 1.530 1.546 A7 -6.00 -1.64 -1.64 4.36 37.7
tBuB 1.545 1.576 A7 -5.78 -1.53 -1.53 4.25 36.6
CF:B 1.650 1.589 A7 -7.44 -3.38 -3.38 4.06 28.1
SiMesB 2.115 2.012 A7 -5.27 -2.47 -2.47 2.80 8.2
NH,B 1.372 1.369 ’B2 -6.20 -1.45 0.01 4.76 45.8
NHMeB 1.370 1.365 A -6.01 -1.36 0.12 4.65 44.6
NMe,B 1.371 1.367 ’B2 -5.91 -1.16 0.10 4.75 45.9
PhB 1.529 1.478 °B1 -5.81 -2.45 -1.60 3.36 30.8
mSiMe;PhB 1.527 1.478 A7 -5.71 -2.36 -1.52 3.35 30.9
mMePhB 1.528 1.478 A7 -5.73 -2.38 -1.52 3.36 31.0
mOHPhB 1.529 1.479 A7 -5.85 -2.47 -1.64 3.38 30.9
mOMePhB 1.528 1.479 A7 -5.76 -2.38 -1.55 3.38 31.2
mNH,PhB 1.528 1.480 A -5.66 -2.25 -1.43 3.40 314
pSiMe;PhB 1.528 1.475 A7 -5.72 -2.43 -1.52 3.29 30.3
pMePhB 1.525 1.478 A -5.69 -2.30 -1.49 3.39 31.8
pOHPhB 1.521 1.481 A7 -5.64 -2.14 -1.46 3.50 344
pOMePhB 1.520 1.481 A7 -5.56 -2.07 -1.38 3.50 34.5
PpNH,PhB 1.515 1.480 A -5.36 -1.82 -1.18 3.54 36.1
mFPhB 1.534 1.478 A7 -6.02 -2.70 -1.81 3.32 29.8
mCIPhB 1.534 1.477 A7 -6.03 -2.72 -1.84 3.32 29.8
mCF3;PhB 1.535 1.477 A -6.15 -2.88 -1.96 3.27 29.1
mCNPhB 1.538 1.477 A7 -6.31 -3.07 -2.23 3.24 28.6
mNO,PhB 1.539 1.477 A7 -6.34 -3.30 -2.94 3.03 28.4
pFPhB 1.527 1.484 ’B -5.92 -2.49 -1.73 3.43 31.8
pCIPhB 1.530 1.476 ’B1 -5.96 -2.64 -1.76 3.31 30.6
pCF;PhB 1.536 1.473 A -6.17 -2.98 -1.97 3.19 27.9
pCNPhB 1.538 1.468 °B1 -6.30 -3.31 -2.11 2.99 26.4
pNO,PhB 1.541 1.465 ’B1 -6.38 -3.70 -2.18 2.67 24.7

Most of the triplet borylenes are of the same sytmnas their singlet counterparts.
Exceptions are C§B, tBuB, CKB, and SiMgB (Cs, symmetry of the singlet ground state) in

which the symmetry of the triplet state is redute@s due to the Jahn-Teller distortion. The
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B-R bond is shorter in the triplet state of almoktsaldied borylenes. Exceptions are 48H
tBuB, and BF with notably elongated B-R bonds (see Taple

4.2 Excited States of Borylenes

Experimental and theoretical investigations coniogrithe excited states of borylenes were
only performed on diatomic borylenes. Most of themolve the excited states of parent
boylene (BHf!* %% 157180 A number of studies concerning the excited staés
chloroborylene (BCI¥2*! fluoroborylene (BFY"® 1°>2%lpromoborylene (BBrA-* 207212
and iodoborylene (BB**?® are also available. No data, neither experimeraatheoretical,
on the excited states of larger borylenes existexamine the influence of the substitution on
the electronic excitations in borylenes a wide eonfjsubstituents was selected (see Scheme
21 in Chapted.1).

The two lowest singlet-singlet electronic transisoare of n— n* type and involve
the excitation from the non-bonding HOMO (sp orbitd boron) to the LUMO and
LUMO+1 which mainly consist of empty p orbitals lodron and partially the orbitals of the
substituent (Figure 1). Both TBB97X and EOM-CCSD give similar trends of excitation
energies and oscillator strengths upon substitution

The lowest transition in diatomic borylenes i&X — AL The vertical excitation
energies of HB (2.93 eV), FB (6.47 eV) and CIB (4.66) ediculated at the EOM-
CCSD/aug-cc-pVTZ//B3LYP/def2-TZVP level of theory ambout 0.1 eV higher than the
experimental adiabatic energies of thesfate, 2.86, 6.34, 4.56 eV, respectiV&l§l. The
excitation energies of methylboryleniert-butylborylene, and trifluoromethylborylene are
over 3 eV, and the lowest excitation energies oinaborylenes are higher than 4 eV. The
excitation energy of M&SIB (1.63 eV) is very low, almost in the near-in&drregion (759
nm), and the absorption band is of low intensity (3.003). The computed lowest excitation
energy of phenylborylene is 2.85 eV. This valuenges upon substitution with electron
donating and electron withdrawing substituents (§able 2). In the arylborylene series,
excitation energies rise with the strength of tHecteon donating properties of the
substituents. On the other hand, introduction efdtectron withdrawing group decreases the
excitation energy. The effects are stronger whdrstduents are placed in para position
(Table 2).

The second transition also involves the excitaltom HOMO mainly to the empty p
orbital of boron (Figure 1). The excitation enesgad aminoborylenes are in the range of 5.5-
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5.8 eV (Table 2). The excitation energy of unsubtd phenylborylene is 3.35 eV. The
substitution of the phenyl ring of arylborylenesshaardly an influence on the excitation

energies (3.32-3.38 eV) and oscillator strengths.

Table 2 Vertical excitation energies £k in eV) and oscillator strengths (f) of the loweshglet-singlet
electronic transition of substituted borylenes cated at the EOM-CCSD and T&B97X levels of theory
using the aug-cc-pVTZ basis set.

First excitation Second excitation

R wB97X EOM-CCSD wB97X EOM-CCSD

Eexc Osc. f Eexc Osc. f Eexc Osc. f Eexc Osc. f
HB 2.688 0.026 2.930 0.025
FB 6.200 0.244 6.471 0.243
ciB 4.434 0.068 4.661 0.065
MeB 3.334 0.047 3.512 0.045
tBuB 3.188 0.031 3.303 0.028
CF;B 2.944 0.028 3.247 0.028
SiMe;B 1.421 0.003 1.634 0.003
NH,B 4.107 0.094 4.307 0.091 5.596 0.180 5.801 0.175
NHMeB 4.032 0.085 4.189 0.080 5.529 0.174 5.681 0.167
NMe,B 4.142 0.080 4.272 0.077 5.420 0.156 5.513 0.144
PhB 2.735 0.023 2.845 0.021 3.193 0.042 3.352 0.042
mSiMe;PhB 2.740 0.021 2.833 0.020 3.187 0.040 3.337 0.039
mMePhB 2.740 0.022 2.844 0.021 3.199 0.042 3.356 0.041
mOHPhB 2.730 0.022 2.850 0.021 3.207 0.042 3.367 0.042
mOMePhB 2.741 0.022 2.856 0.021 3.214 0.042 3.367 0.041
mNH,PhB 2.743 0.023 2.864 0.021 3.220 0.043 3.376 0.042
pSiMe;PhB 2.710 0.021 2.804 0.019 3.191 0.042 3.349 0.041
pMePhB 2.791 0.023 2.886 0.022 3.192 0.043 3.347 0.042
pOHPhB 2.905 0.026 2.998 0.024 3.182 0.043 3.335 0.042
pOMePhB 2.907 0.026 3.000 0.024 3.182 0.043 3.334 0.042
PpNH,PhB 2.982 0.027 3.051 0.025 3.179 0.044 3.324 0.043
mFPhB 2.692 0.022 2.816 0.020 3.202 0.042 3.370 0.041
mCIPhB 2.696 0.021 2.813 0.020 3.191 0.040 3.356 0.039
mCF;PhB 2.685 0.021 2.798 0.020 3.180 0.040 3.348 0.040
mCNPhB 2.669 0.021 2.788 0.019 3.171 0.039 3.344 0.039
mNO,PhB 2.666 0.021 2.785 0.019 3.178 0.039 3.351 0.038
pFPhB 2.816 0.024 2.929 0.023 3.183 0.042 3.345 0.041
pCIPhB 2.729 0.022 2.839 0.020 3.185 0.042 3.348 0.041
pCF;PhB 2.617 0.020 2.740 0.019 3.184 0.042 3.354 0.041
PCNPhB 2.540 0.018 2.672 0.017 3.181 0.041 3.353 0.041
pNO,PhB 2.505 0.017 2.646 0.017 3.184 0.041 3.359 0.041
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Figure 1. Natural transition orbitals of selected borylenesputed at theB97X/aug-cc-pVTZ level of theory.
Light green arrows indicate the excitation in bengs ofC,, andCs, symmetry. Dark green arrows indicate
first excitation, while the blue ones second eticitain amino- and phenylborylene.

4.3 Reactivity of Borylenes towards Hydrocarbons

Despite the fact that borylenes have only one gubst, they are expected to follow the
reactivity patterns of carbenes. In this sectiam rmactivity of various substituted borylenes
BR (where R = H, F, Cl, Br, C§1 Ph, NH, NHMe, and NMg) towards some model
hydrocarbons are examined by means of computatiohamistry. Ethyne, ethene, and
methane have been chosen as prototypical hydrazsrbAdditionally, the reaction
mechanisms and the influence of the substitutiotherreaction barriers and exothermicities
are studied. The philicity of borylenes is studigdlowing the analyses of carbenes
performed by Houk et &% In the course of the study, different conformefrshe products

and transition states were found but only thosé leivest energies were taken into account.

4.3.1 Addition to Carbon-Carbon Double and Triple Bonds

The addition of borylene to ethyne results in therfation of borirene, while the reaction of
borylene with ethene produces borirane (Scheme B&h addition reactions are highly
exothermic, however the reaction energies for threnétion of boriranes are lower. The
barriers for the addition to CC triple and doubled® are lower than 10 kcal/mol for most of
the borylenes studied here (Table 3). The excepsidifuoroborylene with barrier heights
larger than 10 kcal/mol. The reactions of parentylene (BH) with ethyne and ethene
proceed without barrier and are the most exotherfie smallest barriers (less than 2
kcal/mol) and highest exothermicities (besides BHetwle) are found for the cycloadditions

of the carbon substituted borylenes. In the hadiglges, exothermicity increases and reaction
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barrier decreases from fluorine to bromine. Reagtiof aminoborylenes in terms of barrier
heights and reaction energies for the additiorthigres is similar to that of BCI, while in case

of addition to ethene to BBr.

+
A R R R
+ — a /I\\ H — ,B\
_ Q,C:C,’), =
H-C=C—H HY 5P 1 Cy
1a TS1_2a 2a
t
B B/R BﬁR,CH Fﬁ
H: ! 'H “ {;:‘\\C\éH: g %
HVC:C‘VH H,\gH‘1 2 ﬁ H\;C_CblH
1b TS1 2b 2b

Scheme 23Mechanisms of the addition of borylene to ethyne ethene.

Table 3. Reaction barriers (in kcal/mol) and reaction gre= (in kcal/mol) computed for the addition of
borylenes RB to ethyne and ethene at the CCSD(@XatpVTZ//MP2/cc-pVTZ+ZPVE level of theory.

R Ethyne Ethene
Barrier Reaction energy Barrier Reaction energy

H not existing -96.1 not existing -69.8
Ph° 1.0 -90.8 1.5° -67.7
CH; 1.6 -87.1 1.8 -62.7
Br 4.0 -75.1 4.0 -52.8
NH, 5.5 -71.2 4.8 -55.4
NHMe 4.7 -71.3 3.7 -56.7
NMe, 6.5 -71.0 6.1 -57.0
cl 5.9 -70.9 6.5 -48.8
F 11.0 -53.2 13.6 -32.2

3 Using the cc-pVTZ basis s8tWith respect to TS1.

Geometries of most of the transition states fothbaddition reactions hav€s
symmetry with R-B-C1-C2 atoms lying in the plane ainsyetry, with the exception of BPh
(for addition to both hydrocarbons) and BNMenly for addition to ethyne) that are 6f
symmetry (Figures 2 and 3). The shortest B-C1 distsrwere computed for BF and the
longest for BPh transition states. Two transiticates were found for the addition of PhB to
ethene (Figure 3), but only TS1 is discussed.

The largest tilt angles were obtained for the titaors states of fluoroborylene (44.2°
for ethyne and 48.5° for ethene) and the smaltasthie transition states of phenylborylene
and methylborylene (all in the range of 22-25°)eTiit angles of BBr, BCl, BNE and
BNHMe are larger than 30° for both types of trapsitstates. In case of BNMé&ansition
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states, the tilt angles are similar to those of BErhost probably this is the consequence of
the steric repulsion within the structures. The Isao and f angles that reflect the
distortions of HCC angles from linearity and £¢toup from planarity (see Scheme 23) were
obtained for BPh and BGJHand the largest for BF transition states. Thestodions are
larger for the transition states of ethyne. Thelles@ratios of the BC1/BC2 distance were
computed for the BF transition states (0.76 for e¢hgnd 0.72 for ethene) and the largest for
the BPh transition states (0.88 for ethyne and @o87thene). For BCI, BBr, and BGH
transition states with ethyne the ratios are 00882, and 0.87 respectively and with ethene
these ratios are 0.79, 0.81, and 0.86, respectivehong aminoborylenes, the ratio values
are 0.81 for BNHand BNHMe, and 0.79 for BNMen the transition states with ethyne. The
ratios for the transition states with ethene a82 i case of BNkEland BNHMe, and 0.79 for
BNMe;.

Figure 2. Geometries of the transition structures computedHfe addition of borylenes BR to acetylene at the
MP2/cc-pVTZ level of theory. Important bond lengtre given in A, bond angles and dihedral anglesgyaren
in degrees.

The analysis of frontier molecular orbitals (Tahl¢ and the transition state
parameters (tilt angle, ratio of carbon-boron dis&s, and distortion of the unsaturated
organic substrate) of the addition reactions shathiatithe most nucleophilic borylene is BF,
while the most electrophilic ones are parent borylBH and phenylborylene. The reactivity
in terms of computed barrier heights and exothatiesc decreases for borylenes in the
following order: BH > BPh > BCE> BBr~ BNHMe > BNH, > BC| > BNMe, > BF.
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Figure 3. Geometries of the transition structures comp@bedhe addition of borylenes BR to ethylene at the
MP2/cc-pVTZ level of theory. Important bond lengtre given in A, bond angles and dihedral anglegyaren
in degrees.

4.3.2 Insertion into C-H Bond

According to Bach et &°” two approachesych, andncrz, can be distinguished for the
insertion of the singlet methylene (:@Hnto the C-H bond of saturated hydrocarbons, thase
on frontier molecular orbital theory (Scheme 24ls@the insertion of borylene into methane
can occur according to two approaches (Scheme @5-gures 4 and 5). Approach A of
borylene insertion is termetty, and approach B is termed invertegh,. Borylene insertion

following approachscy leads to a second order saddle point rather thartransition state.

Ochz

|
S
H H H H

Scheme 24Two possible approaches of carbene insertionrirethane according to Bach et?!
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t
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Scheme 25Two approaches of insertion of borylene into a ®@ddd of methane.

The insertion of borylene into the carbon-hydrogeond of methane yields
methylborane (Scheme 25). The insertion reactiores taghly exothermic (Table 4).
Significantly higher barriers were obtained for theertions via approach B (Scheme 25).
The barriers increase with decreasing reactiongeg®in case of both approaches. Contrary
to addition reactions, insertions of parent borgleBH, proceed with barriers. The highest
barriers and smallest reaction energies were dadafor the BF insertions into methane.
Among the aminoborylene series barriers heightsamngparable.

Table 4. Reaction barriers (in kcal/mol) and reaction ermerdin kcal/mol) computed for the insertion of
borylenes RB into C-H bond of methane at the CC$a(ilg-cc-pVTZ//IMP2/cc-pVTZ +ZPE level of theory.

R Barrier A Barrier B Reaction energyb
H 14.5 23.8 -77.0
Ph° 21.3 36.5 -74.2
CH; 22.6 42.7 -69.0
NH, 28.6 56.2 -65.8
NHMe 27.1 53.5 -66.9
NMe, 30.7 54.9 -65.7
Br 33.8 53.8 -62.9
Cl 37.4 61.4 -59.9
F 53.1 86.2 -46.6

2 Using the cc-pVTZ basis sétEnergy with reference to reaction product obtaviadapproach B.

Transition states of approaches A and B have rdifitegeometries (Scheme 25 and
Figures 4 and 5). All transition states obtainedapproach A are &@s symmetry, except for
phenylborylene and methylborylene. All transitidgatss B are o€; symmetry. The distance
between boron and hydrogen atoms in transitioestatis shorter than in transition states B.
The carbon-boron distance is shorter in transii@ates B, while the B-R bond is longer than

in transition states of approach A.
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Figure 4. Geometries of the transition structures computedhfe insertion of borylenes BR into a C—H bond of

methane according to approach A at the MP2/cc-p\éV2| of theory. Important bond lengths are giver
bond angles and dihedral angles are given in degree

Figure 5. Geometries of the transition structures compubedhfe insertion of borylenes BR into a C—H bond of

methane according to approach B at the MP2/cc-pMV2l of theory. Important bond lengths are giverdi
bond angles and dihedral angles are given in degree

According to the IRC (intrinsic reaction coordinagth computed at the MP2/cc-

pVTZ level of theory the reaction of phenylborylemg#h methane according to approach B

does not lead to methylphenylborane but to 7-metHybranorcaradiene (Scheme 26).

Contrary to MP2 calculations, the IRC path computethi@B3LYP/6/-311+G** leads to the

formation of the expected borane.
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Scheme 26Formation of 7-methyl-7-boranorcaradiene.
4.4 Van der Waals Complexes between Borylenes and Small Hydrocarbons

In addition to the transition states and produeésy der Waals complexes corresponding to
shallow minima on the potential energy surfaceshmmfound for the addition as well as for
the insertion reactions examined in the proceedewgion. This part concerns the borylene
complexes with hydrocarbons involved in the aforenomed reactions. All of these
complexes were found in the IRC profiles and theiorgetries were subsequently fully
optimized at the SCS-MP2 level of theory.

4.4.1 Van der Waals Complexes of the Addition Reaction

Almost all van der Waals complexes in the additieaction are oCs symmetry (Figures 6
and 7) with binding energies in the range of 1-8lkaol (Table 5). The borylene molecule
only slightly affects the geometry of the hydroaarbThe HC1C2 angle of ethyne is close to
180°. The B-C1 distances are longer than 3.3 Ahdnethyne complexes borylene molecules
shift in the direction of the hydrogen atom to poblysform a B---H interaction. The B---H
distances are in the range of 2.8-3.2 A (FigureTe least stable complexes are those
involving the BF molecule, while the most stronglgubd complexes are formed with
aminoborylenes. This can be caused by the presehtke NH--z interaction in these
complexes. Additionally, aminoborylenes form undscamplexes in which the borylene
molecule is rotated by about 90° and is perpendidol the organic substrate (Figure 8; these
complexes are denoted as ‘rotated’ in the textat{rot)’ in Tables 5 and 6) compared to
regular complexes. These complexes arise from time NH--n interaction between
borylene and tha system. Almost all of the rotated aminoborylenenptexes are minima,
except for the rotated BNMe&thyne complex which is a first-order saddle poiit of the
‘regular aminoborylene-ethene complexes are alsst-érder saddle points. In the
phenylborylene complex with etheme- «t stacking interaction dominates and borylene is

twisted by about 42° with respect to the ethenesmdeé.
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Table 5. Interaction energies€f, with respect to separated reactants in kcal/mfollaa der Waals complexes
calculated at CCSD(T)/def2-QZVP//SCS-MP2/def2-QZ¥lP and CCSD(T)/aug-cc-pVTZ//SCS-MP2/def2-
QZVP (ll) level of theory.

Hydrocarbon
SoIVERS Method Ethyne Ethene Methane A Methane B
BH I -0.9 -0.8
Il -1.0 -1.0
BPh* I -1.8 -1.9 -1.5 -1.5
Il -2.2 -2.4 2.1 -2.0
BCH; | -2.0 -1.5 -0.9 -0.8
Il -2.1 -1.7 -1.0 -1.0
BBr | -1.2 -1.1 -0.7 -0.7
I -1.4 -1.3 -0.9 -0.9
BCI I -1.2 -1.0 -0.7 -0.6
I -1.4 -1.2 -0.9 -0.8
BF I -1.0 -0.9 -0.5 -0.5
Il -1.2 -1.0 -0.7 -0.7
BNH, I -2.7 -2.7 -1.1 -1.1
I -2.9 -3.0 -1.4 -1.3
BNH, (rot) I -2.8 -2.8
I -3.1 -3.1
BNHMe I -2.8 -2.8 -1.3 -1.3
Il -3.1 -3.2 -1.6 -1.6
BNHMe (rot) I -2.8 -2.8
Il -3.2 -3.2
BNMe, | -2.8 -1.7 -0.9 -0.8
Il -3.0 -2.0 -1.1 -1.0
BNMe, (rot) I -0.9 -2.1
Il -1.2 -2.4

@ energy calculated at the CCSD(T)/def2-TZVP//SCS2kEf2-QZVP level of theory.

BCH, BBr BCI
510 1.890 1712
Y )104.6 "104.5
Y )95.7 g )
2.983". "4.060 3.177. - 4.071 3.123, ~4-226
3-3-4;7-- 118.2 '?"44;5 -113.0 .3-50.;: 119.1
1.208 1.208 1.208

BF BNH, BNHMe BNMe,
1.264
3;399.0 s ,
. 68.3" :
3.323 - 4.024 ' 3.695 2.630 2.671 . 35043192
3.991" 107.6  3.340°.—117.3 69 - 800 - —
=X 30", —1 3.169 ; 120.3 2.800 ; 143.1
1.208 1.208 1208 1.209

Figure 6. Geometries of borylene—ethyne complexes computeieaSCS-MP2/def2-QZVP level of theory.
Important bond lengths are given in A, bond angiasegrees.
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Figure 7. Geometries of borylene—ethene complexes computdldeaSCS-MP2/def2-QZVP level of theory.
Important bond lengths are given in A, bond angtedegrees. The depicted ethene—-BNRR’ complexes are
saddle points.

! 1.375
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Figure 8. Geometries of other aminoborylene complexes coetpat the SCS-MP2/def2-QZVP level of
theory. Important bond lengths are given in A. @dmplexes except for ethyne—-BNMare minima.

4.4.2 Van der Waals Complexes of the Insertion Reaction

Two types of van der Waals complexes of borylendgbh methane were found (Figure 9).
They differ by the orientation of the borylene tods the methane molecule. Almost all
complexes B are ofs symmetry and are saddle points. Exceptions arelexes of BNH
and BNHMe. Reduction of the symmetry produces theptexes A. Complexes of the
insertion reaction are weaker than the ones foanthke addition reactions and are stabilized
by 0.7-2.1 kcal/mol relative to separate react@héble 5). The weakest are the complexes
formed by haloborylenes. In the aminoborylene caxgs the NH- - - C(methane) interaction
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in present. CH-m interaction appears in phenylborylene complexed aost probably
makes them energetically more stable than BH comaplex

BPh

Figure 9. Geometries of borylene—methane complexes commitdie SCS-MP2/def2-QZVP level of theory.
Important bond lengths are given in A.
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4.4.3 Symmetry-Adapted Perturbation Theory (SAPT) Analysis

Symmetry-adapted perturbation theory allows to ipp@mt the interaction energy into the
particular components which are the attractive tedstatic interaction energyE{sy),
induction €i.q), and dispersionHjs), and the repulsive exchange interactid@a.f). A

detailed description of the SAPT method is givethimreviews by Szalewicz et&’ 8

Table 6. Computed SAPT2+3 interaction energies (in kcaljnamd their components. Computations were
performed on the SCS-MP2/def2-QZVP geometries usirggcc-pVTZ basis set.

Borylene Ethyne - Ethene -
Eelst Eexch Eind Edisp Eint Eelst Eexch Eind Edisp Eint
BCH; -2.9 3.5 -0.7  -2.2 -2.3 -1.9 3.4 -0.7 -25 -17
BPh -2.3 4.2 -06 -33 -2.1 -1.3 4.4 -04 -46 -19
BBr -1.6 2.4 -0.5 -1.9 -1.6 -1.3 2.8 -05 -23 -13
BCI -1.6 2.1 -0.4 -1.6 -1.5 -1.1 2.2 -04 -19 -1.2
BF -14 1.8 -0.3 -13 -1.2 -1.0 1.6 -03 -13 -1.0
BNH, -3.3 3.5 -0.9 -2.2 -2.9 -3.2 3.9 -1.2 22 27
BNH; (R) -3.6 4.0 -1.3 21 -3.0 -3.4 4.1 -1.3 -23 -28
BNHMe -3.4 3.8 -0.9 -25 -3.1 -3.2 4.1 -1.2 -2.6 -2.8
BNHMe (R) -3.4 4.0 -1.1 25 -3.0 -3.3 4.3 -1.3 -25 -28
BNMe; -3.8 4.0 -1.0 -24 -3.2 -1.9 2.9 -0.6 -2.3 -1.9
BNMe; (R) -0.8 1.5 -0.3 -15 -1.1 -2.4 3.4 -0.6 -2.8 -2.4
Bo Methane A - Methane B -
Eelst Eexch Eind Edisp Eint Eelst Eexch Eind Edisp Eint
BH -0.8 1.5 -0.4 -15 -1.0 -0.6 1.4 -0.3 -15 -1.0
BCH; -0.6 1.2 -0.2 -14 -1.0 -0.5 13 -0.2 -15 -0.9
BPh -0.7 2.1 -0.2  -2.9 -1.6 -0.7 2.1 -0.2 -29 -16
BBr -0.4 1.0 0.1 -1.3 -0.9 -0.3 0.9 -0.1 -13 -0.8
BCI -0.4 0.9 0.1 -1.2 -0.8 -0.3 0.8 -0.1 -11 -0.7
BF -0.3 0.6 -0.1  -0.8 -0.6 -0.3 0.5 -01 -0.8 -0.6
BNH, -0.8 13 -0.4  -1.3 -1.2 -0.8 13 -0.4 -13 -1.2
BNHMe -0.7 1.4 -04 -1.8 -1.4 -0.7 1.4 -04 -17 -1.4
BNMe, -0.7 1.2 -0.2 -14 -1.1 -0.4 0.9 -0.2 -13 -0.9

In almost all complexes formed by aminoboryleneshwinsaturated hydrocarbons the
electrostatic term has the largest contributioth®overall interaction energy. The exception
is BNMe,-ethene complex in which dispersion dominates @a&)l In the haloborylene-

ethyne complexes electrostatic and dispersive tammsimost equal. In the phenylborylene—
ethyne complex dispersion interaction prevails. Tdispersion energy has a greater
contribution in all ethene complexes compared hyret complexes. Dispersion is the largest
term in the overall interaction energies of orgaaond haloborylene complexes with ethene.
Induction is the smallest in all van der Waals ctaxgs of the addition reactions. In methane
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complexes the dispersion has the largest contobub the attractive interaction. Induction,
as in case of ethyne and ethene complexes, isrthkkest component.

4.5 Reactions of Boriranes and Borirenes with Unsaturated Hydrocarbons

4.5.1 Ring Expansion Reactions

The reactions of three membered boron heterocybtagane and borirene) with unsaturated
hydrocarbons (ethyne and ethene) are strongly ewxoib (Table 7). These reactions are
stepwise and proceed through unusual pentacooedb@abn intermediates (Scheme 27 and
Figure 10A). Formation of most of the intermedig@asand6b involve very low (1 kcal/mol

or less) or no barriers in case of the parent sygie = H). Exceptions are amino-substituted
intermediates5aNH, and 6bNH,. Barriers for their formation are about 11 kcal/naoid
reactions are slightly endothermic. All transitietates TS5 6 (Figure 10B) are ofCs
symmetry. The distances between the boron atonorrfane and carbon atoms of ethyne or
ethene are in the range 2.15 — 2.65 A.

R R\ ]
B \\ — B’—/-& —_— B, —
Q A 7 \\

[ S

5a 'TS5_6a 6a " TS6_7a 7a

R 'R ] T \
Fo [ — g [ - G

5b TS5 6b 6b " TS6_7b 7b

AN — | BN sy — [ —

5c TS5 6c 6c TS6_7¢ 7c

Scheme 27Reactions of boriranes and borirenes with ethedesthyne.

Table 7. Energies of borirane reactions with ethyne anctrathrelative to separate reactants (in kcal/mol)
calculated at the CCSD(T)/def2-TZVP//IM06-2X/6-31T*+Gvel of theory.

R Borirane + ethyne Borirane + ethene
vdW’ TS5 6b 6b TS6_7b 7Zb  vdwW’ TS5 6a 6a TS6_7a 7a

F -1.4 -0.6 -15.0 -14.5 -81.4 -14 -1.2 -14.4  -134 -61.9
cl -1.3 -0.1 -17.0 -15.9 -79.4  -15 -0.3 -17.4  -151 -59.4
H -19.7 -17.6 -76.4 -21.3  -18.3 -56.0
Ph -1.5 -0.1 -13.8 -12.9 -75.1  -2.2 -1.2 -16.0 -125 -55.2
Me -1.8 -1.0 -14.1 -12.7 -75.3  -1.3 -0.7 -15.2 -13.6 -55.4
NH, -0.3 10.9 4.1 4.3 -74.5 -0.9 9.7 3.2 5.6 -56.0

2 vdW refers to van der Waals complex formed betwesirane and hydrocarbon.
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Formation of intermediate6c in the reaction of borirenes with ethyis endothermic.
Thereaction barriers are ranging from :BF) to 18 BCHj3) kcal/mol (TableB). Intermediate
6¢ with the amino group does not form upon the additad ethyne. TheTS5 6c of
aminoborirendeads directly to aminoboro7c and the reaction with laarrier of 28 kcal/mc
is strongly exotherm. Almost all transition stateTS5_6c are of Cs symmetry with the
exception of aminoborirerTS5_6cwhich is of C; symmetry.

Transition stateTS6_7(Figure 10C)onnect intermediate6 with the five membered
ring products?. The barries for formation of 7 are very low (2 kcal/mol or lessRing

closure reactions are highly exothern

Table 8. Energiesof borirene reactions with ethyirelative to separate reactants (in koadl) calculated i the
CCSD(T)/def2TZVP/IM06-2X/6-311+G** level of theory

R vdw*’ TS5_6¢ 6C TS6_7c 7c

F -0.4 12.5 10.6 10.3 -63.6
cl -1.1 12.9 9.8 10.2 -59.9
H -0.2 13.7 12.3 13.4 -51.3
Ph -0.7 15.2 12.7 13.5 -56.0
CH; -1.1 17.2 16.2 16.5 -53.7
NH, -1.7 26.3 -65.9

@van der Waals complex formed between borirene dmghe

Figure 10. Optimized geometries (M(-2X/6-311+G**) of chloro-substitutedntermediates6 (A), transition
statesTS5_6(B), andTS6_7(C). Important distances are given ir
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4.5.2 Reactions of Borylenes with Olefins

Intermediates$ are shallow minima on the potential energy surfaues are expected to
not detectablalirectly in experimentsThe analos of intermediaté could be forme, for
instance,in the reaction of boryleis with dibenzoa,e]cyclooctatetraen€DBCOT) or 1,-
cyclooctadiene (COIL (Scheme 28).

O[] =B —[@ —@n

8a TS8_9a 9a TS9_10a 10a

i+
0 — O —

8b TS8 9b TS9 10b 10b
Scheme 28Reactions of borylenes with -cyclooctadiene (top) and dibena,dcyclooctatetraene (bottom).

Figure 11.Computed geometries (M-2X/6-311+G**) of intermediate9aH (left) and9bH (right). Important
bond lengths and distances are given |

The farriers for the formation of intermeates9 do not exceed 5 kcal/m(Table 9)
and he reactios are highly exothermid’he structures of intermediat9 are similar to tha
of intermediates6. Barriers for the cyclization of intermediat®© to products10 are
considerably higher (:-16 kcal/mol) than the barriers for the formationppbducts7. The
ring closue is endothermic for the reaction with DBCOT with teeception of amini
derivative. The intramolecular cyclization of parémermediate9aH is also endothermit
Heightened barriers for the cyclization to proc10, compared to the formation 7, is most

probably caused by the presencistrainedfour membered ring in the structurelO.
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Table 9. Energies relativ to separate reactants (in koabl) calculated at the CCSD(T)/d-TZVP//MOE-2X/6-
311+G** |level of theory for the reactions of bonyk= with COD and DBCO'l

R Olefin TS8_9 9 TS9_10 10
cl coD 3.5 -65.4 -54.4 -67.6
DBCOT 3.9 -65.6 -51.1 -60.9
H CoD not found -90.5 -78.2 -85.3
DBCOT not found -90.8 -74.3 -81.6
Me CcoD -0.1 -77.6 -67.7 -78.6
DBCOT 0.0 -78.7 -65.4 -73.9
NH, CcoD 5.0 -51.8 -42.7 -72.9
DBCOT 4.6 -53.9 -41.4 -66.1

4.5.3 Structure and Bonding of Intermediates 6

The CC bonds in parert6aH and 6¢cH are elongated by about 0.1 compared t free
hydrocarbonsand are shorter by roughly 0.1 A than in borirameborirene. The -C
distances are in the range of7-1.69 Aand are longer than in borirane (1.53 A) or boe
(1.47 A).The angle betwer theHCH plane anthe C-C bond ir6aH is smaller (22.9°) tha
in the corresponding borirane (33.€Similarly, the CCH angle in intermedigécH (30°) is
smaller than in borirene (41.2The HOMO of6aH and6cH involves thep orbital of boror
andz* orbitals ofthe hydrocarbons (Figurk?). The LUMO comprises only antibonding
orbitals of thenydrocarbons

HOMO LUMO

o

Figure 12.Frontier molecular orbitals 6aH andécH computed at the M06-2X/811+G** |level of theory

4.5.4 Boration Reaction

In addition to the ring expansion reactions of threeminered boron heterocycles, borat
reactions of boriranes and borirenes were studidée structures of transition states

boration of unsaturated hydrocarbons with boriraselsorirenes(Scheme 29 &« Figure 13)
resemble the structures of hydroboration of olefivith boranef®®” In transition <ates
TS11 12andTS6_1:the BR bond is parallel tthe hydrocarbon (Figure 13)
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R AN
B\ e b e Bk P
A i ZAN = —
11a 6a TS6_12a 12a

R AN
VAN . \—/

11b _TS11_12b_ 12b

1t

R - A N
5o\ L |rRE g D
= = \—/

11c TS11_12¢ 12¢

Scheme 29Schematic representation of boration reactions.

Boration of ethene by borirane starts with the rmtxiate 6a, while in case of
boration of ethyne, either by borirane or borirem&an der Waals complex is formed in the
first stage of the reaction. The formation of bmmatproductsl2 is exothermic in most cases
(Table 10). Boration of ethyne by borirane has theelst barriers, although the reaction
barriers of boration are much higher than the besrfor the ring enlargement to product

Owing to high reaction barriers, boration reactians unlikely to take place.

Table 10. Reaction energies (with respect to separateasjtin kcal/mol calculated at the CCSD(T)/def2-
TZVP/IM06-2X/6-311+G** level of theory for boratiofsee Scheme 29).

R Borirane + ethene Borirane + ethyne Borirene + ethyne

6a TS6_12a 12a vdW® TS11_12b 12b vdW® TS11_12c¢ 12c
H -21.3 0.7 -31.9  -19.7* 4.9 -46.1 -0.1 34.6 -42.8
cl -17.4  19.6 1.5 -1.1 15.2 -13.1 -11 31.3 -14.6
Me -15.2 251 -19.7 -0.9 22.5 -36.5 -0.2 48.9 -34.9
NH, -0.5 33.3 14.0 -0.7 31.1 -14.1  -15 40.0 -18.3

*starts with intermediatéb.

1.728 == *112.4\1.678
1112.41.707 1.764"

:; 1.402 ;) 1.239

Figure 13. Optimized geometries (M06-2X/6-311+G**) of traneit statesTS6_12aH (left), TS11_12bH
(middle), andTS11_12cH(right). Important distances are given in A

1.709:104.741.728

1.238
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4.6 Dimerization of Borirenes and Boriranes

Borirane and borirene were suggested by Timms fmoksible intermediates in the formation
of 1,4-dibora-2,5-cyclohexadienes and 1,4-diboEae¥/clohexanes in his experiments with
haloborylenes and unsaturated hydrocarboffs The dimerization of parent borirene was
first studied by Schleyer and coworkers by comparal meané?

_ - .
R |
R ,?/B \ B
2 h — | & — [ (1)
/2\ \R B
|
L i R
13 TS13_14(l) 14
S R
' B
s b AN | — [] (I1)
VAN B- B
L R R
13 TS13_14(1l) 14
r ak:
A\
R --BA ) \
N 7 — g Br ()
2 B AE% R \—/
R
13 TS13_15 15

Scheme 30Dimerization pathways of borirenes.

Following Schleyer et af? computational investigations of the dimerization
mechanism of chloro- and fluoroborirene, and ofeparborirene as reference, were
performed. Three low-energy pathways were idewtifi@cheme 30). In two of them (path |
and Il) 1,4-dibora-2,5-cyclohexadied is produced, as expected, while the third path is
boration reaction. The reaction barriers of aldstd pathways are moderately high, ranging
from 10.5 to 18.5 kcal/mol (Table 11). Computed s$iaon states are df; symmetry and
resemble the structures obtained by Schleyer andorkers (Figure 14). Path 1l is
energetically favored, but boration is competitive.

Table 11. Energies relative to separate reactants (in kod)/calculated at the CCSD(T)/def2-TZVP//M06-
2X/6-311+G** level of theory for dimerization of beenes (see Scheme 30 for pathways).

o Path | Path II Path Ill
TS13_14(1) 14 TS13_14(1I) 14 TS13_15 15
H 16.4 -55.7 10.7 -55.7 12.1 27.7
cl 18.5 74.1 12.8 74.1 16.7 -39.8
F 14.3 -81.2 10.5 -81.2 14.4 52.6
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Figure 14. Optimized geometries (M062X-311+G**) of transition stateTS13 14(1) (left), TS13_14(ll)
(middle), andTS1Z_15(right) formed by chloroborirenémportant distances are given in A.

Additionally, dimerization reactions of boriranegn® investigate for the first time.
Two low-energ' pathways were located (Sche31). Path IV leads to the formation of -
dibora-2,5eyclohexane, while the path is a boration reactiorThe structures of transitic
statesof path Ivand V (Figure 1pare similar to the transition states of pa and Il found
for dimerization of borenes. Both types of borirane dimerization have eemély low
barriers and dimerization of parent borirane tmdioyclohexan(path IV) proceeds withou
barrier (Tablel2). The reaction energies are significarmore exothermidor dimerization
of boriranes to diboracyclohexe than those of boratic

<R — () (IV)

/\ R N/
R
16  TS16.18 18

Scheme 31Dimerization pathways of boriran

Table 12. Energies relative to separate reactants (al/mol) calculated at the CCSD(T)/d-TZVP//M06-
2X/6-311+G** level of theory for dimerization of boriras (see Schen31 for pathways).

R Path IV Path V

vdw" TS16_17 17 vdw" TS16_18 18
H -77.7 -1.9 -2.5 -38.8
cl -1.3 -0.6 -86.2 -1.9 0.1 -46.3
F -1.0 -1.0 -92.1 -1.4 0.5 -57.3
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Figure 15. Optimized geometries (M(-2X/6-311+G**) of transition statesTS16_17(A) and TS16_18(B)
formed by chloroborirar. Important distances are given ir
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ABSTRACT: The electronic and geometric structure of various
substituted borylenes BR (where R = H, F, Cl, Br, CH;, Ph, NH,,
NHMe, and NMe,) in their lowest singlet and triplet electronic
states was investigated by computational means using hybrid
density functional (B3LYP) and second-order Mpller—Plesset
perturbation theories combined with 6-311+G** and cc-pVIZ
basis sets. The reactivity of singlet borylenes towards prototypical
saturated and unsaturated hydrocarbons was examined by the
MP2 method in conjugation with the cc-pVTZ basis set and also

AL Y
Az Ly

by coupled cluster [CCSD(T)] computations in combination with the aug-cc-pVTZ basis set. To study the energetics and the
mechanism of the addition reaction of borylenes to unsaturated CC bonds, ethyne and ethene are chosen as model compounds.
The insertion reaction of borylene into a C—H bond of methane was also investigated. The addition reactions of borylenes to
multiple C—C bonds are strongly exothermic. In case of the BH molecule the reactions proceed without barrier and are the most
exothermic. For the insertion reaction of borylenes into methane, two approaches could be identified. Again, the smallest reaction
barriers and highest reaction energies were computed for the BH insertion, while the highest barriers and the smallest
exothermicities were obtained for the BF molecule. On the basis of frontier molecular orbital energies, barrier heights, reaction
energies, and transition state geometries BH is the most electrophilic borylene, followed by BPh, while aminoborylenes and BF
are the most nucleophilic ones among the investigated derivatives. Accordingly, reactions of BH have the smallest barriers (if
there is one at all) and the largest reaction energies, while the reactions of BF have the highest barriers and the smallest reaction

energies.

1. INTRODUCTION

Neutral subvalent compounds of carbon and nitrogen, carbenes
1 and nitrenes 2, are seminal reactive intermediates in organic
chemistry. Their chemistry is well developed and summarized
in numerous reviews and monographs."”

Chart 1
R’C‘R z E
1 2 3

The boron analogues of 1 and 2 are sometimes called
borenes or boranediyls, but more commonly borylenes 3.
Similarly to 1 and 2, free borylenes 3 are rather rare reactive
intermediates. Seminal work by Timms in the 1960s has shown
that BF formed by passing BF; over hot boron is readily
reacting with alkynes.** The high-temperature reaction
between BX; and boron was used to prepare a number of
borylenes (X = H, F, Cl, Br, I) in the gas phase and to study
their structure by microwave spectroscopy. Since then,
occasional trapping reactions of borylenes have been reported.
These involve the 1984 photogeneration of triphenylsilylbor-
ylene Ph;SiB from (Ph;Si);B in organic glasses. Although it was
not possible to observe the borylene directly by spectroscopy in
this experiment, the reaction products isolated after warming
the glass matrix to room temperature are in support of a

W ACS Publications  © 2012 American Chemical Society 17094

transient borylene. In the absence of a trapping agent, the
borylene inserts into the tertiary CH bond of glass forming 3-
methylpentane or into the C—O bond of tetrahydrofuran.
Photolysis in the presence of bis(trimethylsilyl)ethyne results in
isolation of the corresponding borirene at room temperature.’®
Grigsby and Power concluded in their 1996 study of the metal
reduction of arylboron dihalides with bulky substitution at the
ortho positions of the phenyl ring that an intermediate borylene
underwent intramolecular insertion into C—C o bonds.®
Similarly, reduction of chloroborane derivatives stabilized by
N-heterocyclic carbenes (NHC) resulted in trapping products
that were ascribed to result from NHC-stabilized borylenes that
undergo C—H insertion reactions or [2 + 1] cycloaddition.”””
The barrier for the cycloaddition of BHeNHC to naphthalene
was computed to be 2.6 kcal mol™' using the B3LYP
functional.” However, an alternative mechanism has recently
been suggested to account for the trapping with naphthalene."
Ito et al. invoked the borylene TbtB (Tbt: 2,4,6-tris[bis-
(trimethylsilyl)methyl]phenyl) as a transient intermediate in
the photoreaction of TbtB(SeMe), with benzil and phenan-
threnequinone that produced the boronic ester of 9,10-
dihydroxyphenanthrene in both cases.'' Very recently, a
NHC-stabilized borylene was suggested as an intermediate in
the photochemical isomerization of C,C-chelate BMes, '
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Stabilizing borylenes is possible either by transition metal
centers or by nucleophilic carbenes. The transition metal
chemistry of borylenes is well developed and a number of
reviews are available.">™'® Some of these complexes can be
used for photochemical transfer of the borylene ligand onto
organic substrates providing a convenient access to borir-
enes,”” ™' or 14 dlboracyclohexadlene and 1,4-dibora-1,3-
butadiene complexes.”> Nucleophilic carbenes have also been
used successfully to stabilize borylenes. While one NHC does
not result in an isolable NHC-stabilized BH molecule,””® use of
two cyclic (alkyl)(amino)carbenes (CAAC) allowed isolation
of (CAAC),BH.>**

Direct spectroscopic observations of free organoborylenes
BR are scarce: Andrews et al. observed by IR spectroscopy
ethynylborylene formed by codeposition of boron atoms and
ethyne in an argon matrix at 15 K.>* More recently, one of us
reported that the photoinduced decomposition of diazidophe-
nylborane PhB(N;), yields inter alia phenylborylene that could
be identified by comparison of its IR spectrum (and that of 1ts
[D]; isotopomer) with the computed vibrational spectra.”
Phenylborylene was found to undergo photochemically
induced insertion into an ortho-CH bond of the phenyl ring
to give benzoborirene.*®

The reactivity summarized above for borylenes BR is in line
with expectations based on carbene chemistry. However, details
of the reaction mechanisms, exothermicities of borylene
reactions and barrier heights are not known. This prompted
us to investigate by computational means (i) the influence of
substitents [R = H, F, Cl, Br; R = CH;; R = Ph; R = NH,,
NHCH,, NH(CHj),] on the electronic structure of borylenes
BR, and (i) the mechanisms for the reactions of these
borylenes toward ethyne, ethene, and methane as prototypical
representatives of alkynes, alkenes, and alkanes. The variation
of frontier orbital energies, singlet/triplet energy splitting,
exothermicities, barrier heights, and transition state geometries
is discussed in terms of the change of philicity of the borylene.

2. COMPUTATIONAL DETAILS

The computations of HOMO/LUMO energies of borylene employed
the B3LYP>”?® hybrid density functional as implemented®® in
Gaussian 09°° in combination with 6-311+G***! basis set. In addition,
second-order Moller—Plesset perturbation theory (MP2)** was
employed to optumze mmlma and transition structures using 6-
311+G** and cc-pVTZ> basis sets. Harmonic vibrational frequencies
were computed analytically and confirmed the nature of the stationary
points as minima, or first or higher order saddle points. Energies were
refined using coupled cluster theory employing singles, doubles and a
perturbative estimate of triples excitations [CCSD(T)]** in con-
junction with cc-pVTZ and aug-cc-pVTZ> basis sets. The frozen core
approximation was applied in MP2 and CCSD(T) calculations.
Unscaled zero-point vibrational energy (ZPE) corrections from MP2/
cc-pVTZ frequency calculations were included. Additionally, intrinsic
reaction coordinate (IRC)**3° paths were calculated at the MP2/6-
311+G** level of theory for each reaction. All energies were calculated
relative to separated reactants.

3. RESULTS AND DISCUSSION

3.1. Geometry and Electronic Structure of Borylenes.
The electron lone pair of borylenes is best described by an sp
orbital (see Figure 1). This comprises the highest occupied
molecular orbital (HOMO) of borylenes. In addition, two
empty p orbitals are available at boron, and these form a doubly
degenerate set of lowest unoccupied molecular orbitals
(LUMO and LUMO+1) in borylenes of C,, and Cs,

58

Figure 1. Molecular orbitals of borylenes in their singlet ground state
as computed at the B3LYP/6-311+G** level of theory.

symmetry. Therefore, the triplet state is *II for these borylenes.
For BCHj; this state will be unstable with respect to a Jahn—
Teller distortion into a *A” and a *A” state. While the latter is a
minimum, the former is a first order saddle point that is 0.3 kcal
mol™" higher in energy at the B3LYP/6-311+G** level of
theory. At lower symmetry (C,, or C, for R = Ph, NRR'), the
degeneracy is lifted due to interaction with the substituent R.
Two distinct triplet states are therefore available (*B; and °B, in
C,,, *A” and *A’ in C,, respectively), and their energetlc order
depends on the nature of the substituent (vide infra).%’”

For several diatomic borylenes experimental bond lengths are
available for their singlet states. The experimental r, values
compare reasonably well with the computed bond lengths
(Table 1). The differences between experiment and theory are
0.015 A or smaller. It should be noted that better agreement
with experiment has been achieved previously using higher level
CCSD(T) computations. Such computations are computation-
ally very demanding for the larger borylenes and not deemed
necessary as the present investigation aims at eluc1dat1ng trends
among substituted borylenes investigated here.*®

Comparing the B—R bond distances of the lowest energy
triplet states with the corresponding singlet states, it is observed
that the bonds are shorter in the high spin states for all but two
cases (Tables 1 and 2). These are BF and BCH,.

In carbene chemistry, the concept of carbenic philicity is well
established.*” ** Depending on the substituents, the philicity
can change from electrophilic over ambiphilic to nucleophilic.
Inductively withdrawing substituents with free electron pairs
(=L +M), such as OR, NR,, stabilize the singlet relative to the
triplet state and enhance the nucleophilic character of the
carbene.

Typical nucleophilic carbenes are dimethoxycarbene C-
(OMe), and the diaminocarbenes C(NR,),, including N-
heterocyclic carbenes. As in borylenes only one position is
available for substitution, a similarly strong stabilizing effect of
+M substitutents as in carbenes is not expected. Yet, the
behavior of borylenes BR is expected to parallel that of carbenes
CR,. One theoretical measure for carbene philicity is the energy
of the frontier molecular orbitals (FMO). These were
successfully used for rationalizing experimentally derived
carbene selectivity indices mcyy. Following common practice
the FMO energies of the borylenes BR (Table 3) were

dx.doi.org/10.1021/ja306346h | J. Am. Chem. Soc. 2012, 134, 17094—17103
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Table 1. Comparison of Computed and Experimental B—R (R = H, F, Cl, Br) Bond Distances (in A) in Borylene Molecules in

Their Lowest Energy Singlet (S) and Triplet (T) States

method BH BF BCl BBr
S T CI) S TCIT) S TCIT) S TCII)
B3LYP/6-311+G** 1.235 1.193 1271 1.321 1.730 1.718 1.908 1.874
MP2/6-311+G** 1.230 1.187 1273 1.324 1710 1.710 1.890 1.866
MP2/cc-pVTZ 1.227 1.184 1.268 1317 1.717 1.709 1.883 1.854
exp.? 1232° 1.263° 1715, 1.888,

“r, values taken from NIST Chemistry WebBook™ unless noted otherwise. b1 value taken from Fernando et al.** #, value taken from Cazzoli et al.*!

Table 2. Comparison of Computed and Experimental B—R (R = C, N) Bond Distances (in A) in Borylene Molecules in Their
Lowest Energy Singlet (S) and Triplet (T) States at the B3LYP and MP2 Levels of Theory

method BCH, BPh BNH, BNHMe BNMe,

S T (A”) S T (°B,) S T (°B,) S T (A) S T (°B,)
B3LYP® 1.534 1.549 1.534 1481 1.377 1.372 1.375 1.368 1.375 1.370
MP2° 1.545 1.559 1.547 1.513 1.384 1.383 1383 1.379 1.383 1.380
MPp2¥ 1.541 1.553 1.542 1.507 1.380 1.378 1.379 1.375 1.381 1.376

96-311+G**. bcc-pVTZ basis set.

computed at the B3LYP level of theory in conjunction with the
6-311+G** basis set.

Table 3. Molecular Orbital Energies (in eV), HOMO-LUMO
Gap (in eV), and Singlet—triplet Energy Splitting (AEgy, in
kcal mol™') Computed at the B3LYP/6-311+G** Level of
Theory for Borylene Molecules B—R

R HOMO LUMO LUMO+l Gapy; AEgq  state
H —6.52 —2.62 —2.62 3.90 26.0 Ml
F -791 —147 —147 6.44 77.7 i
cl —-7.38 -2.17 -2.17 521 54.5 i
Br -7.31 —2.38 -2.38 493 50.1 1
CH, —6.02 —1.66 —-1.66 436 37.3 A"
Ph —5.85 —2.48 —-1.67 3.37 315 3B,
NH, —6.24 —1.50 —0.44 474 44.8 °B,
NHMe —6.04 —1.45 —-0.20 4.59 44.0 A/
NMe, -5.93 -123 —-0.18 470 453 3B,

Compared to BH, the electronegativity of the fluorine atom
results in a decrease of the HOMO energy: the B—F bond has
an increased B(p) character and consequently the B(s)
character of the lone pair at boron is increased. The energy
of the LUMO is increased due to interaction with the lone pairs
of fluorine. From fluorine to bromine, the HOMO energies
increase while the LUMO energy drops, as expected. In the
aminoborylenes the HOMO and LUMO energies are increased
due to antibonding interaction with the fragment orbitals of the
7 donating NR, groups. The methyl group results in a
significant upshift of the LUMO that is antibonding between
B(p) and CH; fragment orbitals due to the electron-donating
ability of CHj; by hyperconjugation. However, the phenyl group
only has a small influence on the LUMO energy. It shows a
bonding interaction between the B(p) orbital and a z* orbital
of the phenyl ring. Thus, BPh has the second lowest LUMO
energy among the borylenes investigated. On the basis of the
FMO data, the BH followed by BPh are expected to be the
most electrophilic borylenes, while BF is the one with the
highest nucleophilic character.

The singlet—triplet energy splitting (AEgr) of BH has
previously been determined experimentally to 29.8 kcal mol™

17096

in favor of the singlet state.*® The value (26 kcal/mol)
computed at the B3LYP/6-311+G** underestimates this gap
somewhat, but the accuracy is sufficient for analysis of the
substituent effect on AEg; (see Table 3). The singlet—triplet
energy gap changes as expected. It increases to 78 kcal mol™
for BF. In the halide series, AEgy decreases from F to Br, similar
to the behavior that is well established for the related carbenes.
The aminoborylenes have AEg; values that are larger than in
BH but smaller by ca. 5 kcal mol™" than in BBr.

Still smaller AEg; values are computed for the organyl
substituted borylenes. A AEg; of 37 kcal mol™" results for
BCHj; and this indicates that the hyperconjugative interaction
favors the singlet more than the triplet state by roughly 11 kcal
mol™". In the BPh molecule the degeneracy of the two p
orbitals at boron is lifted due to overlap with the 7 system. The
B(p,) orbital of b; symmetry is lower in energy, and the *B,
state is preferred over the °B, state (note that the HOMO is of
a, symmetry). The singlet—triplet gap is only 32 kcal mol™,
indicating that the phenyl ring results in the least stabilization
of the singlet state among the substituents studied. Again, this
finding is in agreement with the established trends in carbene
chernistry.46

3.2. Reactivity of Borylenes. As mentioned in the
preceding sections, we attempted to examine by computational
means the reactivity of various substituted borylenes toward
saturated and unsaturated hydrocarbons. Intramolecular
reactions of BCH; and BNH, were studied previously.”’ In
this part we give insight into the mechanisms of the reactions
and describe the dependence of the energetics on the
substitution pattern. Here we focus on the philicity of
borylenes, also in terms of the geometry of transition states
for addition reactions following earlier analyses for carbenes by
Houk et al.*® As in the case of carbene cycloaddition, the tilt
angle { (see Schemes 1 and 2) is an important geometrical
parameter reflecting the philicity of borylene. For the ideal

Scheme 1. Mechanism of Borylene Addition to Ethyne

¥
B-R gt R
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Scheme 2. Schematic Representation of Addition of
Borylene to Ethene
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nucleophile this angle would equal 90° and in case of ideal
electrophile this angle would be 0°. The distortion of hydrogen
atoms of ethyne (ethene) from linearity (planarity) in the
transition state (given as @ and /3 angles in Schemes 1 and 2) of
the addition reaction is also discussed in terms of borylene
philicity.***  Another useful parameter for estimation of
philicity employed by Houk et al*® and considered in this
paper is the ratio of B—C1/B-C2 distances in the transition
state. For electrophilic borylene, this ratio would increase and
tend toward 1 while with increasing nucleophilic character this
ratio would decrease.

During our study, we were able to locate different
conformers (see the SI for more details) of the particular
transition states and products but only those with the lowest
energies were taken into account for determining the reaction
energies and barrier heights. For all types of reactions, van der
Waals complexes between borylene and organic substrate were
found on the potential energy surfaces. As they do not play a
significant role in the description of the reaction energetics, we
only briefly report them. All of these complexes will be
discussed extensively in a separate paper.

3.2.1. Addition to the C=C Triple Bond of Ethyne. The
addition of borylenes to a C=C triple bond results in
formation of a borirene (Scheme 1). The reaction is very
strongly exothermic (Table 4, Figure 2). The exothermicity and

Table 4. Reaction Barriers (in kcal mol™') and Reaction
Energies (in kcal mol™") Computed for the Addition of
Borylenes BR to Ethyne at the CCSD(T)/aug-cc-pVIZ//
MP2/cc-pVTZ + ZPE Level of Theory

R barrier reaction energy
H not existing —96.1
Ph“ +1.0 —90.8
CH, +1.6 —-87.1
Br +4.0 =75.1
NH, +5.5 —-712
NHMe +4.7 -71.3
NMe, +6.5 -71.0
Cl +5.9 —=70.9
F +11.0 —53.2

“Using the cc-pVTZ basis set.

the reaction barrier heights by and large follow the LUMO
energies. BH and BPh show the highest exothermicity and the
lowest barriers (there is no barrier for BH). Among the halides,
the exothermicity decreases and the barrier increases from Br to
F, as expected based on the LUMO energies. Aminoborylenes
have LUMO energies similar to BF, but their reactivity in terms
of barrier height and exothermicity is similar to that of BCL The
barrier is highest for the BNMe, molecule.

Most of the transition states are of C, symmetry with atoms
R—B—C1-C2 lying in the symmetry plane. Only the transition
states of BPh and BNMe, are distorted to C; symmetry.
Important dihedral angles for BPh and BNMe, TS are given in
Figure 3. The shortest C1—B distance was calculated for the BF
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Figure 2. Selected reaction paths for borylene addition to ethyne
calculated at the CCSD(T)/aug-cc-pVIZ//MP2/cc-pVTZ+ZPE level
of theory.

transition state (2.002 A) and the longest one for the BPh
transition state (2.461 A). Among aminoborylenes, the C—B
distances are similar to that for the BBr TS, and the shortest
distance was found for BNMe,.

The largest value of the tilt angle was obtained for the BF
transition state, 44.2°. Values of this angle diminish from F to
Br. The smallest values were found for the BPh and BCHj,
transition states. Also, a large tilt angle was found for the
BNMe, transition state and it is comparable to that computed
for the BF molecule. The increase of the tilt angle from 36° in
BNHMe to 44° in BNMe, may, however, be primarily a
consequence of steric repulsion within the transition structure
as barrier height and exotherimicity of the reaction hardly
change.

The distortions of H—C—C angles of ethyne from linearity in
the TS are smallest for the BPh molecule and largest for
fluorine substituted borylene. In case of aminoborylenes, this
distortion is similar to that of BBr for BNH, and BNHMe; for
BNMe, it is larger, but this again is primarily attributed to steric
interactions.

The smallest ratio of the BC1/BC2 distance was computed
for BF (0.76) and the largest one (0.88) for the BPh transition
state. For BC, BBr, and BCHj transition states, the ratios equal
to 0.80, 0.82, and 0.87, respectively. Among aminoborylenes,
the ratio values amount to 0.81 for BNH,, 0.81 for BNHMe
and 0.79 for BNMe,.

Interesting may be the finding of an intermediate in the
reaction of fluoroborylene with ethyne at the MP2/6-311+G**
level of theory. This intermediate corresponds to a shallow
minimum: it is 0.02 kcal/mol lower in energy than the TS for
its disappearance. Upon ZPE correction the energy of the
intermediate becomes 0.5 kcal/mol higher than the TS. This
species could not be obtained at the MP2/cc-pVTZ level of
theory. For remaining borylenes intermediates in the addition
reaction could not be found.

3.2.2. Addition to the C=C Double Bond of Ethene. The
addition of borylenes to alkenes yields boriranes (Scheme 2).
The reaction is significantly less exothermic than borirene
formation.

17097 dx.doi.org/10.1021/ja306346h | J. Am. Chem. Soc. 2012, 134, 17094—17103
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Figure 3. Geometries of the transition structures computed for the addition of borylenes BR to ethyne at the MP2/cc-pVTZ level of theory,
Important bond lengths are given in A, bond angles and dihedral angles are given in degrees.

The latter is an aromatic heterocycle isoelectronic to the

A
cyclopropenylium cation and its formation thus may be more

The

favorable than formation of the borirane molecule.

&

addition can proceed without barrier on the potential energy
surface for the parent BH molecule. As found for addition to
ethyne, the barrier increases and the exothermicity decreases
among the halides from Br to F (Table S, Figure 4). Similarly to

Table 5. Reaction Barriers (in kcal mol™) and Reaction
Energies (in kcal mol™') Computed for the Addition of
Borylenes BR to Ethene at the CCSD(T)/aug-cc-pVIZ//
MP2/cc-pVIZ+ZPVE Level of Theory

R

barrier reaction energy

H not existing —69.8

Ph ¢ +1.5° -67.7
CH; +1.8 —62.7

Br +4.0 —52.8
NH, +4.8 =554
NHMe +3.7 —56.7
NMe, +6.1 —=57.0

Cl +6.5 —48.8
F +13.6 —-32.2

“Using the cc-pVTZ basis set. bWith respect to TS1.

ethyne addition, the carbon substituted borylenes have the
lowest barriers and the largest exothermicities. The amino-
borylenes, however, have reactivity parameters similar to those
for BBr.

Two transition states were obtained at the MP2/cc-pVTZ
level of theory for the reaction of phenylborylene with ethene.
These differ by the relative orientation of the phenyl group
(Figure S). The energy difference between the two transition
states is 0.2 kcal/mol without ZPE correction with TS1 being
higher in energy. With ZPE correction these transition states

become isoenergetic. TS1 is considered in the following
discussion.

17098
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Figure 4. Selected reaction paths of borylene addition to CC double

bond of ethene calculated at the CCSD(T)/aug-cc-pVTZ//MP2/cc-
pVTZ+ZPE level of theory.

By analogy to reactions with ethyne most of the transition
states have a plane of symmetry (C, point group) except for the
BPh transition state. In contrast to the addition to ethyne, the
TS of BNMe, has a plane of symmetry. The shortest C1-B
distance was also computed for BF and the longest one for the
BPh transition state.

The largest tilt angle was found for the BF transition state
just as for reactions with ethyne, and the smallest one for the
BPh transition state. Aminoborylenes have tilt angles similar to
BBr. Also, a large tilt angle was obtained for the BNMe,

transition state, but as in the case of addition to CC triple bond,
the increased value is likely a consequence of steric interaction
between one methyl group and an ethene CH, fragment.

dx.doi.org/10.1021/ja306346h | J. Am. Chem. Soc. 2012, 134, 17094—17103

61



Publication |

Journal of the American Chemical Society

B-F

Figure S. Geometries of the transition structures computed for the addition of borylenes BR to ethene at the MP2/cc-pVTZ level of theory.
Important bond lengths are given in A, bond angles, and dihedral angles are given in degrees.

The greatest distortion from planarity of CH, groups of
ethene in transition structures was obtained for the
fluoroborylene TS and the smallest one for the phenylborylene
TS. The CH, group distortions of the aminoborylene TSs are
similar to the ones obtained for bromoborylene TS.

Also, for addition of borylenes to CC double bonds, the
smallest ratio of the BC1/BC2 distance was found for the
fluoroborylene transition state (0.72), while the largest ratio
was obtained for the phenylborylene transition state with a
value of 0.87. For the other haloborylenes, the ratios equal to
0.81 and 0.79 for BBr and BCl], respectively. The ratio equals
0.86 for BCH;. In case of aminoborylenes, the ratios amount to
0.82 for BNH,, 0.82 for BNHMe, and 0.79 for BNMe,.

Similarly to the reaction of ethyne with fluoroborylene, an
intermediate connecting two TSs on the PES of the BF reaction
with ethene could be obtained, but now both at the MP2/6-
311+G** and MP2/cc-pVTZ levels of theory. The inter-
mediate lies just 0.6 kcal/mol (0.2 kcal/mol with ZPE) below
the first transition state and 0.6 kcal/mol (0.4 kcal/mol with
ZPE) below the transition state for ring closure.

3.2.3. Insertion into the C—H Bond of Methane. In their
analysis of the insertion of singlet methylene (CH,) into the
C—H bonds of saturated hydrocarbons, Bach et al.*’ identified
two approaches on the basis of frontier molecular orbital theory
(FMO). Depending on the site of the attack of carbene on the
hydrocarbon, o¢yy, and 7cy, approaches can be distinguished
(Scheme 3). By analogy to carbenes, the insertion reaction of

Scheme 3. Two Possible Approaches for Carbene Insertion
into Methane According to Bach et al.*’

v
%/Cé))ﬁnCHZ CD\/gp
H H H o H
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borylenes into the carbon—hydrogen bond of methane can also
occur according to two approaches (Scheme 4, Figure 6). In

Scheme 4. Two Approaches of Addition of Borylene to a
Carbon—Hydrogen Bond of Methane

A B-R _ _
. g H.gR
H — H\ / — (x:
| ’C>"H -H
4 GH HH Hy
H
B B-R - s
N R, R.__H
H —_— H”? — ?
| [ ’C."H
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the terminology introduced by Bach et al*’ approach A of
borylene insertion follows a 7cy, fashion, whereas approach B
is inverted 7cp,. Contrary to methylene, borylene insertion
reaction according to the o¢yy, approach leads to a second order
saddle point rather than to a transition state (see Supporting
Information). The transition states obtained via the A approach
are of C; symmetry except for BPh and BCH; but the ones
obtained for approach B are of C; symmetry. Higher barriers
were computed for the reaction approach B shown in Scheme
4. For both approaches, the barrier decreases with increasing
exothermicity (based on the most stable rotamer B for both
approaches). In contrast to the addition reactions to multiple
CC bonds, the CH insertion of BH has a barrier, but it is the
smallest one among the studied borylenes. Again, the highest
barrier occurs for the BF molecule due to the high
electronegativity of fluorine. The barriers among amino-
borylenes are of comparable heights with the largest value
found for BNMe,. The higher barrier for BNMe, than for other
aminoborylenes is the consequence of steric repulsion.

For approach B, the reaction has a significantly larger barrier
than for approach A. Differences in geometries of both

dx.doi.org/10.1021/ja306346h | J. Am. Chem. Soc. 2012, 134, 17094—17103
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Figure 6. Selected reaction paths for borylene insertion into a C—H bond of methane calculated at the CCSD(T)/aug-cc-pVTZ//MP2/cc-pVIZ

+ZPE level of theory.

Table 6. Reaction Barriers (in kcal mol™") and Reaction
Energies (in kcal mol™') Computed for the Insertion of
Borylenes BR to C—H Bond of Methane at the CCSD(T)/
aug-cc-pVIZ//MP2/cc-pVIZ +ZPE Level of Theory

R barrier A barrier B reaction energy b
H +14.5 +23.8 -77.0
Ph ¢ +21.3 +36.5 —74.2
CH,; +22.6 +42.7 —69.0
NH, +28.6 +562 —65.8
NHMe +27.1 +53.5 —66.9
NMe, +30.7 +54.9 —65.7
Br +33.8 +53.8 —-62.9
Cl +37.4 +61.4 —-59.9
F +53.1 +86.2 —46.6

“Using the cc-pVTZ basis set. “Energy with reference to rotamer B.

transition states are notable (Figures 7 and 8). In the case of
transition states A, the distances between boron and hydrogen
atoms are smaller than in transition states found for approach
B. According to IRC calculations (MP2/6-311+G**), the

hydrogen atom from methane shifts toward the boron atom to
form an almost linear BHR species soon after the TS. Then the
HBR fragment bends and the boron—carbon distance
diminishes until the boron—carbon bond is formed (Figure
9A). The carbon—boron distance, however, is shorter in the
case of transition states B, while the B—R bond is longer than in
transition states A. In reaction B, the formation of the
hydrogen—boron and carbon—boron bond proceeds in a
more synchronous fashion. At the same time, the CHj
fragment rotates until rotamer B is formed (Figure 9B).

An interesting observation is that the reaction of phenyl-
borylene with methane via approach B does not lead to
methylphenylborane according to IRC computations at the
MP2/6-311+G** and MP2/cc-pVTZ levels of theory (Scheme
S). The product obtained is 7-methyl-7-boranorcaradiene. At
these levels of theory, the hydrogen atom shifts to one of the
carbon atoms of the phenyl ring and the boron atom forms a
bond with the carbon atom of methane. In the next stage of the
reaction, two B—C bonds are formed. In contrast to MP2
calculations, the IRC path calculated at the B3LYP/6-311+G**
level of theory leads to the expected methylphenylborane. The

Figure 7. Geometries of the transition structures computed for the insertion of borylenes BR into a C—H bond of methane according to approach A
at the MP2/cc-pVTZ level of theory. Important bond lengths are given in A, bond angles, and dihedral angles are given in degrees.
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B-H

Figure 8. Geometries of the transition structures computed for the insertion of borylenes BR into a C—H bond of methane according to approach B
at the MP2/cc-pVTZ level of theory. Important bond lengths are given in A, bond angles, and dihedral angles are given in degrees.
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Figure 9. Calculated IRC reaction paths (MP2/6-311+G**) for the insertion of fluoroborylene into C—H bond for (A) approach A and (B) for

approach B.

Scheme 5. Formation of 7-Methyl-7-boranorcaradiene
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computed (MP2/6-311+G**) IRC path shows that reaction of
methane with phenylborylene via approach A leads to
methylphenylborane.

Finally, as expected the products of C—H insertion,
RBHCH;, are thermodynamically unstable with respect to
dimerization. The formation of the dimers with two bridging
hydrogen atoms becomes less favorable along the series H < Ph
< CH; < Cl < Br < F < NH, < NHMe < NMe,. The

aminoborane derivatives prefer the formation of the B,N, four
membered ring motif, in agreement with NMR investigations of
Me,NBHMe (see Supporting Information for energy data).>®
3.2.4. Comparison of the Borylenes. The reactivity in terms
of computed barrier heights and exothermicities decreases for
borylenes in the following order for addition reactions:

H > Ph > CH, > Br ¥ NHMe > NH, > CI > NMe,
>F

The geometric parameters of the TS (tilt angle, ratio of
carbon—boron distances, and distortion of the unsaturated
organic substrate) are in line with increasing nucleophilicity
along the above series of substituents. Considering the LUMO
energies, aminoborylenes are comparable to BF, but the

dx.doi.org/10.1021/ja306346h | J. Am. Chem. Soc. 2012, 134, 17094—17103
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barriers are larger and the exothermicities are smaller for BF.
With respect to CH bond insertion, the above order changes
inasmuch as the aminoborylenes are more reactive than the

haloborylenes.

4. CONCLUSIONS

The computational study of the reactivity of various substituted
borylenes BR (where R = H, Ph, CHj, Br, Cl, F, NH,, NHMe,
NMe,) performed at the CCSD(T)/aug-cc-pVTZ//MP2/cc-
pVTZ + ZPE level of theory showed that the reactions of
borylenes with prototypical saturated (methane) and unsatu-
rated (ethene and ethyne) hydrocarbons are strongly
exothermic. The addition to the triple C=C bond is the
most exothermic process of all examined here. The addition of
BH to multiple CC bonds proceeds without barrier, but on the
other hand, the insertion of BH into the C—H bond of methane
has the smallest reaction barrier. The largest reaction energies
were obtained for the BH molecule, followed by BPh and
BCH,j; for all type of reactions. The highest barriers and smallest
exothermicities were computed for fluoroborylene. Among the
halides, the barrier decreases and exothermicity increases from
F to Br for both types of reactions. Aminoborylenes have the
reaction energies and barrier heights comparable with those
obtained for BBr.

The philicity of borylenes was analyzed on the basis of their
FMO energies and the transition states geometries of addition
reactions. The largest value of tilt angle { was found for the
transition states of the BF addition to ethyne and ethene, while
the smallest one for transition states of the BPh additions. The
largest distortions from linearity/planarity of hydrogen atoms
of ethyne/ethene were found for the BF and the smallest for
BPh transition states. Also, the B—C1/B—C2 distance ratios are
smallest for the BF and largest for the BPh transition states.
This makes fluoroborylene the most nucleophilic and phenyl-
borylene most electrophilic next to the BH among all studied
borylenes. This conclusion is in agreement with the results of
the analysis of frontier molecular orbital energies of substituted
borylenes.
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7.9

Figure S1. Geometries of the transition structures computed for the addition of borylene BR to
acetylene at the B3LYP/6-311+G** level of theory. Important bond lengths are given in A, bond
angles and dihedral angles are given in degrees.
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Table S1. Barrier heights and reaction energies (in kcal mol™) computed for the addition of borylenes
BR to acetylene at the B3LYP and MP2 levels of theory. Zero-point energy corrections (ZPE) have been
included.

R Method Barrier Reaction energy
H B3LYP’ not existing -103.4
MP2°¢ not existing -101.7
MPp2° not existing -104.3
F B3LYP® +9.7 -59.8
MP2° +11.9 -57.1
MP2° +10.8 -58.1
cl B3LYP® +5.8 -75.6
MP2° +6.6 -75.6
MP2° +4.9 -77.8
Br B3LYP® +4.8 -77.8
MP2° +4.7 -78.9
MP2° +3.1 -82.0
CH; B3LYP® +2.6 -90.7
MP2° +2.2 -91.7
MP2° +0.8 -94.6
Ph B3LYP® +2.4 -93.9
MP2° +0.1 -96.2
MP2° -1.0 -98.7
NH, B3LYP® +5.6 -75.1
MP2° +6.1 -74.9
MP2° +4.6 -77.2
NHMe B3LYP® +5.2 -74.7
MP2° +5.1 -74.8
MP2° +3.7 -77.2
NMe, B3LYP® +7.7 -73.7
MPp2° +6.8 -74.4
MP2° +5.4 -76.7

? using the 6-311+G** basis set; b using the cc-pVTZ basis set.

S6
72



Publication |

Supporting Information

B-NH,

Figure S2. Geometries of the transition structures computed for the addition of borylenes BR to
ethylene at the B3LYP/6-311+G** level of theory. Important bond lengths are given in A, bond
angles and dihedral angles are given in degrees.

S7
73



Publication |

Supporting Information

Table S2. Barrier heights and reaction energies (in kcal mol™) computed for the addition of borylenes
BR to ethylene at the B3LYP and MP2 levels of theory. Zero-point energy corrections (ZPE) have been
included.

R Method Barrier Reaction energy
H B3LYP’ not existing -75.1
MP2°¢ not existing -76.7
MP2° not existing -79.5
F B3LYP® +15.8 -36.5
MP2° +15.8 -37.5
MP2° +14.6 -38.8
cl B3LYP® +7.4 -51.5
MP2° +7.6 -54.9
MPp2° +5.8 -57.1
Br B3LYP® +5.9 -53.3
MP2° +5.1 -57.8
MP2° +3.3 -61.0
CH; B3LYP® +3.3 -64.5
MP2° +2.5 -68.8
MP2° +1.0 -71.6
Ph B3LYP® +3.4 -69.3
MP2° +1.17 -74.9
MP2° -0.4 -77.5
NH, B3LYP® +5.8 -57.2
MP2° +5.6 -61.1
MPp2° +4.1 -63.4
NHMe B3LYP® +5.2 -57.8
MP2° +4.3 -62.2
MP2° +2.8 -64.6
NMe, B3LYP® +8.4 -57.2
MP2° +6.9 -62.5
MP2° +5.2 -64.7

? using the 6-311+G** basis set; b using the cc-pVTZ basis set.
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Figure S3. Geometries of the transition structures for the insertion of borylenes BR into a C-H bond
of methane according to approaches A and B calculated at the B3LYP/6-311+G** level of theory.
Important bond lengths are given in A, bond angles and dihedral angles are given in degrees.
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Figure S4. Geometries of the second-order saddle points computed for the insertion of borylene into
C-H bond of methane at the MP2/cc-pVTZ level of theory. For the insertion of phenylborylene third-
order saddle point was found. Important bond lengths are given in A, bond angles and dihedral
angles are given in degrees.
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Table $3. Barrier heights, reaction energies, relative energies of SOSP and rotamers A (in kcal mol™)
computed for the insertion of borylene into C-H bond of methane at the MP2 and B3LYP levels of
theory. Zero-point energy corrections (ZPE) have been included.

R Method Barrier A Barrier B SOSP Rotamer A Reaction energy
H B3LYP® +10.9 +20.7 -82.3
MP2° +13.9 +22.9 -82.4
MP2° +12.2 +20.8 +14.9 -84.0 -84.1
F B3LYP® +48.6 +81.4 -50.4
MP2° +53.5 +89.3 -50.0
MP2° +52.6 +88.2 +54.3 -50.4 -50.6
Cl B3LYP® +35.7 +58.6 -62.7
MP2° +37.3 +63.2 -64.1
MP2° +35.4 +59.9 +37.6 -65.2 -65.5
Br B3LYP® +34.0 +52.7 -64.1
MP2° +34.5 +55.5 -66.5
MP2° +32.1 +52.4 +34.5 -67.9 -68.2
CH;  B3LYP® +21.6 +41.0 -70.9
MP2° +22.2 +42.4 -73.4
MP2° +20.4 +39.8 +22.3 -75.1 -75.3
Ph B3LYP® +20.4 +35.2 -75.5
MP2° +19.5 +33.7 -79.2
Mp2° +17.6 +31.1 +20.8° -80.4 -80.8
NH,  B3LYP° +26.8 +53.1 -67.2
MP2° +28.1 +56.3 -69.5
Mp2° +26.7 +54.1 +28.5 -70.0 -71.0
NHMe  B3LYP? +25.7 +51.0 -67.7
MP2° +26.6 +53.3 -70.3
Mp2° +25.0 +51.2 +26.8 -70.9 -72.0
NMe, B3LYP® +30.4 +53.7 -65.4
MP2° +30.4 +54.8 -68.8
Mp2° +28.8 +52.5 +31.8 -70.6 -70.6

“ using the 6-311+G** basis set; b using the cc-pVTZ basis set. © third-order saddle point.
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B3LYP/6-311+G™**

Figure S5. Geometries of the conformers of the transition states for the addition and insertion of the

BNHMe. Important bond lengths are given in A, bond angles and dihedral angles are given in
degrees.

Table S4. Relative energies of the conformers of the transition states for the addition and insertion

of the BNHMe calculated at the B3LYP and MP2 levels of theory. Zero-point energy corrections (ZPE)
have been included.

addition insertion
Method
C=C C=C approach A approach B
B3LYP/6-311+G** 6.1 6.8 29.0 52.1
MP2/cc-pVTZ 4.3 3.6 28.1 52.1
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TRANSITION STATE 1 INTERMEDIATE TRANSITION STATE 2

Figure S6. Geometries of the transition states and intermediate for the addition of fluoroborylene to
acetylene calculated at the MP2/6-311+G** level of theory. Important bond lengths are given in A,
bond angles and dihedral angles are given in degrees.

Table S5. Relative energies (in kcal mol‘l) of the transition states and intermediate for the addition
reaction of fluoroborylene to acetylene calculated at the MP2/6-311+G** level of theory.

TS 1 intermediate TS 2
E E+ZPE E E+ZPE E E+ZPE

10.9 11.9 -17.8 -14.8 -17.8 -15.3
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TRANSITION STATE 1 INTERMEDIATE TRANSITION STATE 2

TRANSITION STATE 1 INTERMEDIATE

TRANSITION STATE 2

Figure S7. Geometries of the transition states and intermediate for the addition of fluoroborylene to
acetylene calculated at the MP2/6-311+G** (A) and at the MP2/cc-pVTZ (B) levels of theory.
Important bond lengths are given in A, bond angles and dihedral angles are given in degrees.

Table S6. Transition state and intermediate energies (in kcal mol™) of the addition reaction of
fluoroborylene to ethylene calculated at the MP2 level of theory.

TS 1 intermediate TS 2
Method
E E + ZPE E E + ZPE E E + ZPE
MP2/6-311+G** 14.7 15.8 14.2 15.7 15.2 16.6
MP2/cc-pVTZ 13.7 14.6 13.0 14.5 13.7 14.9
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Figure S8. IRC path for the phenylborylene insertion into the C-H bond of methane via approach B
calculated at the B3LYP/6-311+G** level of theory.
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Figure S9. IRC path for the phenylborylene insertion into the C-H bond of methane via approach A
calculated at the MP2/6-311+G** level of theory.
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Figure S10. IRC path for the phenylborylene insertion into the C-H bond of methane via approach B
calculated at the MP2/6-311+G** level of theory.
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Table S7. Energies of borane dimerization (in kcal mol™) calculated at the MP2/6-311+G** level of
theory.

H-bridged dimer Halo- or BN-bridged dimer
" E E+ZPE E E+ZPE
H -36.1 -30.1
CHs3 -29.3 -24.0
Ph -26.5 -21.1
Br -21.0 -16.9 -5.8 -3.3
cl -19.6 -15.4 -5.7 -2.9
F -11.3 -7.0 3.1 5.9
NH, 10.5 12.9 -18.7 -14.2
NHMe 16.1 18.2 -23.2 -19.4
NMe, 18.4 20.5 -25.9 -22.1
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Geometries of all species given in Cartesian coordinates.

Total energies are given in hartree. Zero-point vibrational energies are given in kcal mol™. Values of
imaginary frequencies are given for first or higher order saddle points (in cm™).

Hydrocarbons

B3LYP/6-311+G**

MP2/cc-pVTZ

E=-77.3566458

E=-77.1591956

ZPE=16.96 ZPE=16.65
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-77.1921839
ethyne
C  0.000000000 0.000000000 0.599686000 C  0.000000000 0.000000000 0.605641000
C  0.000000000 0.000000000 -0.599686000 C  0.000000000 0.000000000 -0.605641000
H 0.000000000 0.000000000 1.662817000 H 0.000000000 0.000000000 1.666853000
H 0.000000000 0.000000000 -1.662817000 H  0.000000000 0.000000000 -1.666853000
E=-78.6155126 E=-78.399306
ZPE=31.87 ZPE=32.29
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-78.4436886
then C  0.000000000 0.000000000 0.664380000 C  0.000000000 0.000000000 0.665890000
ethene | - (.000000000 0.000000000 0.664380000 | C  0.000000000 0.000000000 —-0.665890000
H 0.000000000 0.922600000 1.235364000 H 0.000000000 0.922453000 1.228312000
H 0.000000000 -0.922600000 1.235364000 H 0.000000000 -0.922453000 1.228312000
H 0.000000000 -0.922600000 -1.235364000 H 0.000000000 -0.922453000 -1.228312000
H 0.000000000 0.922600000 -1.235364000 H 0.000000000 0.922453000 -1.228312000
E=-40.5339328 E=-40.4116665
ZPE=27.95 ZPE=28.50
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-40.4408757
methane | C  0.000000000 0.000000000 0.000000000 C  0.000000000 0.000000000 0.000000000
H 0.629834000 0.629834000 0.629834000 H 0.626572000 0.626572000 0.626572000
H -0.629834000 -0.629834000 0.629834000 H -0.626572000 -0.626572000 0.626572000
H 0.629834000 -0.629834000 -0.629834000 H 0.626572000 -0.626572000 -0.626572000
H 0.629834000 0.629834000 -0.629834000 H -0.626572000 0.626572000 -0.626572000
Singlet borylenes
Borylene B3LYP/6-311+G** MP2/cc-pVTZ
E=-25.2975417 E=-25.2034572
ZPE=3.35 ZPE=3.47
BH CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-25.231457
B 0.000000000 0.000000000 0.205782000 B 0.000000000 0.000000000 0.204566000
H 0.000000000 0.000000000 -1.028911000 H 0.000000000 0.000000000 -1.022829000
E=-124.7014755 E=-124.4786396
ZPE=1.94 ZPE=2.02
BE CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-124.5097559
B 0.000000000 0.000000000 -0.816758000 B 0.000000000 0.000000000 -0.815254000
F  0.000000000 0.000000000 0.453755000 F  0.000000000 0.000000000 0.452919000
E=-485.0167318 E=-484.415488
BCl ZPE=1.17 ZPE=1.23
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-484.4637003
B 0.000000000 0.000000000 -1.336563000 B 0.000000000 0.000000000 -1.326769000
S18




Publication |

Supporting Information

cl 0.000000000 0.000000000 0.393107000 cl 0.000000000 0.000000000 0.390226000
E=-2598.9293707 E=-2597.3851895
ZPE=0.96 ZPE=1.01
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-
BBr 2597.4316771
B 0.000000000 0.000000000 -1.669860000
Br 0.000000000 0.000000000 0.238551000 B 0.000000000 0.000000000 -1.647608000
Br 0.000000000 0.000000000 0.235373000
E=-64.6621639 E=-64.4597355
ZPE=21.84 ZPE=22.16
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-64.5066794
BCH; B 0.000000000 0.000000000 -1.067046000 B 0.000000000 0.000000000 -1.070750000
o] 0.000000000 0.000000000 0.466377000 C 0.000000000 0.000000000 0.470575000
H 0.000000000 1.031490000 0.845656000 H 0.000000000 1.027309000 0.843433000
H 0.893296000 -0.515745000 0.845656000 H 0.889676000 -0.513655000 0.843433000
H -0.893296000 -0.515745000 0.845656000 H -0.889676000 -0.513655000 0.843433000
E=-256.4419245 E=-255.7826509
ZPE=57.08 ZPE=57.36
CCSD(T) /cc-pVTZ//MP2/cc-pVTZ E=-255.8746969
B 0.000000000 0.000000000 -2.673492000 B 0.000000000 0.000000000 -2.676429000
C 0.000000000 0.000000000 -1.139853000 C 0.000000000 0.000000000 -1.134662000
o] 0.000000000 1.214955000 -0.426535000 C 0.000000000 1.214082000 -0.426996000
BPh ¢] 0.000000000 1.213156000 0.963727000 C 0.000000000 1.212006000 0.963610000
o] 0.000000000 0.000000000 1.655371000 C 0.000000000 0.000000000 1.655121000
o] 0.000000000 -1.213156000 0.963727000 C 0.000000000 -1.212006000 0.963610000
o] 0.000000000 -1.214955000 -0.426535000 C 0.000000000 -1.214082000 -0.426996000
H 0.000000000 2.156490000 -0.966863000 H 0.000000000 2.152578000 -0.968038000
H 0.000000000 2.148971000 1.510965000 H 0.000000000 2.145209000 1.509662000
H 0.000000000 0.000000000 2.739845000 H 0.000000000 0.000000000 2.736776000
H 0.000000000 -2.148971000 1.510965000 H 0.000000000 -2.145209000 1.509662000
H 0.000000000 -2.156490000 -0.966863000 H 0.000000000 -2.152578000 -0.968038000
E=-80.768983 E=-80.561385
ZPE=15.76 ZPE=15.89
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-80.6017895
BNH, B 0.000000000 0.000000000 -0.963098000 B 0.000000000 0.000000000 -0.964850000
N 0.000000000 0.000000000 0.413412000 N 0.000000000 0.000000000 0.415108000
H 0.000000000 0.853848000 0.960804000 H 0.000000000 0.850030000 0.959247000
H 0.000000000 -0.853848000 0.960804000 H 0.000000000 -0.850030000 0.959247000
E=-120.083525 E=-119.7709978
ZPE=34.40 ZPE=34.93
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-119.8321996
B -1.351393000 0.748344000 0.000000000 B -1.361828000 0.718056000 0.000000000
BNHMe | N 0.000000000 0.496958000 0.000000000 N 0.000000000 0.498880000 0.000000000
H 0.630562000 1.293603000 0.000000000 H 0.617872000 1.299925000 0.000000000
o] 0.630330000 -0.831087000 0.000000000 C 0.637513000 -0.817396000 0.000000000
H 1.246719000 -0.967109000 0.891044000 H 1.251203000 -0.949129000 0.887338000
H -0.149013000 -1.593293000 0.000000000 H -0.136217000 -1.579729000 0.000000000
H 1.246719000 -0.967109000 -0.891044000 H 1.251203000 -0.949129000 -0.887338000
E=-159.4013691 E=-158.986443
ZPE=52.30 ZPE=53.15
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-159.0678377
BNM B 0.000000000 0.000000000 1.641862000 B 0.000000000 0.000000000 1.648962000
€ |y 0.000000000 0.000000000 0.266776000 N 0.000000000 0.000000000 0.268303000
¢] 0.000000000 1.248513000 -0.495577000 C 0.000000000 1.237246000 -0.497652000
o] 0.000000000 -1.248513000 -0.495577000 C 0.000000000 -1.237246000 -0.497652000
H 0.890966000 -1.311437000 -1.128048000 H 0.887374000 -1.290589000 -1.128141000
H 0.000000000 -2.096807000 0.191185000 H 0.000000000 -2.087275000 0.180729000
H -0.890966000 -1.311437000 -1.128048000 H -0.887374000 -1.290589000 -1.128141000
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H 0.890966000
H -0.890966000
H 0.000000000

1.311437000 -1.
1.311437000 -1.
2.096807000 O.

128048000
128048000
191185000

H 0.887374000
H -0.887374000
H 0.000000000

1.290589000 -1.128141000
1.290589000 -1.128141000
2.087275000 0.180729000

Triplet borylenes

Borylene B3LYP/6-311+G** MP2/cc-pVTZ
E=-25.2560804 E=-25.166983
ZPE=3.72 ZPE=3.88
BH Electronic state: °II Electronic state: °I
B 0.000000000 0.000000000 0.198790000 B 0.000000000 0.000000000 0.197291000
H 0.000000000 0.000000000 -0.993951000 H 0.000000000 0.000000000 -0.986454000
E=-124.5776184 E=-124.3552534
ZPE=1.82 ZPE=1.90
BE Electronic state: °II Electronic state: °I
B 0.000000000 0.000000000 -0.848917000 B 0.000000000 0.000000000 -0.846896000
F 0.000000000 0.000000000 0.471621000 F 0.000000000 0.000000000 0.470498000
E=-484.929899 E=-484.3319116
ZPE=1.26 ZPE=1.32
BCl Electronic state: °I Electronic state: °I
B 0.000000000 0.000000000 -1.327206000 B 0.000000000 0.000000000 -1.320307000
Ccl 0.000000000 0.000000000 0.390355000 CcCl 0.000000000 0.000000000 0.388326000
E=-2598.8495034 E=-2597.3092177
ZPE=1.06 ZPE=1.12
BBr Electronic state: °II Electronic state: °II
B 0.000000000 0.000000000 -1.639268000 B 0.000000000 0.000000000 -1.621976000
Br 0.000000000 0.000000000 0.234181000 Br 0.000000000 0.000000000 0.231711000
E=-64.6027065 E=-64.405661
ZPE=22.27 ZPE=22.81
Electronic state: °A’’ Electronic state: °A’’
BCH; B -0.015550000 -1.079247000 0.000000000 B -0.016117000 -1.080364000 0.000000000
C -0.015550000 0.469968000 0.000000000 C -0.016117000 0.472884000 0.000000000
H 1.059900000 0.716249000 0.000000000 H 1.055988000 0.709682000 0.000000000
H -0.444423000 0.930088000 0.897907000 H -0.439350000 0.927415000 0.894162000
H -0.444423000 0.930088000 -0.897907000 H -0.439350000 0.927415000 -0.894162000
E=-256.391746 E=-255.6998821
7ZPE=56.49 ZPE=59.13
Electronic state: °B; Electronic state: °B;
B 0.000000000 0.000000000 -2.645090000 C 0.000000000 1.196835000 -0.417083000
C 0.000000000 0.000000000 -1.164075000 o] 0.000000000 0.000000000 -1.134548000
¢ 0.000000000 1.221881000 -0.427174000 ¢ 0.000000000 -1.196835000 -0.417083000
BPh C 0.000000000 1.206750000 0.958208000 C 0.000000000 -1.185604000 0.945709000
C 0.000000000 0.000000000 1.666152000 C 0.000000000 0.000000000 1.643993000
C 0.000000000 -1.206750000 0.958208000 C 0.000000000 1.185604000 0.945709000
C 0.000000000 -1.221881000 -0.427174000 B 0.000000000 0.000000000 =-2.641203000
H 0.000000000 2.171138000 -0.950655000 H 0.000000000 -2.143412000 -0.939492000
H 0.000000000 2.148738000 1.496227000 H 0.000000000 -2.125107000 1.480695000
H 0.000000000 0.000000000 2.749442000 H 0.000000000 0.000000000 2.723432000
H 0.000000000 =-2.148738000 1.496227000 H 0.000000000 2.125107000 1.480695000
H 0.000000000 -2.171138000 -0.950655000 H 0.000000000 2.143412000 -0.939492000
BNH E=-80.6975701 E=-80.4947524
2 ZPE=16.50 ZPE=16.89
Electronic state: °B, Electronic state: °B,
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B 0.000000000 0.000000000 -0.963265000 B 0.000000000 0.000000000 -0.965430000
N 0.000000000 0.000000000 0.409362000 N 0.000000000 0.000000000 0.412744000
H 0.000000000 0.843191000 0.975396000 H 0.000000000 0.840672000 0.968970000
H 0.000000000 -0.843191000 0.975396000 H 0.000000000 -0.840672000 0.968970000
E=-120.0134553 E=-119.7051579
ZPE=34.74 ZPE=35.47
Electronic state: °A’ Electronic state: °A’
B -1.332960000 0.800326000 0.000000000 B -1.344250000 0.777842000 0.000000000
BNHMe N 0.000000000 0.490672000 0.000000000 N 0.000000000 0.488306000 0.000000000
H 0.697137000 1.231765000 0.000000000 H 0.677649000 1.238974000 0.000000000
C 0.612619000 -0.848852000 0.000000000 C 0.621034000 -0.836168000 0.000000000
H 1.235805000 -0.989186000 0.889066000 H 1.240953000 -0.972455000 0.885076000
H -0.179661000 -1.596611000 0.000000000 H -0.164511000 -1.584406000 0.000000000
H 1.235805000 -0.989186000 -0.889066000 H 1.240953000 -0.972455000 -0.885076000
E=-159.329145 E=-158.9186341
ZPE=52.46 ZPE=53.48
Electronic state: °B, Electronic state: °B,
B 0.000000000 0.000000000 1.676736000 B 0.000000000 0.000000000 1.682184000
N 0.000000000 0.000000000 0.306694000 N 0.000000000 0.000000000 0.305687000
BNM C 0.000000000 1.223468000 -0.514560000 C 0.000000000 1.210319000 -0.515342000
€2 C 0.000000000 -1.223468000 -0.514560000 C 0.000000000 -1.210319000 -0.515342000
H 0.887904000 -1.252641000 -1.156940000 H 0.884079000 -1.231040000 -1.155195000
H 0.000000000 -2.095405000 0.135973000 H 0.000000000 -2.083614000 0.127076000
H -0.887904000 -1.252641000 -1.156940000 H -0.884079000 -1.231040000 -1.155195000
H 0.887904000 1.252641000 -1.156940000 H 0.884079000 1.231040000 -1.155195000
H -0.887904000 1.252641000 -1.156940000 H -0.884079000 1.231040000 -1.155195000
H 0.000000000 2.095405000 0.135973000 H 0.000000000 2.083614000 0.127076000
Transition states for the addition of borylenes BR to acetylene
R B3LYP/6-311+G** MP2/cc-pVTZ
E=-202.0438297 E=-201.6222517
ZPE=19.65 ZPE=19.69
0=382.61 0=513.31
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-201.6860112
F C 0.443408000 -1.470896000 0.000000000 C 0.439126000 -1.486418000 0.000000000
C 1.185856000 -0.487423000 0.000000000 C 1.184918000 -0.486168000 0.000000000
B 0.000000000 1.116983000 0.000000000 B 0.000000000 1.127193000 0.000000000
H -0.449767000 -2.053481000 0.000000000 H -0.496150000 -1.999274000 0.000000000
H 2.181435000 -0.096733000 0.000000000 H 2.184452000 -0.112548000 0.000000000
F -1.278584000 0.923912000 0.000000000 F -1.270285000 0.923486000 0.000000000
E=-562.3651268 E=-561.5680222
ZPE=18.74 ZPE=18.60
0=333.41 0=397.61
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-561.6476079
Cl C 1.605473000 -1.094038000 0.000000000 C 1.553067000 -1.092330000 0.000000000
C 1.917465000 0.084802000 0.000000000 C 1.901415000 0.089979000 0.000000000
B 0.000000000 1.086390000 0.000000000 B 0.000000000 1.100020000 0.000000000
Cl -1.461403000 0.102685000 0.000000000 Cl -1.430125000 0.094640000 0.000000000
H 1.133991000 -2.048159000 0.000000000 H 1.003092000 -2.002903000 0.000000000
H 2.572227000 0.925985000 0.000000000 H 2.582145000 0.908025000 0.000000000
E=-2676.2792878 E=-2674.5404798
ZPE=18.47 ZPE=18.30
0=305.01 0U=341.11
Br CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-
2674.6185614
C 0.988650000 -2.217865000 0.000000000
C -0.187546000 -2.528907000 0.000000000 C 0.994421000 -2.133259000 0.000000000
B -1.141695000 -0.545893000 0.000000000 C -0.179020000 -2.497398000 0.000000000
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H 1.958952000 -1.781526000 0.000000000 B -1.158637000 -0.527702000 0.000000000
H -1.057100000 -3.144494000 0.000000000 H 1.926739000 -1.622110000 0.000000000
Br 0.000000000 1.032460000 0.000000000 H -1.025958000 -3.140880000 0.000000000
Br 0.000000000 1.005298000 0.000000000
E=-142.0185568 E=-141.6199034
ZPE=40.28 ZPE=40.21
U=404.71 U=439.61
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-141.6984809
C -0.634501000 -1.363127000 0.000000000 C -0.601482000 -1.299501000 0.000000000
CH C -1.461218000 -0.465245000 0.000000000 C -1.477688000 -0.436452000 0.000000000
3 B 0.000000000 1.179397000 0.000000000 B 0.000000000 1.193409000 0.000000000
H 0.183684000 -2.041972000 0.000000000 H 0.251375000 -1.933103000 0.000000000
H -2.416519000 0.007682000 0.000000000 H -2.435295000 0.026666000 0.000000000
¢ 1.516790000 0.811776000 0.000000000 6] 1.503848000 0.734148000 0.000000000
H 2.079673000 1.752115000 0.000000000 H 2.106715000 1.643036000 0.000000000
H 1.813367000 0.242382000 0.889238000 H 1.764568000 0.153593000 0.886768000
H 1.813367000 0.242382000 -0.889238000 H 1.764568000 0.153593000 -0.886768000
E=-333.7955996 E=-332.9445659
ZPE=T74.62 ZPE=74.67
0=195.01 U=158.71
CCSD(T) /cc-pVTZ//MP2/cc-pVTZ E=-333.0618669
C 2.878236000 -0.672117000 0.840791000 C 2.697038000 -0.681828000 0.826748000
¢ 3.433196000 0.054383000 0.049799000 ¢ 3.386700000 0.000102000 0.087944000
B 1.420214000 1.144263000 -0.813133000 B 1.436255000 1.227575000 -0.775441000
H 2.308524000 -1.262701000 1.516514000 H 2.030399000 -1.222994000 1.452146000
H 4.097211000 0.607217000 -0.568941000 H 4.108942000 0.519383000 -0.491969000
Ph ¢ 0.094187000 0.471005000 -0.369998000 ¢ 0.124101000 0.487218000 -0.367623000
C -0.904978000 1.337920000 0.111999000 C -0.886648000 1.341924000 0.105512000
C =-2.173518000 0.857804000 0.430002000 C -2.150099000 0.845060000 0.418274000
C -2.470307000 -0.491026000 0.243361000 C =-2.426721000 -0.507025000 0.228637000
C -1.498773000 -1.362214000 -0.257929000 C -1.442229000 -1.363190000 -0.270552000
C -0.227914000 -0.887323000 -0.557919000 C -0.175225000 -0.871710000 -0.562083000
H -0.682710000 2.393601000 0.236105000 H -0.675420000 2.398021000 0.229640000
H -2.930577000 1.533221000 0.812567000 H =-2.916772000 1.507228000 0.796770000
H -3.459943000 -0.865360000 0.481099000 H -3.409602000 -0.894295000 0.460928000
H -1.737390000 -2.409416000 -0.408084000 H -1.666807000 -2.409873000 -0.425586000
H 0.523042000 -1.568474000 -0.944227000 H 0.586493000 -1.538648000 -0.945875000
E=-158.1189528 E=-157.7157025
ZPE=34.17 ZPE=34.10
U=304.21 U=362.11
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-157.7876458
C -0.555501000 -1.526312000 0.000000000 C -0.541259000 -1.472655000 0.000000000
NH, C -1.340974000 -0.598329000 0.000000000 C -1.346114000 -0.544223000 0.000000000
B 0.000000000 1.232222000 0.000000000 B 0.000000000 1.222787000 0.000000000
H 0.236089000 -2.236249000 0.000000000 H 0.288377000 -2.136892000 0.000000000
H -2.267117000 -0.074157000 0.000000000 H -2.284395000 -0.044728000 0.000000000
N 1.367748000 0.996450000 0.000000000 N 1.358772000 0.919278000 0.000000000
H 1.976273000 1.805458000 0.000000000 H 1.989730000 1.706013000 0.000000000
H 1.859366000 0.116537000 0.000000000 H 1.819120000 0.027991000 0.000000000
E=-197.4333006 E=-196.9258981
ZPE=52.27 ZPE=52.54
U=286.11 U=337.91
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-197.0184601
¢ 2.093636000 -0.983303000 0.000000000 C -1.196155000 -1.890603000 0.000000000
NHMe C 2.166906000 0.230609000 0.000000000 ¢ 0.004420000 -2.151221000 0.000000000
TS1 B 0.000000000 0.910806000 0.000000000 B 0.920557000 -0.117230000 0.000000000
N -0.959369000 -0.088926000 0.000000000 N 0.000000000 0.925892000 0.000000000
H 1.884238000 -2.025762000 0.000000000 H -2.180119000 -1.488953000 0.000000000
H 2.598975000 1.203065000 0.000000000 H 0.895204000 -2.731030000 0.000000000
C -2.387730000 0.242833000 0.000000000 ¢ 0.489924000 2.301063000 0.000000000
H -0.744775000 -1.074474000 0.000000000 H -0.999136000 0.820919000 0.000000000
H -2.882557000 -0.152114000 0.891073000 H 0.157301000 2.835388000 0.887527000
H -2.494614000 1.329014000 0.000000000 H 1.577524000 2.277757000 0.000000000
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H -2.882557000 -0.152114000 -0.891073000 H 0.157301000 2.835388000 -0.887527000
E=-197.4318103 E=-196.9249453
ZPE=52.23 ZPE=52.56
0=293.81 0=340.41
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-197.017452
C -1.704626000 0.858658000 -0.116399000 C -1.598235000 0.876131000 -0.143186000
C -1.919188000 -0.316106000 0.118298000 C -1.879771000 -0.286671000 0.140772000
NHMe B 0.092724000 -1.369105000 -0.070716000 B 0.051983000 -1.395473000 -0.090046000
TS2 N 1.246312000 -0.607570000 -0.072178000 N 1.197276000 -0.611761000 -0.082838000
H -1.379759000 1.839368000 -0.366050000 H -1.187257000 1.806450000 -0.450371000
H -2.470449000 -1.194067000 0.358380000 H -2.477952000 -1.114777000 0.434328000
H 2.056392000 -1.199245000 -0.239257000 H 2.004132000 -1.201325000 -0.256014000
C 1.566875000 0.811383000 0.103895000 C 1.515754000 0.794353000 0.125758000
H 0.812578000 1.274270000 0.737239000 H 0.806444000 1.220639000 0.827074000
H 2.537742000 0.921722000 0.591203000 H 2.514098000 0.894364000 0.544344000
H 1.597324000 1.332866000 -0.857449000 H 1.473193000 1.351468000 -0.809325000
E=-236.7469069 E=-236.1384042
ZPE=70.0 ZPE=70.68
0=315.11 0=365.81
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-236.2511505
C -2.433974000 0.453919000 0.325372000 C -2.338387000 0.469824000 0.349436000
C -2.276497000 -0.654269000 -0.162600000 C -2.239201000 -0.643641000 -0.170675000
B -0.083254000 -1.117342000 -0.123483000 B -0.082060000 -1.166390000 -0.107259000
N 0.864617000 -0.111415000 -0.053248000 N 0.829149000 -0.118119000 -0.055427000
NMe, H -2.352172000 1.397568000 0.809065000 H -2.170609000 1.384577000 0.864909000
H -2.590177000 -1.568066000 -0.610659000 H -2.593872000 -1.523570000 -0.651353000
C 2.240629000 -0.555901000 0.211309000 C 2.208369000 -0.526771000 0.213214000
C 0.716215000 1.330260000 -0.237497000 C 0.667998000 1.310228000 -0.257856000
H 2.611656000 -0.113725000 1.141753000 H 2.566541000 -0.057708000 1.130285000
H 2.264121000 -1.641920000 0.310057000 H 2.254265000 -1.606679000 0.332555000
H 2.900402000 -0.261575000 -0.611387000 H 2.854747000 -0.231340000 -0.613785000
H 0.847865000 1.859982000 0.713200000 H 0.755991000 1.847589000 0.688725000
H 1.471873000 1.696210000 -0.940449000 H 1.445971000 1.673816000 -0.930519000
H -0.267857000 1.554094000 -0.640931000 H -0.299448000 1.514256000 -0.701246000
Intermediate and transition states of BF addition to acetylene
MP2/6-311+G**
E=-201.5076815
ZPE=19.60
0=523.11
1 C 0.440638000 -1.481703000 0.000000000
BF TS C 1.188400000 -0.476006000 0.000000000
B 0.000000000 1.130606000 0.000000000
H -0.493120000 -2.005425000 0.000000000
H 2.191738000 -0.100099000 0.000000000
F -1.274761000 0.910972000 0.000000000
E=-201.5533317
ZPE=21.00
0=389.31
BE TS2 C -0.187425000 -1.376061000 0.000000000
C 1.017813000 -0.684158000 0.000000000
B 0.000000000 0.288366000 0.000000000
H -1.193214000 -0.910373000 0.000000000
H 2.009347000 -1.110513000 0.000000000
F -0.644273000 1.437819000 0.000000000
E=-201.5533672
BF INT ZPE=21.51
C -0.215162000 -1.392182000 0.000000000
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0.996833000 -0.705536000 0
0.000000000 0.288436000 0
-1.177349000 -0.813029000 O
1.983801000 -1.139457000 O
-0.610720000 1.455180000 O

HmmwQ

.000000000
.000000000
.000000000
.000000000
.000000000

Transition states for the addition of borylenes BR to ethylene

R B3LYP/6-311+G** MP2/cc-pVTZ
E=-203.2937041 E=-202.8561694
ZPE=35.02 ZPE=35.27
0=357.41 0=394.61
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-202.9332829
C 1.170461000 -0.270610000 0.000000000 C 1.145778000 -0.352082000 0.000000000
F c 0.247592000 -1.360786000 0.000000000 B 0.000000000 1.084955000 0.000000000
B 0.000000000 0.861986000 0.000000000 F -1.290590000 1.018935000 0.000000000
F -1.294317000 1.008125000 0.000000000 C 0.277521000 -1.441609000 0.000000000
H 1.781421000 -0.106761000 0.886683000 H 1.711633000 -0.136062000 0.898063000
H 1.781421000 -0.106761000 -0.886683000 H 1.711633000 -0.136062000 -0.898063000
H -0.211150000 -1.690582000 0.923222000 H -0.173875000 -1.780460000 0.922235000
H -0.211150000 -1.690582000 -0.923222000 H -0.173875000 -1.780460000 -0.922235000
E=-563.6221787 E=-562.8072095
ZPE=34.13 ZPE=34.53
0=297.71 U=362.01
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-562.8986737
¢] 1.820009000 0.107094000 0.000000000 C 1.833919000 0.090809000 0.000000000
cl o] 1.405684000 -1.192204000 0.000000000 C 1.340850000 -1.178233000 0.000000000
B 0.000000000 1.076801000 0.000000000 B 0.000000000 1.093812000 0.000000000
H 2.180329000 0.574854000 0.909379000 H 2.190521000 0.547928000 0.912032000
H 2.180329000 0.574854000 -0.909379000 H 2.190521000 0.547928000 -0.912032000
H 1.175173000 -1.712019000 0.922316000 H 1.078468000 -1.673674000 0.923743000
H 1.175173000 -1.712019000 -0.922316000 H 1.078468000 -1.673674000 -0.923743000
Cl -1.533245000 0.200058000 0.000000000 Cl -1.505094000 0.194528000 0.000000000
E=-2677.5371628 E=-2675.7807715
ZPE=33.87 ZPE=34.30
0=269.11 0=296.01
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-
2675.8706322
o] 0.306512000 -2.430622000 0.000000000
C -1.010363000 -2.097546000 0.000000000 C 0.281215000 -2.432519000 0.000000000
Br B 1.140114000 -0.475865000 0.000000000 C -1.002673000 -1.997649000 0.000000000
H 0.808552000 -2.732152000 0.912279000 B 1.163937000 -0.454333000 0.000000000
H 0.808552000 -2.732152000 -0.912279000 H 0.770686000 -2.733984000 0.914942000
H -1.547287000 -1.911185000 0.922394000 H 0.770686000 -2.733984000 -0.914942000
H -1.547287000 -1.911185000 -0.922394000 H -1.516154000 -1.773069000 0.923673000
Br 0.000000000 1.109572000 0.000000000 H -1.516154000 -1.773069000 -0.923673000
Br 0.000000000 1.081908000 0.000000000
E=-143.2749961 E=-142.8600253
ZPE=55.33 ZPE=56.10
0=192.81 0=196.51
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-142.9501652
C 1.418893000 -0.569959000 0.000000000 C 1.440539000 -0.547850000 0.000000000
¢] 0.430661000 -1.482851000 0.000000000 C 0.399406000 -1.399162000 0.000000000
B 0.000000000 1.373983000 0.000000000 B 0.000000000 1.373283000 0.000000000
CH; H 1.898483000 -0.244813000 0.914850000 H 1.919187000 -0.237554000 0.916703000
H 1.898483000 -0.244813000 -0.914850000 H 1.919187000 -0.237554000 -0.916703000
H 0.000749000 -1.857027000 0.922670000 H -0.044838000 -1.742761000 0.923432000
H 0.000749000 -1.857027000 -0.922670000 H -0.044838000 -1.742761000 -0.923432000
C -1.526983000 1.088682000 0.000000000 C -1.518167000 0.997664000 0.000000000
H -2.040370000 2.058603000 0.000000000 H -2.073269000 1.938074000 0.000000000
H -1.846760000 0.529963000 -0.888187000 H -1.803050000 0.426113000 -0.885180000
H -1.846760000 0.529963000 0.888187000 H -1.803050000 0.426113000 0.885180000
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E=-335.0538471
ZPE=90.13
U=146.31

E=-334.1838925

ZPE=90.49

U=141.41

CCSD(T) /cc-pVTZ//MP2/cc-pVTZ E=-334.3122185

C 3.457713000 -0.101711000 0.000000000 | C  0.921839000 1.339070000 0.047256000
C 2.965095000 -1.353392000 0.000000000 | C -0.014130000 0.425362000 —0.467630000
B 1.392077000 1.200000000 0.000000000 | C  0.362486000 -0.920517000 —0.607296000
H  3.748419000 0.398100000 0.915148000 | C  1.629698000 —1.342263000 —0.224068000
H  3.748419000 0.398100000 -0.915148000 | C  2.537372000 -0.428235000 0.316593000
Ph H 2.750096000 -1.878871000 0.924185000 | C  2.184269000 0.912065000 0.453934000
H  2.750096000 -1.878871000 -0.924185000 | B -1.329896000 1.093185000 —0.975792000
Ts1 C  0.000000000 0.526594000 0.000000000 | C -3.353272000 0.112213000 0.078674000
C -0.380696000 -0.831861000 0.000000000 | C ~-2.604981000 -0.686079000 0.857700000
C -1.721485000 -1.194709000 0.000000000 | H -3.755989000 -0.230752000 -0.863436000
C -2.714164000 -0.210736000 0.000000000 | H -3.656831000 1.096488000 0.400961000
C -2.366356000 1.138243000 0.000000000 | H -2.334419000 -1.684357000 0.545239000
C -1.022358000 1.502341000 0.000000000 | H -2.225308000 -0.346850000 1.811088000
H  0.382519000 -1.598594000 0.000000000 | H -0.337228000 -1.635375000 —1.021602000
H -1.999910000 -2.242693000 0.000000000 | H 1.912892000 -2.380016000 -0.337112000
H -3.759528000 -0.499726000 0.000000000 | H  3.520086000 -0.761569000 0.621662000
H -3.137345000 1.900426000 0.000000000 | H 2.891969000 1.620030000 0.863240000
H -0.749652000 2.553517000 0.000000000 | H  0.654624000 2.386790000 0.127941000
E=-335.0529296 E=-334.1842106
ZPE=89.72 ZPE=90.70
U=187.21; 23.61 0=102.21
CCSD(T) /cc-pVTZ//MP2/cc-pVTZ E=-334.3126722
C 3.344969000 -0.002696000 -0.003127000 | C  3.443804000 -0.370506000 0.064595000
C  2.687830000 0.013531000 1.171189000 | C  3.026114000 0.903761000 0.120495000
B 1.365585000 -0.017946000 -1.387614000 | B  1.180562000 -1.444854000 —-0.193949000
H  3.699226000 0.905606000 -0.474662000 | H  3.758710000 —-0.824006000 —0.863023000
H 3.696065000 -0.924073000 -0.451068000 | H  3.571234000 -0.963617000 0.957817000
Ph H  2.391034000 0.942037000 1.645594000 | H  2.947254000 1.505848000 -0.774124000
R H  2.387920000 -0.901442000 1.669329000 | H 2.750760000 1.363375000 1.059317000
Ts2 C  0.010459000 -0.007357000 -0.630766000 | C -0.059345000 -0.514165000 —-0.097546000
C -0.658726000 -1.213629000 -0.352237000 | C =-0.237552000 0.880044000 -0.132241000
C -1.936033000 -1.205799000 0.199177000 | C -1.510662000 1.430710000 -0.052825000
C -2.571566000 0.006830000 0.470087000 | C -2.629124000 0.602752000 0.068077000
C -1.929395000 1.212397000 0.183344000 | C -2.477144000 -0.780758000 0.102947000
C -0.652026000 1.206103000 -0.367722000 | C ~-1.202149000 -1.334391000 0.015522000
H -0.175597000 -2.161296000 -0.570492000 | H  0.621799000 1.527329000 —0.224021000
H -2.439500000 -2.141745000 0.414930000 | H -1.637251000 2.504420000 -0.081713000
H -3.568818000 0.012353000 0.895749000 | H -3.616865000 1.038975000 0.133167000
H -2.427776000 2.153802000 0.386823000 | H -3.343819000 -1.420953000 0.194053000
H -0.163556000 2.148209000 -0.597810000 | H -1.078276000 -2.411785000 0.034135000
E=-159.3787589 E=-158.9577022
ZPE=49.81 ZPE=50.38
D=251.31 0=293.91
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-159.0412863
C  0.357319000 -1.498720000 0.000000000 | C  -1.254472000 0.760197000 0.000000000
C  1.310764000 -0.538690000 0.000000000 | C -1.297050000 -0.591668000 0.000000000
NH, H 1.806000000 -0.234653000 0.913235000 | H -1.430476000 -1.148695000 0.914776000
H -0.063351000 -1.879742000 0.924340000 | H -1.202033000 1.316521000 0.925566000
H -0.063351000 -1.879742000 -0.924340000 | H  -1.202033000 1.316521000 -0.925566000
H 1.806000000 -0.234653000 -0.913235000 | H -1.430476000 -1.148695000 -0.914776000
B 0.000000000 1.296765000 0.000000000 | B 0.916894000 -0.898474000 0.000000000
N -1.376999000 1.110777000 0.000000000 | N 1.696212000 0.258152000 0.000000000
H -1.953026000 1.943241000 0.000000000 | H  2.694826000 0.115727000 0.000000000
H -1.901781000 0.250749000 0.000000000 | H 1.421365000 1.222757000 0.000000000
E=-198.6932844 E=-198.1682535
ZPE=67.85 ZPE=68.75
NHMe 0=228.11 0=256.21i
TS1 CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-198.272416
C  1.803831000 -1.234350000 0.000000000 | C  1.945308000 0.779721000 0.000000000
C  2.096278000 0.086681000 0.000000000 | C 2.019454000 —-0.570001000 0.000000000
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B 0.000000000 0.941876000 0.000000000 B -0.207418000 -0.934964000 0.000000000
N -1.058748000 0.045517000 0.000000000 N -0.999799000 0.211354000 0.000000000
H 2.350488000 0.608826000 0.913343000 H 2.159554000 -1.124416000 -0.915276000
H 1.653918000 -1.781618000 0.924442000 H 1.884099000 1.335144000 -0.925624000
H 1.653918000 -1.781618000 -0.924442000 H 1.884099000 1.335144000 0.925624000
H 2.350488000 0.608826000 -0.913343000 H 2.159554000 -1.124416000 0.915276000
C -2.443284000 0.527717000 0.000000000 C -2.451549000 0.058130000 0.000000000
H -0.949771000 -0.956766000 0.000000000 H -0.661801000 1.157257000 0.000000000
H -2.977775000 0.187371000 0.890808000 H -2.892951000 0.507293000 -0.887374000
H -2.433201000 1.619319000 0.000000000 H -2.683196000 -1.005052000 0.000000000
H -2.977775000 0.187371000 -0.890808000 H -2.892951000 0.507293000 0.887374000
E=-198.6915095 E=-197.3491924
ZPE=67.80 ZPE=68.621
0=241.31 0=276.21
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-198.2704388
C 1.483485000 -1.105968000 0.000000000 C 1.427514000 -1.063611000 0.000000000
C 1.917822000 0.178251000 0.000000000 C 1.912382000 0.201281000 0.000000000
B 0.000000000 1.364292000 0.000000000 B 0.000000000 1.380219000 0.000000000
NHMe N -1.248621000 0.774150000 0.000000000 N -1.228224000 0.737195000 0.000000000
TS2 C -1.816443000 -0.576145000 0.000000000 C -1.776827000 -0.611229000 0.000000000
H 2.242209000 0.661019000 0.912513000 H 2.233466000 0.676147000 0.914245000
H 1.285467000 -1.637633000 0.924182000 H 1.211001000 -1.579388000 0.925207000
H 1.285467000 -1.637633000 -0.924182000 H 1.211001000 -1.579388000 -0.925207000
H 2.242209000 0.661019000 -0.912513000 H 2.233466000 0.676147000 -0.914245000
H -1.955352000 1.508125000 0.000000000 H -1.941078000 1.462724000 0.000000000
H -2.433468000 -0.738060000 0.888365000 H -2.387930000 -0.780869000 0.884888000
H -2.433468000 -0.738060000 -0.888365000 H -2.387930000 -0.780869000 -0.884888000
H -1.001897000 -1.296110000 0.000000000 H -0.952840000 -1.314612000 0.000000000
E=-238.0057917 E=-237.3794252
ZPE=85.53 ZPE=86.69
0=260.21 D=292.91
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-237.5037308
C -0.353425000 -2.392090000 0.000000000 C -0.363285000 -2.319774000 0.000000000
C 0.978960000 -2.118700000 0.000000000 C 0.979324000 -2.122578000 0.000000000
B 1.071126000 0.086120000 0.000000000 B 1.108029000 0.095657000 0.000000000
N 0.000000000 0.962502000 0.000000000 N 0.000000000 0.934873000 0.000000000
H 1.560194000 -2.181018000 0.910543000 H 1.550782000 -2.185959000 0.913059000
NMe, H -0.914050000 -2.477824000 0.924164000 H -0.920172000 -2.373729000 0.925141000
H -0.914050000 -2.477824000 -0.924164000 H -0.920172000 -2.373729000 -0.925141000
H 1.560194000 -2.181018000 -0.910543000 H 1.550782000 -2.185959000 -0.913059000
C 0.384067000 2.385871000 0.000000000 C 0.365010000 2.357130000 0.000000000
C -1.447976000 0.754795000 0.000000000 C -1.438469000 0.732111000 0.000000000
H -0.012235000 2.883505000 0.891112000 H -0.040014000 2.843365000 0.888109000
H 1.469960000 2.477844000 0.000000000 H 1.446502000 2.462932000 0.000000000
H -0.012235000 2.883505000 -0.891112000 H -0.040014000 2.843365000 -0.888109000
H -1.897181000 1.216487000 0.886624000 H -1.881043000 1.196253000 0.883335000
H -1.897181000 1.216487000 -0.886624000 H -1.881043000 1.196253000 -0.883335000
H -1.668802000 -0.307511000 0.000000000 H -1.661228000 -0.326516000 0.000000000

second-order saddle point at the B3LYP/6-311+G** level of theory

Intermediate and transition states for the BF addition to ethylene

MP2/6-311+G**

MP2/cc-pVTZ

E=-202.7346035

ZPE=35.10

0=393.21

C 1.145322000 -0.345512000 0.000000000
BF TS1 B 0.000000000 1.096680000 0.000000000

F -1.296459000 1.014779000 0.000000000

c 0.284884000 -1.450310000 0.000000000

H 1.714983000 -0.131643000 0.902031000

H 1.714983000 -0.131643000 -0.902031000

H -0.171534000 -1.789093000 0.925757000

H -0.171534000 -1.789093000 -0.925757000
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E=-202.7338762 E=-202.8561545

ZPE= 35.40 ZPE=35.53

U=449.41i 0=409.9i

CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-202.9283327

C 1.184608000 -0.252625000 0.000000000 ¢ 1.179043000 -0.255613000 0.000000000
BF TS2 C 0.239769000 -1.347988000 0.000000000 c 0.241912000 -1.348379000 0.000000000

B 0.000000000 0.809772000 0.000000000 B 0.000000000 0.817894000 0.000000000

F -1.291259000 0.998993000 0.000000000 F -1.288079000 0.997326000 0.000000000

H 1.795604000 -0.101073000 0.890402000 H 1.787277000 -0.102431000 0.886339000

H 1.795604000 -0.101073000 -0.890402000 H 1.787277000 -0.102431000 -0.886339000

H -0.258068000 -1.616988000 0.926395000 H -0.253788000 -1.618297000 0.921886000

H -0.258068000 -1.616988000 -0.926395000 H -0.253788000 -1.618297000 -0.921886000

E=-202.7355429 E=-202.8571577

ZPE=35.62 ZPE=35.73

c 1.128668000 -0.251482000 0.000000000 ¢ 1.132990000 -0.256976000 0.000000000

c 0.308475000 -1.428886000 0.000000000 c 0.297584000 -1.414684000 0.000000000
BF INT B 0.000000000 0.978062000 0.000000000 B 0.000000000 0.962334000 0.000000000

F  -1.303199000 0.977594000 0.000000000 F -1.297484000 0.978229000 0.000000000

H 1.734317000 -0.071767000 0.889465000 H 1.735553000 -0.077524000 0.885810000

H 1.734317000 -0.071767000 -0.889465000 H 1.735553000 -0.077524000 -0.885810000

H -0.181349000 -1.731453000 0.922621000 H -0.188600000 -1.715363000 0.919208000

H -0.181349000 -1.731453000 -0.922621000 H -0.188600000 -1.715363000 -0.919208000

Transition states for the insertion of borylenes BR into a C-H bond of methane via approach A

R B3LYP/6-311+G** MP2/cc-pVTZ
E=-65.8156923 E=-65.5971697
ZPE=32.27 ZPE=32.86
0=1007.21 U=1065.01
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-65.650662
H C -0.042387000 -0.799727000 0.000000000 C -0.042722000 -0.779853000 0.000000000
H 0.543659000 -0.960390000 0.902667000 H 0.544530000 -0.932706000 0.899892000
H -0.940999000 -1.419150000 0.000000000 H -0.928900000 -1.412130000 0.000000000
H -0.828768000 0.301660000 0.000000000 H -0.835901000 0.278082000 0.000000000
H 0.543659000 -0.960390000 -0.902667000 H 0.544530000 -0.932706000 -0.899892000
B -0.042387000 1.318033000 0.000000000 B -0.042722000 1.293613000 0.000000000
H 1.148709000 1.246472000 0.000000000 H 1.145683000 1.210512000 0.000000000
E=-165.1564254 E=-164.804487
ZPE=28.91 ZPE=29.29
0=1519.81 0=1566.21
CCSD(T) /aug-cc—-pVTZ//MP2/cc-pVTZ E=-164.8640009
F C -1.055049000 -0.871727000 0.000000000 C -1.048992000 -0.847109000 0.000000000
B 0.000000000 0.889536000 0.000000000 B 0.000000000 0.880460000 0.000000000
F 1.211411000 0.407384000 0.000000000 F 1.203861000 0.386390000 0.000000000
H -0.618934000 -1.291615000 0.908420000 H -0.605429000 -1.259123000 0.905332000
H -2.141825000 -0.968746000 0.000000000 H -2.131788000 -0.952737000 0.000000000
H -1.192715000 0.668199000 0.000000000 H -1.198154000 0.673827000 0.000000000
H -0.618934000 -1.291615000 -0.908420000 H -0.605429000 -1.259123000 -0.905332000
E=-525.4926038 E=-524.7691015
ZPE=28.35 ZPE=28.71
0=1359.21 0=1401.41
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-524.8434428
a C -1.841162000 -0.014702000 0.000000000 C -1.794360000 -0.004875000 0.000000000
B 0.000000000 1.013905000 0.000000000 B 0.000000000 1.018333000 0.000000000
Cl 1.084908000 -0.329296000 0.000000000 Cl 1.058559000 -0.334543000 0.000000000
H -1.698956000 -0.597728000 0.908590000 H -1.627171000 -0.580540000 0.906160000
H -2.805827000 0.496728000 0.000000000 H -2.772569000 0.474802000 0.000000000
H -1.192718000 1.315455000 0.000000000 H -1.202436000 1.311092000 0.000000000
H -1.698956000 -0.597728000 -0.908590000 H -1.627171000 -0.580540000 -0.906160000
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E=-2639.4078271

E=-2637.7439297

ZPE=28.05 ZPE=28.45
0=1348.21 0=1375.71
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-2637.8170014
C -0.566706000 -2.247670000 0.000000000 C -0.562720000 -2.185720000 0.000000000
Br B 1.008163000 -0.831362000 0.000000000 B 1.009218000 -0.823956000 0.000000000
Br 0.000000000 0.768424000 0.000000000 Br 0.000000000 0.749967000 0.000000000
H 0.890573000 -2.060379000 0.000000000 H 0.859509000 -2.058373000 0.000000000
H -0.376584000 -3.323220000 0.000000000 H -0.419320000 -3.266223000 0.000000000
H -1.077284000 -1.934197000 0.908433000 H -1.054979000 -1.845068000 0.906057000
H -1.077284000 -1.934197000 -0.908433000 H -1.054979000 -1.845068000 -0.906057000
E=-105.162061 E=-104.8393712
ZPE=50.05 ZPE=50.96
0=1172.31 V=1186.21
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-104.9119778
C 1.461969000 -0.204477000 0.000086000 C 1.412533000 -0.208634000 -0.000040000
B -0.364393000 0.941027000 -0.014773000 B -0.338823000 0.955708000 -0.018540000
CH; H 1.343006000 -0.697758000 -0.963578000 H 1.275818000 -0.671497000 -0.973467000
H  2.462817000 0.218096000 0.105290000 H  2.431390000 0.156035000 0.122367000
H 0.897382000 1.078955000 0.027191000 H 0.936492000 1.058923000 0.041759000
H 1.220904000 -0.856299000 0.838013000 H 1.127806000 -0.864028000 0.817576000
C -1.345873000 -0.256443000 -0.009030000 C -1.312221000 -0.257162000 -0.010841000
H -2.365800000 0.059200000 -0.239452000 H -2.321968000 0.041801000 -0.279656000
H -1.072763000 -1.094572000 -0.661434000 H -1.010470000 -1.119616000 -0.607014000
H -1.360159000 -0.647233000 1.021497000 H -1.346825000 -0.585384000 1.036417000
E=-296.9425655 E=-296.1654501
ZPE=84.53 ZPE=85.35
0=1128.51 0=1126.31
CCSD(T) /cc-pVTZ//MP2/cc-pVTZ E=-296.2780856
C 3.208556000 -0.399862000 0.103895000 C -2.592466000 1.800590000 0.000000000
B 1.736420000 1.205761000 -0.128656000 B -0.483300000 2.078515000 0.000000000
H 2.977634000 -0.998575000 -0.775182000 H -2.669094000 1.210846000 0.907851000
H 4.280264000 -0.202729000 0.164799000 H -3.319590000 2.611472000 0.000000000
H 2.982649000 0.956353000 -0.065001000 H -1.609379000 2.701562000 0.000000000
Ph H 2.838957000 -0.831642000 1.031286000 H -2.669094000 1.210846000 -0.907851000
C 0.388594000 0.464163000 -0.060906000 C 0.000000000 0.607561000 0.000000000
C -0.727503000 1.330259000 0.003008000 C 1.408792000 0.515645000 0.000000000
C -2.028910000 0.840338000 0.064711000 C 2.058641000 -0.714994000 0.000000000
C -2.249990000 -0.534888000 0.042720000 C 1.310563000 -1.889572000 0.000000000
C -1.168569000 -1.415999000 -0.032927000 C -0.083656000 -1.827107000 0.000000000
C 0.129787000 -0.924091000 -0.077145000 C -0.730396000 -0.597006000 0.000000000
H -0.551478000 2.400264000 0.003220000 H 1.981674000 1.434194000 0.000000000
H -2.866259000 1.526599000 0.120997000 H  3.139050000 -0.758615000 0.000000000
H -3.262065000 -0.923032000 0.081806000 H 1.808192000 -2.850162000 0.000000000
H -1.343130000 -2.486151000 -0.052264000 H -0.663528000 -2.740200000 0.000000000
H 0.949544000 -1.629411000 -0.126514000 H -1.810594000 -0.583212000 0.000000000
E=-121.2617424 E=-120.9319485
ZPE=44.61 ZPE=45.26
0=1248.01 0=1291.31
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-120.9984386
C -1.186102000 -0.815915000 0.000000000 C -1.164787000 -0.770538000 0.000000000
NH B 0.000000000 0.965635000 0.000000000 B 0.000000000 0.968108000 0.000000000
2 N  1.237827000 0.356601000 0.000000000 N 1.217804000 0.312366000 0.000000000
H -0.784668000 -1.254639000 0.912508000 H -0.753107000 -1.197641000 0.910185000
H -2.276517000 -0.841780000 0.000000000 H -2.251918000 -0.817933000 0.000000000
H -1.201694000 0.640145000 0.000000000 H -1.209942000 0.649095000 0.000000000
H -0.784668000 -1.254639000 -0.912508000 H -0.753107000 -1.197641000 -0.910185000
H 2.073400000 0.921937000 0.000000000 H 2.068514000 0.847202000 0.000000000
H 1.425970000 -0.639913000 0.000000000 H 1.363660000 -0.686960000 0.000000000
E=-160.5712607 E=-160.1425681
NHMe ZPE=62.36 ZPE=63.31
Ts1 D=1270.71 D=1274.11
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-160.2297748
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C  0.909747000 -1.970539000 0.000000000 | C  0.920460000 -1.903786000 0.000000000
B -0.733995000 -0.586728000 0.000000000 | B -0.733468000 -0.613271000 0.000000000
N 0.000000000 0.576951000 0.000000000 |N  0.000000000 0.556063000 0.000000000
C -0.597263000 1.914500000 0.000000000 | C -0.612579000 1.879021000 0.000000000
H  1.392423000 -1.624234000 0.912774000 |H  1.378123000 -1.528061000 0.910737000
H 0.806974000 -3.056429000 0.000000000 | H 0.882303000 -2.991481000 0.000000000
H -0.537704000 -1.817191000 0.000000000 | H -0.496226000 -1.843270000 0.000000000
H  1.392423000 -1.624234000 -0.912774000 | H 1.378123000 -1.528061000 -0.910737000
H 1.014911000 0.586885000 0.000000000 |H 1.011857000 0.571906000 0.000000000
H -0.295983000 2.475953000 -0.889462000 | H -0.321442000 2.441734000 -0.885750000
H -1.681990000 1.814515000 0.000000000 | H ~-1.691238000 1.758003000 0.000000000
H -0.295983000 2.475953000 0.889462000 | H -0.321442000 2.441734000 0.885750000
E=-160.5712607 E=-160.1375175
ZPE=62.36 ZPE=63.23
D=1270.74 U=1307.2i
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-160.2252617
C  0.694127000 -1.729514000 0.000000000 | C -1.674669000 -0.474951000 -0.000663000
B 1.216346000 0.414797000 0.000000000 | B -0.432137000 1.242306000 0.002619000
NHMe | N 0.000000000 1.063032000 0.000000000 |N  0.815901000 0.640542000 -0.003444000
H  1.743909000 -0.709560000 0.000000000 | H -1.644940000 0.929415000 0.008464000
TS2 H  1.479727000 -2.486818000 0.000000000 | H -2.761435000 -0.419990000 0.033398000
H 0.102238000 -1.788892000 0.912131000 | H ~-1.341042000 -0.931086000 —-0.928409000
H 0.102238000 -1.788892000 -0.912131000 | H ~-1.285060000 -0.964297000 0.887304000
H  0.099469000 2.070817000 0.000000000 |H 1.568983000 1.309875000 0.004377000
C -1.408327000 0.653113000 0.000000000 | C 1.284586000 -0.743629000 0.001269000
H -1.918810000 1.038097000 -0.887403000 | H 2.366006000 -0.753747000 -0.101120000
H -1.486493000 -0.429651000 0.000000000 | H 1.026290000 -1.248343000 0.929795000
H -1.918810000 1.038097000 0.887403000 | H 0.861067000 -1.305676000 -0.826435000
E=-199.8862166 E=-199.351209
ZPE=79.77 ZPE=81.05
D=1275.81 D=1298.81
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-199.4588231
C  0.602040000 -2.310674000 0.000000000 | C  0.610286000 -2.228076000 0.000000000
B 1.179990000 -0.164610000 0.000000000 |B 1.206136000 -0.160041000 0.000000000
N 0.000000000 0.547594000 0.000000000 | N  0.000000000 0.519622000 0.000000000
C -1.398647000 0.112044000 0.000000000 | C -1.388057000 0.081229000 0.000000000
NM C  0.115099000 2.014735000 0.000000000 | C  0.086219000 1.980770000 0.000000000
€ | B 1.670041000 -1.305457000 0.000000000 | H 1.686456000 -1.316859000 0.000000000
H  1.371974000 -3.084337000 0.000000000 | H  1.339464000 -3.037210000 0.000000000
H  0.009568000 -2.356807000 0.912543000 | H 0.019718000 -2.241111000 0.911346000
H 0.009568000 -2.356807000 -0.912543000 | H 0.019718000 -2.241111000 -0.911346000
H -0.368904000 2.433375000 0.889532000 |H -0.407215000 2.384315000 0.886118000
H 1.166352000 2.296813000 0.000000000 | H 1.129278000 2.280074000 0.000000000
H -0.368904000 2.433375000 -0.889532000 | H -0.407215000 2.384315000 -0.886118000
H -1.912498000 0.501654000 0.885570000 | H ~-1.897439000 0.472210000 0.882384000
H -1.912498000 0.501654000 -0.885570000 | H -1.897439000 0.472210000 -0.882384000
H -1.475602000 -0.970206000 0.000000000 | H -1.466694000 -0.997527000 0.000000000

Transition states for the insertion of borylenes BR into a C-H bond of methane via approach B

R B3LYP/6-311+G** MP2/cc-pVTZ
E=-65.7995212 E=-65.5827349
ZPE=31.94 ZPE=32.39
U=863.541 U=888.81
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-65.6350102
H o] 0.106547000 -0.688257000 0.000000000 C -0.689093000 0.002471000 -0.000028000
H -0.701670000 -1.446132000 0.000000000 H -1.289029000 0.925369000 -0.000923000
H 0.720979000 -0.865540000 0.882121000 H -0.962747000 -0.572858000 0.879745000
H -0.895748000 0.190454000 0.000000000 H 0.350335000 0.854858000 -0.000259000
H 0.720979000 -0.865540000 -0.882121000 H -0.963448000 -0.575053000 -0.878132000
B 0.106547000 1.103451000 0.000000000 B 1.062893000 -0.285627000 -0.000052000
H -1.016555000 1.599046000 0.000000000 H 1.684982000 0.780995000 -0.000003000
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E=-165.1042898

E=-164.748329

ZPE=29.02 ZPE=29.61
0=1375.91 0=1522.41
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-164.8118554
C -1.449163000 0.036899000 -0.004238000 C -1.436246000 0.034309000 -0.005847000
F B 0.239861000 -0.407372000 -0.028661000 B 0.235794000 -0.401367000 -0.034557000
F 1.485501000 0.097158000 0.002830000 F 1.475647000 0.093991000 0.004198000
H -1.981501000 0.943459000 -0.361600000 H -1.972413000 0.920481000 -0.389889000
H -1.628671000 -0.063152000 1.068998000 H -1.594067000 -0.015227000 1.073791000
H -0.334448000 0.874255000 -0.065283000 H -0.342345000 0.885016000 -0.073014000
H -1.929218000 -0.813515000 -0.498853000 H -1.933492000 -0.835202000 -0.440799000
E=-525.4563562 E=-524.7309714
ZPE=28.58 ZPE=29.28
0=1089.21 0U=1147.81
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-524.8060053
I C -1.996784000 0.097576000 -0.001426000 C -1.969656000 0.095942000 -0.002681000
c B -0.386169000 -0.565910000 -0.018431000 B -0.386517000 -0.564650000 -0.027792000
Cl 1.284113000 0.067308000 0.001126000 Cl 1.267703000 0.065714000 0.002068000
H -2.356631000 1.126166000 -0.219075000 H -2.323609000 1.100788000 -0.294028000
H -2.262466000 -0.145206000 1.027932000 H -2.176743000 -0.043648000 1.058784000
H -0.768133000 0.699610000 -0.061681000 H -0.742829000 0.703627000 -0.086824000
H -2.531136000 -0.580708000 -0.665607000 H -2.557251000 -0.630310000 -0.558041000
E=-2639.3782956 E=-2637.7125338
ZPE=28.26 ZPE=28.95
0=1017.91 0=1037.21
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-2637.7858651
C -2.537438000 0.126621000 -0.001514000 C -2.495492000 0.124024000 -0.002785000
Br B -0.976256000 -0.638384000 -0.015325000 B -0.961314000 -0.635996000 -0.024900000
Br 0.860286000 0.035002000 0.000418000 Br 0.845921000 0.034304000 0.000866000
H -2.815109000 1.182320000 -0.196513000 H -2.770320000 1.154725000 -0.283188000
H -2.838140000 -0.124116000 1.016421000 H -2.724018000 -0.015282000 1.054522000
H -1.250441000 0.646267000 -0.054395000 H -1.212393000 0.650016000 -0.083925000
H -3.100428000 -0.497336000 -0.694441000 H -3.120991000 -0.554251000 -0.576498000
E=-105.1314962 E=-104.8093112
ZPE=50.26 ZPE=51.47
0=938.91i 0=952.51
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-104.880752
C -1.529111000 0.091029000 -0.000503000 C 1.505752000 0.096620000 -0.001260000
B 0.095631000 -0.610765000 -0.015421000 B -0.079049000 -0.629735000 -0.040708000
CH3 C 1.522275000 0.103865000 -0.002466000 C -1.503429000 0.107597000 -0.006314000
H -1.889459000 1.142886000 -0.089415000 H 1.836034000 1.133855000 -0.202464000
H -1.879209000 -0.293095000 0.956502000 H 2.086323000 -0.557074000 -0.643552000
H -0.322748000 0.645275000 -0.038919000 H 0.282229000 0.627108000 -0.101027000
H -2.012094000 -0.478642000 -0.791695000 H 1.758440000 -0.138866000 1.031454000
H 2.329854000 -0.630900000 -0.041811000 H -2.310440000 -0.612853000 -0.112623000
H 1.680570000 0.816867000 -0.825940000 H -1.600212000 0.549540000 0.994888000
H 1.655947000 0.682070000 0.926203000 H -1.671068000 0.921667000 -0.717694000
E=-296.9187753 E=-296.1433519
ZPE=84.41 ZPE=85.00
0=827.91 0U=951.71
CCSD(T) /cc-pVTZ//MP2/cc-pVTZ E=-296.2532249
C 3.285352000 0.120894000 0.356092000 C 3.148751000 0.136576000 0.429759000
h B 1.926160000 -0.443260000 -0.612667000 B 1.959351000 -0.453848000 -0.718630000
P C 0.424837000 -0.184106000 -0.265210000 C 0.445555000 -0.196656000 -0.296279000
H 3.312742000 0.682807000 1.316592000 H 2.998798000 0.647486000 1.399105000
H 3.801034000 0.727816000 -0.386745000 H 3.712187000 0.806013000 -0.214123000
H 1.972504000 0.151977000 0.560196000 H 1.799808000 0.072030000 0.478878000
H 3.844946000 -0.801420000 0.498173000 H 3.742961000 -0.755506000 0.603407000
C -0.451273000 -1.281996000 -0.095904000 C -0.427757000 -1.287729000 -0.096788000
C -1.803860000 -1.086861000 0.166221000 C -1.774274000 -1.081652000 0.183016000
C -2.344443000 0.198178000 0.201328000 C -2.304178000 0.207847000 0.214866000
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C -1.504742000 1.295657000 -0.004895000 C -1.464313000 1.298746000 -0.011147000
C -0.142882000 1.114920000 -0.205906000 C -0.106710000 1.105705000 -0.233286000
H -0.064092000 -2.290211000 -0.189508000 H -0.044266000 -2.296038000 -0.183473000
H -2.447305000 -1.948588000 0.309003000 H -2.419841000 -1.934961000 0.343687000
H -3.404293000 0.344027000 0.374125000 H -3.358031000 0.360544000 0.401064000
H -1.912807000 2.300752000 0.010713000 H -1.864279000 2.303927000 0.005814000
H 0.488532000 1.989025000 -0.339573000 H 0.533467000 1.968722000 -0.382052000
E=-121.2206627 E=-120.8898336
ZPE=45.19 ZPE=46.26
U=1117.21 U=1215.1
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-120.9560772
C 1.502979000 0.055613000 0.000008000 C 1.487130000 0.057922000 -0.000465000
NH B -0.175622000 -0.483585000 -0.006143000 B -0.164149000 -0.490761000 -0.019459000
2 N -1.459654000 0.091385000 0.000184000 N -1.447288000 0.091052000 0.000656000
H 1.968561000 1.070158000 -0.060877000 H 1.932676000 1.058190000 -0.178710000
H 1.905383000 -0.518470000 -0.830949000 H 1.961397000 -0.620802000 -0.701272000
H 0.366532000 0.745620000 -0.015121000 H 0.343147000 0.740352000 -0.047212000
H 1.839449000 -0.390752000 0.932352000 H 1.756955000 -0.244471000 1.006856000
H -2.259485000 -0.525881000 0.005839000 H -2.243077000 -0.524490000 0.018889000
H -1.742627000 1.063882000 -0.001866000 H -1.722120000 1.060125000 -0.003057000
E=-160.5366907 E=-160.1021356
ZPE=62.72 ZPE=64.08
0=1063.61 0=1167.71
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-160.1889248
C 1.257422000 1.837914000 0.000000000 C -2.204146000 -0.069935000 0.002438000
B 0.000000000 0.601098000 0.000000000 B -0.488909000 -0.362116000 -0.023026000
NHMe N -0.084113000 -0.796344000 0.000000000 N  0.685497000 0.405379000 -0.004889000
H 2.372972000 1.772607000 0.000000000 C 2.010094000 -0.214392000 0.004755000
Ts1 H 0.978341000 2.402946000 0.885471000 H -2.789944000 0.861359000 -0.137252000
H 1.334833000 0.511560000 0.000000000 H -2.437296000 -0.456024000 0.989527000
H 0.978341000 2.402946000 -0.885471000 H -1.169450000 0.775998000 -0.030092000
C -1.369098000 -1.508713000 0.000000000 H -2.561829000 -0.775987000 -0.738973000
H 0.691892000 -1.449884000 0.000000000 H 0.751565000 1.413554000 0.001746000
H -1.466307000 -2.140614000 0.890053000 H 2.565622000 0.067466000 0.899849000
H -2.164919000 -0.765235000 0.000000000 H 1.866161000 -1.290159000 -0.005959000
H -1.466307000 -2.140614000 -0.890053000 H 2.585551000 0.082684000 -0.872647000
E=-160.535067 E=-160.1006492
ZPE=62.79 ZPE=64.11
0=1077.41 V=1181.71
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-160.1874644
C -1.054228000 1.755746000 0.000000000 C -1.998291000 0.299582000 -0.000614000
B -0.951293000 -0.011038000 0.000000000 B -0.604352000 -0.748641000 -0.017095000
N  0.040416000 -1.000092000 0.000000000 N 0.791758000 -0.603291000 -0.000111000
NHMe H -0.280093000 2.561185000 0.000000000 H -2.104962000 1.389803000 -0.175717000
TS2 H -1.665951000 1.911351000 0.884783000 H -2.358336000 0.094552000 1.002823000
H 0.000000000 0.949595000 0.000000000 H -0.696991000 0.584460000 -0.043394000
H -1.665951000 1.911351000 -0.884783000 H -2.655277000 -0.191998000 -0.710028000
H -0.316068000 -1.948086000 0.000000000 H 1.298635000 -1.476484000 0.017350000
C 1.507669000 -0.988292000 0.000000000 C 1.699363000 0.539271000 -0.000047000
H 1.909065000 -1.489731000 0.887546000 H  2.314422000 0.556289000 0.900276000
H 1.909065000 -1.489731000 -0.887546000 H 2.360454000 0.519375000 -0.867002000
H 1.862841000 0.045174000 0.000000000 H 1.115076000 1.457124000 -0.034087000
E=-199.8495652 E=-199.3146126
ZPE=80.12 ZPE=81.76
0=1049.31 0=1181.71
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-199.4213844
NMe, C -2.455756000 -0.087437000 0.000003000 C -2.431019000 -0.081906000 0.002453000
B -0.772882000 -0.625475000 -0.000017000 B -0.781331000 -0.636226000 -0.023534000
N  0.512242000 -0.065775000 0.000002000 N  0.502250000 -0.067627000 -0.007828000
H -2.919788000 0.930230000 -0.000078000 H -2.865411000 0.926864000 -0.159321000
H -2.824366000 -0.598538000 0.885195000 H -2.712307000 -0.401444000 1.000919000
H -1.320859000 0.594091000 -0.000060000 H -1.279299000 0.588678000 -0.034099000
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.824489000 -0.598728000 -0.885027000
.678910000 -0.965032000 0.000002000
.949211000 1.337936000 0.000000000
.298966000 -0.789898000 0.888578000
.329005000 -1.993192000 0.000019000
.298947000 -0.789923000 -0.888592000
.559380000 1.556528000 0.885002000
.559386000 1.556527000 -0.884998000
.088345000 2.007896000 -0.000002000

.903631000 -0.740583000 -0.718150000
.668447000 -0.954771000 0.005106000
.941645000 1.326095000 0.000577000
.271771000 -0.772739000 0.898181000
.323571000 -1.981470000 -0.000974000
.294045000 -0.769254000 -0.871747000
.530645000 1.537286000 0.896305000
.571632000 1.534802000 -0.867347000
.085452000 1.995871000 -0.020113000
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Second-order saddle points for the insertion of borylenes BR into a C-H bond of methane

R MP2/cc-pVTZ
E=-65.5919709
ZPE=32.36
0=1204.9i; 326.2i
C -0.039148000 -0.819540000 0.000000000
H H -0.481253000 -1.248523000 0.896166000
H -0.481253000 -1.248523000 -0.896166000
H -0.793925000 0.311309000 0.000000000
H 1.035789000 -0.918727000 0.000000000
B -0.039148000 1.340383000 0.000000000
H 1.151264000 1.319790000 0.000000000
E=-164.8014889
ZPE=29.09
0=1553.2i; 178.41
C  1.064760000 -0.909612000 0.000000000
F B 0.000000000 0.883352000 0.000000000
F -1.223251000 0.450556000 0.000000000
H 1.649456000 -1.092081000 0.899558000
H 0.136725000 -1.477607000 0.000000000
H 1.185067000 0.647672000 0.000000000
H 1.649456000 -1.092081000 -0.899558000
E=-524.7650336
ZPE=28.36
0=1401.61i; 202.5i
C -1.873922000 -0.046955000 0.000000000
cl B 0.000000000 1.000976000 0.000000000
Cl 1.103464000 -0.308159000 0.000000000
H -2.457647000 0.132740000 0.900839000
H -2.457647000 0.132740000 -0.900839000
H -1.196096000 1.273781000 0.000000000
H -1.403969000 -1.023703000 0.000000000
E=-2637.7396617
ZPE=28.07
0=1385.31i; 205.71
C -0.567947000 -2.283264000 0.000000000
Br B 1.003563000 -0.797330000 0.000000000
Br 0.000000000 0.772918000 0.000000000
H 0.879173000 -2.023126000 0.000000000
H -0.559596000 -2.893604000 0.901144000
H -1.370111000 -1.555551000 0.000000000
H -0.559596000 -2.893604000 -0.901144000
E=-104.835748
ZPE=50.56
CH, D=1267.31; 209.6i
C -1.286386000 —-0.734196000 0.000000000
B 0.000000000 1.022341000 0.000000000
H -1.892758000 -0.836668000 0.897839000
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H -1.892758000 -0.836668000 -0.897839000
H -1.213953000 0.653689000 0.000000000
H -0.449090000 -1.421383000 0.000000000
C 1.353657000 0.261626000 0.000000000
H 2.200804000 0.941918000 0.000000000
H 1.422065000 -0.388586000 0.877388000
H 1.422065000 -0.388586000 -0.877388000
E=-296.1594926
ZPE=84.77
0=1243.9i; 238.4i, 68.01
C -2.673853000 1.957822000 0.000000000
B -0.469301000 2.039626000 0.000000000
H -3.114472000 2.381898000 0.899687000
H -3.114472000 2.381898000 -0.899687000
H -1.539921000 2.724881000 0.000000000
H -2.731630000 0.879801000 0.000000000
Ph° c 0.000000000 0.568010000 0.000000000
C 1.411541000 0.488787000 0.000000000
C 2.074664000 -0.734226000 0.000000000
C 1.339407000 -1.916786000 0.000000000
C -0.054918000 -1.868438000 0.000000000
C -0.715191000 -0.645452000 0.000000000
H 1.975621000 1.412690000 0.000000000
H 3.155454000 -0.765408000 0.000000000
H 1.846848000 -2.872194000 0.000000000
H -0.625887000 -2.786974000 0.000000000
H -1.794939000 -0.653020000 0.000000000
E=-120.9284354
ZPE=44.87
U=1315.9i; 205.71
C -1.199298000 -0.833824000 0.000000000
B 0.000000000 0.961289000 0.000000000
NH, N 1.252410000 0.378196000 0.000000000
H -1.794777000 -0.971329000 0.899681000
H -1.794777000 -0.971329000 -0.899681000
H -1.190919000 0.603541000 0.000000000
H -0.323967000 -1.475586000 0.000000000
H 2.064924000 0.970546000 0.000000000
H 1.468436000 -0.606720000 0.000000000
E=-160.1391566
ZPE=62.93
U=1301.0i; 201.41
C 0.946751000 -1.976990000 0.000000000
B -0.708717000 -0.585282000 0.000000000
N 0.000000000 0.597825000 0.000000000
NHM C -0.651220000 1.903214000 0.000000000
e H 1.015173000 -2.583957000 0.899884000
H 1.015173000 -2.583957000 -0.899884000
H -0.477408000 -1.808479000 0.000000000
H 1.685238000 -1.181510000 0.000000000
H 1.009109000 0.644408000 0.000000000
H -0.375454000 2.472905000 -0.885914000
H -1.725976000 1.751978000 0.000000000
H -0.375454000 2.472905000 0.885914000
E=-199.3454561
ZPE=80.42
U=1326.8i; 232.91
NMe, C 0.541206000 -2.384142000 0.000000000
B 1.146636000 -0.229552000 0.000000000
N 0.000000000 0.542277000 0.000000000
C -1.425514000 0.248760000 0.000000000
C 0.223426000 1.991603000 0.000000000
H 1.590783000 -1.387439000 0.000000000
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0.871496000 -2.897642000 0.900229000
-0.530399000 -2.236316000 0.000000000
0.871496000 -2.897642000 -0.900229000
-0.231046000 2.437494000 0.886421000
.289377000 .193928000 0.000000000
-0.231046000 .437494000 -0.886421000
-1.890611000 .689672000 0.882964000
-1.890611000 .689672000 -0.882964000
-1.617328000 -0.814724000 0.000000000

aiipavipas o vl siias e s i
[
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“third-order saddle point

Borirenes
R B3LYP/6-311+G** MP2/cc-pVTZ
E=-102.8282664 E=-102.5389506
ZPE=26.15 ZPE=26.42
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-102.5868426
H C 0.000000000 0.675387000 -0.379854000 C 0.000000000 0.678858000 -0.380521000
B 0.000000000 0.000000000 0.927292000 C 0.000000000 -0.678858000 -0.380521000
C 0.000000000 -0.675387000 -0.379854000 B 0.000000000 0.000000000 0.929562000
H 0.000000000 1.490238000 -1.091051000 H 0.000000000 1.486875000 -1.093641000
H 0.000000000 -1.490238000 -1.091051000 H 0.000000000 -1.486875000 -1.093641000
H 0.000000000 0.000000000 2.103893000 H 0.000000000 0.000000000 2.105729000
E=-202.1595732 E=-201.7374392
ZPE=22.80 ZPE=23.07
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-201.7937824
F C 0.000000000 0.682025000 -1.020937000 C 0.000000000 0.685852000 -1.021892000
B 0.000000000 0.000000000 0.275110000 C 0.000000000 -0.685852000 -1.021892000
F  0.000000000 0.000000000 1.600126000 B 0.000000000 0.000000000 0.279909000
C 0.000000000 -0.682025000 -1.020937000 F  0.000000000 0.000000000 1.600251000
H 0.000000000 1.470172000 -1.762717000 H 0.000000000 1.463113000 -1.769551000
H 0.000000000 -1.470172000 -1.762717000 H 0.000000000 -1.463113000 -1.769551000
E=-562.4999739 E=-561.7055032
ZPE=21.93 ZPE=22.18
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-561.7757394
al C 0.000000000 0.678494000 -1.576680000 C 0.000000000 0.682454000 -1.573449000
C 0.000000000 -0.678494000 -1.576680000 B 0.000000000 0.000000000 -0.270977000
B 0.000000000 0.000000000 -0.277856000 Cl 0.000000000 0.000000000 1.460970000
Cl 0.000000000 0.000000000 1.464986000 C 0.000000000 -0.682454000 -1.573449000
H 0.000000000 1.484789000 -2.297664000 H 0.000000000 1.478905000 -2.300106000
H 0.000000000 -1.484789000 -2.297664000 H 0.000000000 -1.478905000 -2.300106000
E=-2676.4158206 E=-2674.6818091
ZPE=21.63 ZPE=21.89
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-2674.7502418
B C 0.000000000 0.677968000 -2.168353000 C 0.000000000 0.681728000 -2.154493000
f C 0.000000000 -0.677968000 -2.168353000 C 0.000000000 -0.681728000 -2.154493000
B 0.000000000 0.000000000 -0.869366000 B 0.000000000 0.000000000 -0.852019000
Br 0.000000000 0.000000000 1.032478000 Br 0.000000000 0.000000000 1.024732000
H 0.000000000 1.488010000 -2.884825000 H 0.000000000 1.482757000 -2.875809000
H 0.000000000 -1.488010000 -2.884825000 H 0.000000000 -1.482757000 -2.875809000
E=-142.1715377 E=-141.7786359
ZPE=43.91 ZPE=44.47
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-141.8466509
CH; C -0.001498000 -1.721540000 0.000000000 C -0.001370000 -1.724784000 0.000000000
B -0.014087000 -0.166100000 0.000000000 B -0.015048000 -0.167061000 0.000000000
C -0.001498000 1.148444000 0.675471000 C -0.001370000 1.148777000 0.679299000
C -0.001498000 1.148444000 -0.675471000 C -0.001370000 1.148777000 -0.679299000
H 0.003396000 1.871900000 -1.480799000 H 0.003353000 1.874427000 -1.477461000
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H 0.003396000 1.871900000 1.480799000 H 0.003353000 1.874427000 1.477461000
H -0.474365000 -2.148290000 0.888662000 H -0.472180000 -2.144568000 0.886257000
H -0.474365000 -2.148290000 -0.888662000 H -0.472180000 -2.144568000 -0.886257000
H 1.039340000 -2.068812000 0.000000000 H 1.037554000 -2.061031000 0.000000000
E=-333.9547687 E=-333.106505
ZPE=78.12 ZPE=78.59
CCSD(T) /cc-pVTZ//MP2/cc-pVTZ E=-333.2143353
C 0.000000000 1.204497000 0.533900000 ¢ 0.000000000 1.205192000 0.532465000
C 0.000000000 0.000000000 -0.192231000 ¢ 0.000000000 0.000000000 -0.188571000
C 0.000000000 -1.204497000 0.533900000 c 0.000000000 -1.205192000 0.532465000
c 0.000000000 -1.207764000 1.926116000 c 0.000000000 -1.207725000 1.924434000
C 0.000000000 0.000000000 2.623660000 ¢ 0.000000000 0.000000000 2.621490000
Ph c 0.000000000 1.207764000 1.926116000 o] 0.000000000 1.207725000 1.924434000
B 0.000000000 0.000000000 -1.731332000 B 0.000000000 0.000000000 -1.728198000
C 0.000000000 -0.675199000 -3.046057000 ¢ 0.000000000 -0.679260000 -3.043607000
c 0.000000000 0.675199000 -3.046057000 o] 0.000000000 0.679260000 -3.043607000
H 0.000000000 1.481513000 -3.767708000 H 0.000000000 1.479178000 -3.767303000
H 0.000000000 -1.481513000 -3.767708000 H 0.000000000 -1.479178000 -3.767303000
H 0.000000000 -2.146481000 -0.004229000 H 0.000000000 -2.143116000 -0.008278000
H 0.000000000 -2.147038000 2.468087000 H 0.000000000 -2.144116000 2.465911000
H 0.000000000 0.000000000 3.708292000 H 0.000000000 0.000000000 3.703308000
H 0.000000000 2.147038000 2.468087000 H 0.000000000 2.144116000 2.465911000
H 0.000000000 2.146481000 -0.004229000 H 0.000000000 2.143116000 -0.008278000
E=-158.2536362 E=-157.8527456
ZPE=38.00 ZPE=38.30
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-157.9165336
o] 0.000000000 0.673507000 -1.098113000 ¢ 0.000000000 0.677707000 -1.098071000
NH c 0.000000000 -0.673507000 -1.098113000 ¢ 0.000000000 -0.677707000 -1.098071000
2 B 0.000000000 0.000000000 0.225358000 B 0.000000000 0.000000000 0.226491000
N 0.000000000 0.000000000 1.622768000 N 0.000000000 0.000000000 1.624091000
H 0.000000000 1.475632000 -1.824758000 H 0.000000000 1.471206000 -1.828709000
H 0.000000000 -1.475632000 -1.824758000 H 0.000000000 -1.471206000 -1.828709000
H 0.000000000 -0.844770000 2.170353000 H 0.000000000 -0.842705000 2.166589000
H 0.000000000 0.844770000 2.170353000 H 0.000000000 0.842705000 2.166589000
E=-197.5661712 E=-197.0610543
ZPE=55.72 ZPE=56.46
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-197.1458185
C -0.365095000 1.900901000 0.000000000 C -0.395630000 1.895134000 0.000000000
C -1.379973000 1.016207000 0.000000000 C -1.396246000 0.981430000 0.000000000
B 0.000000000 0.459493000 0.000000000 B 0.000000000 0.458883000 0.000000000
NHMe N 0.911938000 -0.595247000 0.000000000 N 0.929160000 -0.581415000 0.000000000
o] 0.576740000 -2.014158000 0.000000000 ¢ 0.601559000 -1.995192000 0.000000000
H -0.239397000 2.975987000 0.000000000 H -0.302422000 2.969951000 0.000000000
H -2.462166000 1.039761000 0.000000000 H -2.475110000 0.988286000 0.000000000
H 1.900530000 -0.393714000 0.000000000 H 1.911574000 -0.368910000 0.000000000
H 0.967890000 -2.523884000 0.887709000 H 0.991705000 -2.500530000 0.883984000
H -0.508346000 -2.122710000 0.000000000 H -0.479670000 -2.101012000 0.000000000
H 0.967890000 -2.523884000 -0.887709000 H 0.991705000 -2.500530000 -0.883984000
E=-236.8815899 E=-236.2748487
ZPE=73.07 ZPE=74.14
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-236.3799471
c 0.000000000 0.673395000 -2.014374000 c 0.000000000 0.677746000 -2.014939000
C 0.000000000 -0.673395000 -2.014374000 ¢ 0.000000000 -0.677746000 -2.014939000
B 0.000000000 0.000000000 -0.687184000 B 0.000000000 0.000000000 -0.686679000
NMe, N 0.000000000 0.000000000 0.707362000 N 0.000000000 0.000000000 0.707526000
c 0.000000000 1.224545000 1.493621000 c 0.000000000 1.215175000 1.494696000
o] 0.000000000 -1.224545000 1.493621000 ¢ 0.000000000 -1.215175000 1.494696000
H 0.000000000 1.472284000 -2.744585000 H 0.000000000 1.469074000 -2.748585000
H 0.000000000 -1.472284000 -2.744585000 H 0.000000000 -1.469074000 -2.748585000
H -0.886330000 -1.281983000 2.139749000 H -0.883404000 -1.264566000 2.137190000
H 0.000000000 -2.090293000 0.831801000 H 0.000000000 -2.078904000 0.836021000
H 0.886330000 -1.281983000 2.139749000 H 0.883404000 -1.264566000 2.137190000
H -0.886330000 1.281983000 2.139749000 H -0.883404000 1.264566000 2.137190000
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H 0.886330000 1.281983000 2.139749000 H 0.883404000 1.264566000 2.137190000
H 0.000000000 2.090293000 0.831801000 H 0.000000000 2.078904000 0.836021000
Boriranes
R B3LYP/6-311+G** MP2/cc-pVTZ
E=-104.0393617 E=-103.7361205
ZPE=36.36 ZPE=40.00
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-103.7931794
C 0.000000000 0.776576000 -0.351702000 C 0.000000000 0.774712000 -0.353265000
H B 0.000000000 0.000000000 0.963766000 B 0.000000000 0.000000000 0.966930000
C 0.000000000 -0.776576000 -0.351702000 C 0.000000000 -0.774712000 -0.353265000
H 0.903278000 1.281915000 -0.685539000 H 0.903394000 1.269963000 -0.685164000
H -0.903278000 1.281915000 -0.685539000 H -0.903394000 1.269963000 -0.685164000
H 0.903278000 -1.281915000 -0.685539000 H 0.903394000 -1.269963000 -0.685164000
H -0.903278000 -1.281915000 -0.685539000 H -0.903395000 -1.269963000 -0.685164000
H 0.000000000 0.000000000 2.143749000 H 0.000000000 0.000000000 2.145188000
E=-203.3789556 E=-202.9438004
ZPE=36.20 ZPE=36.82
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-203.0087192
C 0.000000000 0.801502000 -0.944725000 C 0.000000000 0.799121000 -0.946874000
F B 0.000000000 0.000000000 0.336598000 B 0.000000000 0.000000000 0.342749000
F 0.000000000 0.000000000 1.654973000 F 0.000000000 0.000000000 1.655788000
C 0.000000000 -0.801502000 -0.944725000 C 0.000000000 -0.799121000 -0.946874000
H 0.904159000 1.281538000 -1.310262000 H 0.903712000 1.268426000 -1.313339000
H -0.904159000 1.281538000 -1.310262000 H -0.903712000 1.268426000 -1.313339000
H 0.904159000 -1.281538000 -1.310262000 H 0.903712000 -1.268426000 -1.313339000
H -0.904159000 -1.281538000 -1.310262000 H -0.903712000 -1.268426000 -1.313339000
E=-563.7180458 E=-562.90967
ZPE=35.41 ZPE=35.97
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-562.9890191
C 0.000000000 0.790238000 -1.487706000 C 0.000000000 0.787409000 -1.485678000
al B 0.000000000 0.000000000 -0.194140000 B 0.000000000 0.000000000 -0.185527000
cCl 0.000000000 0.000000000 1.539173000 Ccl 0.000000000 0.000000000 1.534468000
C 0.000000000 -0.790238000 -1.487706000 C 0.000000000 -0.787409000 -1.485678000
H 0.905142000 1.281488000 -1.835694000 H 0.905032000 1.269192000 -1.832546000
H -0.905142000 1.281488000 -1.835694000 H -0.905032000 1.269192000 -1.832546000
H 0.905142000 -1.281488000 -1.835694000 H 0.905032000 -1.269192000 -1.832546000
H -0.905142000 -1.281488000 -1.835694000 H -0.905032000 -1.269192000 -1.832546000
E=-2677.6335151 E=-2675.8854196
ZPE=35.11 ZPE=35.67
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-2675.9633491
C 0.000000000 0.788264000 -2.083459000 C 0.000000000 0.784977000 -2.070347000
B B 0.000000000 0.000000000 -0.787686000 B 0.000000000 0.000000000 -0.768298000
r Br 0.000000000 0.000000000 1.104355000 Br 0.000000000 0.000000000 1.095327000
C 0.000000000 -0.788264000 -2.083459000 C 0.000000000 -0.784977000 -2.070347000
H 0.905123000 1.281856000 -2.428120000 H 0.905221000 1.269666000 -2.412701000
H -0.905123000 1.281856000 -2.428120000 H -0.905221000 1.269666000 -2.412701000
H 0.905123000 -1.281856000 -2.428120000 H 0.905221000 -1.269666000 -2.412701000
H -0.905123000 -1.281856000 -2.428120000 H -0.905221000 -1.269666000 -2.412701000
E=-143.3860266 E=-142.9789614
ZPE=57.19 ZPE=58.06
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-143.0560677
CH; C -0.002914000 -1.791414000 0.000000000 C -0.002340000 -1.794838000 0.000000000
B -0.027730000 -0.245859000 0.000000000 B -0.035327000 -0.247800000 0.000000000
C -0.002914000 1.072438000 0.780128000 C -0.002340000 1.073894000 0.778167000
C -0.002914000 1.072438000 -0.780128000 C -0.002340000 1.073894000 -0.778167000
H 0.905253000 1.404395000 1.278078000 H 0.907908000 1.394913000 1.268732000
H -0.900403000 1.433445000 1.277496000 H -0.897799000 1.439253000 1.264987000
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H 0.905253000 1.404395000 -1.278078000 H 0.907908000 1.394913000 -1.268732000
H -0.900403000 1.433445000 -1.277496000 H -0.897799000 1.439253000 -1.264987000
H -0.439603000 -2.244005000 0.894531000 H -0.431857000 -2.244111000 0.892483000
H -0.439603000 -2.244005000 -0.894531000 H -0.431857000 -2.244111000 -0.892483000
H 1.060604000 -2.079151000 0.000000000 H 1.062251000 -2.058808000 0.000000000
E=-335.1722102 E=-334.3098659
ZPE=91.65 ZPE=92.46
CCSD(T) /cc-pVTZ//MP2/cc—pVTZ E=-334.4258627
C 0.000000000 1.207515000 0.629949000 ¢ 0.000000000 1.208336000 0.627781000
C 0.000000000 0.000000000 -0.097678000 ¢ 0.000000000 0.000000000 -0.092967000
c 0.000000000 -1.207515000 0.629949000 c 0.000000000 -1.208336000 0.627781000
C 0.000000000 -1.210430000 2.021122000 ¢ 0.000000000 -1.210018000 2.018629000
C 0.000000000 0.000000000 2.716109000 ¢ 0.000000000 0.000000000 2.713226000
C 0.000000000 1.210430000 2.021122000 ¢ 0.000000000 1.210018000 2.018629000
h B 0.000000000 0.000000000 -1.626000000 B 0.000000000 0.000000000 -1.621495000
P C 0.000000000 -0.780509000 -2.943610000 ¢ 0.000000000 -0.779108000 -2.942104000
c 0.000000000 0.780509000 -2.943610000 c 0.000000000 0.779108000 -2.942104000
H -0.903072000 -1.274467000 -3.294355000 H -0.903991000 -1.264575000 -3.287581000
H 0.903072000 -1.274467000 -3.294355000 H 0.903991000 -1.264575000 -3.287581000
H -0.903072000 1.274467000 -3.294355000 H -0.903991000 1.264575000 -3.287581000
H 0.903072000 1.274467000 -3.294355000 H 0.903991000 1.264575000 -3.287581000
H 0.000000000 -2.146752000 0.087407000 H 0.000000000 -2.143079000 0.081725000
H 0.000000000 -2.147999000 2.565826000 H 0.000000000 -2.144572000 2.562974000
H 0.000000000 0.000000000 3.800841000 H 0.000000000 0.000000000 3.795164000
H 0.000000000 2.147999000 2.565826000 H 0.000000000 2.144572000 2.562974000
H 0.000000000 2.146752000 0.087407000 H 0.000000000 2.143079000 0.081725000
E=-159.4828497 E=-159.069199
ZPE=52.19 ZPE=52.90
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-159.1412486
C 0.000000000 0.787522000 -1.015505000 ¢ 0.000000000 0.785576000 -1.016908000
C 0.000000000 -0.787522000 -1.015505000 ¢ 0.000000000 -0.785576000 -1.016908000
NH B 0.000000000 0.000000000 0.296540000 B 0.000000000 0.000000000 0.298490000
2 N 0.000000000 0.000000000 1.678856000 N 0.000000000 0.000000000 1.680717000
H -0.904244000 -1.270442000 -1.376845000 H -0.903980000 -1.259450000 -1.376381000
H -0.904244000 1.270442000 -1.376845000 H -0.903980000 1.259450000 -1.376381000
H 0.904244000 1.270442000 -1.376845000 H 0.903980000 1.259450000 -1.376381000
H 0.904244000 -1.270442000 -1.376845000 H 0.903980000 -1.259450000 -1.376381000
H 0.000000000 -0.845600000 2.229372000 H 0.000000000 -0.843986000 2.225472000
H 0.000000000 0.845600000 2.229372000 H 0.000000000 0.843986000 2.225472000
E=-198.7969169 E=-198.2792133
ZPE=69.92 ZPE=71.00
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-198.3722818
C -0.430230000 1.853677000 0.000000000 C -0.477794000 1.841271000 0.000000000
C -1.499943000 0.697934000 0.000000000 C -1.510027000 0.656182000 0.000000000
B 0.000000000 0.384065000 0.000000000 B 0.000000000 0.384743000 0.000000000
N 1.010534000 -0.554664000 0.000000000 N 1.031252000 -0.531651000 0.000000000
NHMe C 0.846483000 -2.006115000 0.000000000 c 0.882106000 -1.978104000 0.000000000
H -2.094287000 0.591705000 0.904022000 H -2.093294000 0.537573000 0.903945000
H -0.369745000 2.453968000 0.904226000 H -0.439629000 2.434868000 0.904032000
H -0.369745000 2.453968000 -0.904226000 H -0.439629000 2.434868000 -0.904032000
H -2.094287000 0.591705000 -0.904022000 H -2.093294000 0.537573000 -0.903945000
H 1.972929000 -0.244315000 0.000000000 H 1.984057000 -0.204015000 0.000000000
H 1.300736000 -2.458756000 0.887476000 H 1.337562000 -2.422832000 0.884180000
H -0.217931000 -2.240168000 0.000000000 H -0.177812000 -2.213463000 0.000000000
H 1.300736000 -2.458756000 -0.887476000 H 1.337562000 -2.422832000 -0.884180000
E=-238.1130152 E=-237.4940324
ZPE=87.25 ZPE=88.67
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-237.6075023
NMe, C 0.000000000 0.788151000 -1.912293000 ¢ 0.000000000 0.786704000 -1.913697000
o] 0.000000000 -0.788151000 -1.912293000 ¢ 0.000000000 -0.786704000 -1.913697000
B 0.000000000 0.000000000 -0.598813000 B 0.000000000 0.000000000 -0.597353000
N 0.000000000 0.000000000 0.780976000 N 0.000000000 0.000000000 0.782130000
C 0.000000000 1.225633000 1.574625000 C 0.000000000 1.216615000 1.574937000
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C 0.000000000 -1.216615000 1.574937000
H -0.903847000 -1.257442000 -2.278432000
H -0.903847000 1.257442000 -2.278432000
H 0.903847000 1.257442000 -2.278432000
H 0.903847000 -1.257442000 -2.278432000
H -0.883503000 -1.256444000 2.215610000
H 0.000000000 -2.077753000 0.914134000
H 0.883503000 -1.256444000 2.215610000
H -0.883503000 1.256444000 2.215610000
H 0.883503000 1.256444000 2.215610000
H 0.000000000 2.077753000 0.914134000

Boranes (rotamers B)

R B3LYP/6-311+G** MP2/cc-pVTZ
E=-65.9681113 E=-65.7546838
ZPE=34.79 ZPE=35.46352
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-65.8005818
Cc -0.018210000 -0.682047000 0.000000000 C -0.018839000 -0.684471000 0.000000000
H H 1.054256000 -0.952363000 0.000000000 H 1.050946000 -0.941151000 0.000000000
H -0.439811000 -1.144362000 0.896158000 H -0.436884000 -1.141952000 0.892905000
H 0.012838000 1.486259000 1.024376000 H 0.015026000 1.483576000 1.022837000
H -0.439811000 -1.144362000 -0.896158000 H -0.436884000 -1.141952000 -0.892905000
B -0.018210000 0.872170000 0.000000000 B -0.018839000 0.872946000 0.000000000
H 0.012838000 1.486259000 -1.024376000 H 0.015026000 1.483576000 -1.022837000
E=-165.3189997 E=-164.9742683
ZPE=31.92 ZPE=32.57
CCSD(T) /aug-cc—-pVTZ//MP2/cc-pVTZ E=-165.0280898
C -1.152063000 -0.521278000 0.000000000 C -1.147735000 -0.536089000 0.000000000
F B 0.000000000 0.522497000 0.000000000 B 0.000000000 0.520339000 0.000000000
F 1.277321000 0.121027000 0.000000000 F 1.273244000 0.137435000 0.000000000
H -1.799511000 -0.360215000 0.871416000 H -1.789347000 -0.377488000 0.868815000
H -1.799511000 -0.360215000 -0.871416000 H -1.789347000 -0.377488000 -0.868815000
H -0.173241000 1.705140000 0.000000000 H -0.195861000 1.697830000 0.000000000
H -0.811251000 -1.558776000 0.000000000 H -0.798228000 -1.564936000 0.000000000
E=-525.6537274 E=-524.9345146
ZPE=31.09 ZPE=31.64
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-525.003001
C -1.549546000 0.849480000 0.000000000 C -1.553650000 0.828484000 0.000000000
Cl B 0.000000000 0.764856000 0.000000000 B 0.000000000 0.758889000 0.000000000
Cl 0.848588000 -0.788050000 0.000000000 Cl 0.850622000 -0.774447000 0.000000000
H -1.881776000 1.431070000 0.870474000 H -1.885285000 1.403149000 0.868277000
H -1.881776000 1.431070000 -0.870474000 H -1.885285000 1.403149000 -0.868277000
H 0.699788000 1.725563000 0.000000000 H 0.682261000 1.730987000 0.000000000
H -2.064963000 -0.112006000 0.000000000 H -2.050356000 -0.137041000 0.000000000
E=-2639.5685264 E=-2637.9084571
ZPE=30.78 ZPE=31.31
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-2637.9755911
C 0.439148000 -2.231994000 0.000000000 C 0.439308000 -2.215000000 0.000000000
Br B -0.573659000 -1.058141000 0.000000000 B -0.572044000 -1.035858000 0.000000000
Br 0.000000000 0.788101000 0.000000000 Br 0.000000000 0.779801000 0.000000000
H -1.750762000 -1.211275000 0.000000000 H -1.746721000 -1.202242000 0.000000000
H 0.246863000 -2.873730000 0.870771000 H 0.243175000 -2.849335000 0.868281000
H 0.246863000 -2.873730000 -0.870771000 H 0.243175000 -2.849335000 -0.868281000
H 1.490443000 -1.942140000 0.000000000 H 1.484741000 -1.922821000 0.000000000
E=-105.3137799 E=-104.9961041
CH ZPE=52.76 ZPE=53.64
3 CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-105.0623291
C 1.379219000 -0.192422000 0.011629000 C 1.372232000 -0.193681000 0.013286000
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B -0.000017000 0.544006000 -0.000094000 B -0.000013000 0.557502000 -0.000045000
H 1.772579000 -0.123593000 -1.016712000 H 1.708447000 -0.187885000 -1.032315000
H 2.130898000 0.301885000 0.635442000 H 2.153005000 0.316039000 0.574543000
H 0.000038000 1.744434000 0.000019000 H -0.000006000 1.754437000 0.000013000
H 1.335890000 -1.255933000 0.263499000 H 1.314642000 -1.236978000 0.317444000
C -1.379258000 -0.192420000 -0.011652000 C -1.372256000 -0.193692000 -0.013294000
H =-1.771797000 -0.124024000 1.017051000 H -1.707982000 -0.188213000 1.032472000
H -2.131420000 0.302059000 -0.634716000 H -2.153236000 0.316209000 -0.574081000
H -1.335870000 -1.255811000 -0.263976000 H -1.314664000 -1.236879000 -0.317804000
E=-297.0999335 E=-296.3266779
ZPE=87.44 ZPE=88.11
CCSD(T) /aug-cc—-pVTZ//MP2/cc-pVTZ E=-296.4345805
C =-1.994311000 2.457317000 0.000000000 C -2.012433000 2.425717000 0.000000000
B -0.498790000 1.995908000 0.000000000 B -0.507709000 1.993243000 0.000000000
H -2.177100000 3.104591000 0.868566000 H -2.201396000 3.065216000 0.866183000
H =-2.177100000 3.104591000 -0.868566000 H -2.201396000 3.065216000 -0.866183000
H 0.343334000 2.850136000 0.000000000 H 0.325231000 2.854392000 0.000000000
H -2.749941000 1.668228000 0.000000000 H -2.744112000 1.621990000 0.000000000
Ph C 0.000000000 0.527437000 0.000000000 ¢ 0.000000000 0.527650000 0.000000000
C 1.384405000 0.258014000 0.000000000 ¢ 1.383784000 0.270577000 0.000000000
c 1.874874000 -1.044470000 0.000000000 c 1.880258000 -1.029177000 0.000000000
c 0.984035000 -2.117779000 0.000000000 c 0.995228000 -2.106593000 0.000000000
C -0.392394000 -1.884775000 0.000000000 C -0.381588000 -1.880540000 0.000000000
C -0.873368000 -0.579573000 0.000000000 C -0.869807000 -0.578268000 0.000000000
H 2.078536000 1.091999000 0.000000000 H 2.069221000 1.108904000 0.000000000
H 2.943894000 -1.226426000 0.000000000 H 2.947225000 -1.206105000 0.000000000
H 1.360818000 -3.134975000 0.000000000 H 1.376090000 -3.119223000 0.000000000
H -1.082834000 -2.721055000 0.000000000 H -1.065479000 -2.718477000 0.000000000
H -1.945109000 -0.413651000 0.000000000 H -1.939491000 -0.414314000 0.000000000
E=-121.4166905 E=-121.0928712
ZPE=47.93 ZPE=48.60
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-121.1542737
C -1.280308000 -0.378058000 0.000000000 C -1.277662000 -0.378300000 0.000000000
B 0.000000000 0.536730000 0.000000000 B 0.000000000 0.541490000 0.000000000
NH, N 1.293195000 0.005358000 0.000000000 N 1.288966000 0.002883000 0.000000000
H -1.067442000 -1.452539000 0.000000000 H -1.054100000 -1.444861000 0.000000000
H -1.907660000 -0.159952000 0.872845000 H -1.899793000 -0.163143000 0.870324000
H -0.095776000 1.730589000 0.000000000 H -0.091316000 1.733445000 0.000000000
H -1.907660000 -0.159952000 -0.872845000 H -1.899793000 -0.163143000 -0.870324000
H 2.124724000 0.575138000 0.000000000 H 2.120173000 0.565954000 0.000000000
H 1.483298000 -0.986089000 0.000000000 H 1.468036000 -0.986081000 0.000000000
E=-160.7305464 E=-160.3025395
ZPE=65.58 ZPE=66.67
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-160.3848788
o] 1.175474000 -1.673795000 0.000000000 ¢ 1.178718000 -1.665802000 0.000000000
B -0.097965000 -0.746489000 0.000000000 B -0.100518000 -0.745558000 0.000000000
N 0.000000000 0.645544000 0.000000000 N 0.000000000 0.645899000 0.000000000
NHM C -1.095184000 1.607030000 0.000000000 C -1.095595000 1.597583000 0.000000000
e H 1.169394000 -2.337769000 0.872978000 H 1.173581000 -2.323893000 0.870512000
H 1.169394000 -2.337769000 -0.872978000 H 1.173581000 -2.323893000 -0.870512000
H -1.201484000 -1.214554000 0.000000000 H -1.204776000 -1.208257000 0.000000000
H 2.127764000 -1.132079000 0.000000000 H 2.119758000 -1.115894000 0.000000000
H 0.917828000 1.071664000 0.000000000 H 0.915354000 1.068835000 0.000000000
H -1.066548000 2.249226000 -0.886784000 H -1.070762000 2.235488000 -0.883217000
H -2.041711000 1.066286000 0.000000000 H -2.032120000 1.047944000 0.000000000
H -1.066548000 2.249226000 0.886784000 H -1.070762000 2.235488000 0.883217000
E=-200.0440358 E=-199.5150838
ZPE=83.10 ZPE=84.44
CCSD(T) /aug-cc-pVTZ//MP2/cc-pVTZ E=-199.617798
NMe,
C -0.349323000 -2.172691000 0.000000000 C -0.355453000 -2.165501000 0.000000000
B -0.829030000 -0.671188000 0.000000000 B -0.839597000 -0.664925000 0.000000000
N 0.000000000 0.457927000 0.000000000 N 0.000000000 0.455324000 0.000000000
c 1.458224000 0.438055000 0.000000000 C 1.450257000 0.429145000 0.000000000
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C -0.535378000 1.816127000 0.000000000 C -0.515688000 1.813056000 0.000000000
H -2.007722000 -0.451034000 0.000000000 H -2.014178000 -0.429933000 0.000000000
H -0.767479000 -2.692041000 0.871593000 H -0.770382000 -2.680208000 0.869057000
H -0.767479000 -2.692041000 -0.871593000 H -0.770382000 -2.680208000 -0.869057000
H 0.729762000 -2.345567000 0.000000000 H 0.719774000 -2.328133000 0.000000000
H -0.198626000 2.369601000 -0.885645000 H -0.169535000 2.356079000 -0.882519000
H -1.623593000 1.784134000 0.000000000 H -1.600558000 1.792457000 0.000000000
H -0.198626000 2.369601000 0.885645000 H -0.169535000 2.356079000 0.882519000
H 1.853663000 0.951300000 -0.885320000 H 1.841210000 0.941092000 -0.882200000
H 1.853663000 0.951300000 0.885320000 H 1.841210000 0.941092000 0.882200000
H 1.830449000 -0.583748000 0.000000000 H 1.815660000 -0.591162000 0.000000000
Boranes (rotamers A)
R MP2/cc-pVTZ
E=-65.7543922
ZPE=35.32
U=160.71
C -0.012074000 -0.685049000 0.000000000
H H 0.555210000 -1.042148000 0.863986000
H -0.988960000 -1.158036000 0.000000000
H -1.016464000 1.516247000 0.000000000
H 0.555210000 -1.042148000 -0.863986000
B -0.012074000 0.875495000 0.000000000
H 1.027820000 1.458904000 0.000000000
E=-164.973758
ZPE=32.48
0=107.51
C -1.153895000 -0.509029000 0.000000000
F B 0.000000000 0.543440000 0.000000000
F 1.259080000 0.110857000 0.000000000
H -1.058400000 -1.159387000 0.871312000
H -2.146336000 -0.069237000 0.000000000
H -0.145219000 1.727276000 0.000000000
H -1.058400000 -1.159387000 -0.871312000
E=-524.933915
ZPE=31.57
0=125.01
C -1.557753000 0.796424000 0.000000000
Cl B 0.000000000 0.785283000 0.000000000
Cl 0.853457000 -0.750394000 0.000000000
H -1.930081000 0.251351000 0.869523000
H -1.986483000 1.794327000 0.000000000
H 0.684400000 1.754707000 0.000000000
H -1.930081000 0.251351000 -0.869523000
E=-2637.907866
ZPE=31.26
0=122.11
C -0.437202000 -2.197677000 0.000000000
Br B 0.602707000 -1.039561000 0.000000000
Br 0.000000000 0.770447000 0.000000000
H 1.779601000 -1.182832000 0.000000000
H 0.013485000 -3.186323000 0.000000000
H -1.091703000 -2.106303000 0.869164000
H -1.091703000 -2.106303000 -0.869164000
E=-104.9955718
ZPE=53.46
CHs 0=129.71
C 1.377155000 -0.174123000 0.000000000
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B 0.000000000 0.572953000 0.000000000
H 2.260649000 0.457391000 0.000000000
H 1.421454000 -0.840883000 0.866016000
H -0.046519000 1.768726000 0.000000000
H 1.421454000 -0.840883000 -0.866016000
C =-1.357813000 -0.209349000 0.000000000
H -1.953207000 0.092595000 -0.865746000
H -1.266674000 -1.293474000 0.000000000
H -1.953207000 0.092595000 0.865746000
E=-296.3258519
ZPE=88.01
0=123.61
C  2.076191000 2.326932000 0.000000000
B 0.539609000 2.002579000 0.000000000
H 2.557106000 1.871525000 0.869627000
H 2.557106000 1.871525000 -0.869627000
H -0.273248000 2.881238000 0.000000000
H 2.309320000 3.388017000 0.000000000

Ph C  0.000000000 0.546897000 0.000000000

C -1.386863000 0.312220000 0.000000000
C -1.903871000 -0.980056000 0.000000000
C =-1.036217000 -2.071077000 0.000000000
C  0.344432000 -1.866963000 0.000000000
C  0.852558000 -0.572694000 0.000000000
H -2.059253000 1.161166000 0.000000000
H =-2.973533000 -1.140243000 0.000000000
H -1.433092000 -3.077584000 0.000000000
H 1.014879000 -2.715799000 0.000000000
H 1.925289000 -0.424287000 0.000000000
E=-121.0910809
7ZPE=48.42
0=168.51
C -1.280866000 -0.369106000 0.000000000
B 0.000000000 0.557215000 0.000000000

NH, N 1.281014000 -0.003033000 0.000000000
H -1.287515000 -1.022635000 0.874260000
H -2.213213000 0.189406000 0.000000000
H -0.062630000 1.750426000 0.000000000
H -1.287515000 -1.022635000 -0.874260000
H 2.119176000 0.549162000 0.000000000
H  1.449798000 -0.993932000 0.000000000
E=-160.3005829
ZPE=66.49
0=169.31
C 1.172075000 -1.671038000 0.000000000
B -0.117058000 -0.752668000 0.000000000
N  0.000000000 0.638424000 0.000000000

NHMe C -1.086572000 1.600338000 0.000000000

rot1 H 1.794718000 -1.473827000 0.874631000
H 0.935725000 -2.732194000 0.000000000
H =-1.229907000 -1.193104000 0.000000000
H 1.794718000 -1.473827000 -0.874631000
H 0.918154000 1.055881000 0.000000000
H -1.056532000 2.238258000 -0.883199000
H -2.028075000 1.059120000 0.000000000
H -1.056532000 2.238258000 0.883199000
E=-160.3012118
ZPE=66.72

NHMe
C  0.748552000 -1.584652000 0.000000000

rot 2 B 1.006052000 -0.029781000 0.000000000
N  0.000000000 0.941320000 0.000000000
C -1.440248000 0.766214000 0.000000000
H 1.232176000 -2.034448000 0.869249000
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H -0.293537000 -1.896316000 0.000000000
H 2.127384000 0.389190000 0.000000000
H 1.232176000 -2.034448000 -0.869249000
H 0.286813000 1.906810000 0.000000000
H -1.893680000 1.215786000 -0.883092000
H -1.677737000 -0.292061000 0.000000000
H -1.893680000 1.215786000 0.883092000
E=-160.3006543
ZPE=66.54
U=63.71
C -0.743624000 -1.548028000 0.000000000
B -1.032549000 0.007808000 0.000000000
N 0.000000000 0.950096000 0.000000000
NHMe C  1.428588000 0.697268000 0.000000000
rot 3 H -0.161420000 -1.846357000 0.874178000
H -1.657413000 -2.136957000 0.000000000
H -2.143070000 0.451653000 0.000000000
H -0.161420000 -1.846357000 -0.874178000
H -0.242915000 1.927151000 0.000000000
H 1.907626000 1.119817000 0.883103000
H 1.603941000 -0.373918000 0.000000000
H 1.907626000 1.119817000 -0.883103000
E=-199.51475
ZPE=84.27
0=26.41
C  0.429912000 -2.121844000 0.000000000
B 0.903842000 -0.611006000 0.000000000
N 0.000000000 0.457040000 0.000000000
C -1.443062000 0.310814000 0.000000000
C  0.415926000 1.847330000 0.000000000
NMe, H 2.063043000 -0.313430000 0.000000000
H 1.270872000 -2.811253000 0.000000000
H -0.181478000 -2.352762000 0.874649000
H -0.181478000 -2.352762000 -0.874649000
H 0.032668000 2.364563000 0.882585000
H 1.499671000 1.903842000 0.000000000
H 0.032668000 2.364563000 -0.882585000
H -1.876824000 0.786844000 0.882333000
H -1.876824000 0.786844000 -0.882333000
H -1.718179000 -0.738496000 0.000000000
Borane dimers
R MP2/6-311+G**
H-bridged Halo- or BN-bridged
E=-131.4749965
ZPE=76.85
C -1.857687000 -1.037564000 -0.548542000
B -0.852457000 0.144640000 -0.231314000
B 0.852457000 -0.144640000 0.231314000
C  1.857687000 1.037564000 0.548542000
H -1.185959000 1.290965000 -0.286127000
H H 1.185959000 -1.290965000 0.286127000
H -2.251668000 -0.935523000 -1.565695000
H -1.404450000 -2.028427000 -0.455441000
H 0.258945000 0.030585000 -0.935042000
H -2.720223000 -0.990965000 0.125321000
H -0.258945000 -0.030585000 0.935042000
H  2.720223000 0.990965000 -0.125321000
H  1.404450000 2.028427000 0.455441000
H 2.251668000 0.935523000 1.565695000
F E=-329.7665921 E=-329.7436382
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ZPE=69.30 ZPE=67.81297
c 1.868272000 -1.027555000 -0.551040000 C -2.045654000 -1.001491000 -0.597239000
B -0.866059000 0.140626000 -0.234976000 B -1.087514000 0.193489000 -0.286836000
F-1.254257000 1.446242000 -0.300161000 B 1.087514000 -0.193489000 0.286836000
H -2.255026000 -0.924668000 -1.570231000 c 2.045654000 1.001491000 0.597239000
H -1.403807000 -2.012015000 -0.454901000 H -1.406048000 1.337398000 -0.325014000
H 0.261202000 0.030395000 -0.943250000 H 1.406048000 -1.337398000 0.325014000
H -2.725826000 -0.980789000 0.128127000 H -2.440585000 -0.912954000 -1.614841000
B 0.866059000 -0.140626000 0.234976000 H -1.548011000 -1.971106000 -0.503121000
H -0.261202000 -0.030395000 0.943250000 F 0.283332000 0.044062000 -1.044325000
F 1.254257000 -1.446242000 0.300161000 H -2.901911000 -0.984697000 0.085304000
c 1.868272000 1.027555000 0.551040000 F -0.283332000 -0.044062000 1.044325000
H 2.725826000 0.980789000 -0.128127000 H 2.901911000 0.984697000 -0.085304000
H 1.403807000 2.012015000 0.454901000 H 1.548011000 1.971106000 0.503121000
h 2.255026000 0.924668000 1.570231000 H 2.440585000 0.912954000 1.614841000
E=-1049.6925954 E=-1049.670514
ZPE=67.67 ZPE=66.28
C -1.875354000 -1.008269000 -0.552504000 C -2.092915000 -1.109705000 -0.614642000
B -0.857174000 0.147383000 -0.232637000 B -1.378408000 0.269193000 -0.362561000
B 0.857174000 -0.147383000 0.232637000 B 1.133293000 -0.065253000 0.304680000
c 1.875354000 1.008269000 0.552504000 c 2.283352000 0.945467000 0.659365000
Cl -1.386830000 1.853352000 -0.323555000 H -1.936860000 1.311420000 -0.470032000
cl Cl 1.386830000 -1.853352000 0.323555000 H 1.291577000 -1.242767000 0.297877000
H -2.262671000 -0.888338000 -1.569676000 H -2.482199000 -1.147722000 -1.638507000
H -1.431650000 -2.002326000 -0.462077000 H -1.427632000 -1.966568000 -0.470353000
H 0.259808000 0.030683000 -0.937855000 Cl 0.286223000 0.395036000 -1.410464000
H -2.732437000 -0.943772000 0.125940000 H -2.944686000 -1.219732000 0.066289000
H -0.259808000 -0.030683000 0.937855000 Cl -0.472992000 0.276808000 1.388177000
H 2.732437000 0.943772000 -0.125940000 H 3.122631000 0.818430000 -0.034204000
H 1.431650000 2.002326000 0.462077000 H 1.958095000 1.988904000 0.615196000
H 2.262671000 0.888338000 1.569676000 H 2.660519000 0.746489000 1.669177000
E=-5275.3765466 E=-5275.3522932
ZPE=66.76 ZPE=65.17
C -1.881646000 -1.004702000 -0.554128000 C -2.111621000 -1.146942000 -0.621267000
B -0.856557000 0.144877000 -0.232552000 B -1.503145000 0.287378000 -0.395641000
B 0.856557000 -0.144877000 0.232552000 B 1.170770000 -0.024730000 0.316564000
C 1.881646000 1.004702000 0.554128000 C 2.370167000 0.924494000 0.682013000
Br -1.450442000 2.006724000 -0.336180000 H -2.128484000 1.288829000 -0.523003000
Br Br 1.450442000 -2.006724000 0.336180000 H 1.261764000 -1.209433000 0.291230000
H -2.268856000 -0.880700000 -1.570873000 H -2.493101000 -1.229992000 -1.645918000
H -1.442549000 -2.001140000 -0.465025000 H -1.390712000 -1.953825000 -0.459764000
H 0.260002000 0.030699000 -0.938550000 Br 0.285180000 0.530311000 -1.546753000
H -2.738514000 -0.936078000 0.124213000 H -2.956088000 -1.302047000 0.060754000
H -0.260002000 -0.030699000 0.938550000 Br -0.545536000 0.401025000 1.515445000
H 2.738514000 0.936078000 -0.124213000 H 3.199758000 0.761157000 -0.016476000
H 1.442549000 2.001140000 0.465025000 H 2.103767000 1.984594000 0.654501000
H 2.268856000 0.880700000 1.570873000 H 2.737281000 0.689181000 1.688315000
E=-209.8926739
ZPE=112.63
C -1.718900000 -1.369504000 -0.000044000
B -0.908252000 -0.000036000 0.000059000
C -1.718732000 1.369649000 0.000032000
B 0.908253000 0.000037000 0.000060000
c 1.718732000 -1.369650000 0.000031000
CH c 1.718900000 1.369505000 -0.000043000
3 H -2.375091000 -1.409359000 -0.877771000
H -1.103082000 -2.271849000 -0.000536000
H 0.000000000 0.000003000 -0.967454000
H -2.374634000 -1.410030000 0.877969000
H 0.000000000 -0.000003000 0.967556000
H 2.375062000 1.409375000 -0.877791000
H 1.103081000 2.271848000 -0.000501000
H 2.374664000 1.410016000 0.877949000
H -2.374497000 1.409813000 0.878078000
H -1.103169000 2.272134000 -0.000358000
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H -2.375012000 1.409512000 -0.877659000
H 2.374475000 -1.409826000 0.878093000
H 1.103167000 -2.272133000 -0.000386000
H 2.375033000 -1.409501000 -0.877644000
E=-592.3221504
ZPE=178.52
C -0.135506000 1.894773000 1.104095000
B -0.601949000 0.578402000 0.349892000
B 0.601923000 -0.578321000 -0.349890000
c 0.135578000 -1.894750000 -1.104072000
C -2.140411000 0.255233000 0.180301000
C 2.140389000 -0.255189000 -0.180300000
H -0.586882000 1.916681000 2.103020000
H 0.949412000 1.984800000 1.208676000
H 0.003929000 -0.486851000 0.840464000
H -0.504059000 2.784431000 0.578045000
H -0.003945000 0.486893000 -0.840485000
H 0.503912000 -2.784335000 -0.577728000
H -0.949310000 -1.984748000 -1.208960000
H 0.587274000 -1.916887000 -2.102842000
c 2.989389000 -1.187300000 0.451081000

Ph c 4.359198000 -0.940552000 0.600268000
C 4.914882000 0.244063000 0.100857000
C 4.094062000 1.177663000 -0.543014000
c 2.721782000 0.930407000 -0.672034000
H 2.575505000 -2.119029000 0.834465000
H 4.991812000 -1.670777000 1.099064000
H 5.979405000 0.435579000 0.208709000
H 4.520173000 2.096739000 -0.937924000
H 2.095904000 1.669071000 -1.171292000
C -2.989540000 1.187566000 -0.450575000
C -4.359339000 0.940771000 -0.599782000
C -4.914886000 -0.244121000 -0.100876000
C -4.093945000 -1.177957000 0.542499000
C -2.721673000 -0.930647000 0.671529000
H -2.575764000 2.119509000 -0.833555000
H -4.992051000 1.671172000 -1.098194000
H -5.979400000 -0.435678000 -0.208742000
H -4.519957000 -2.097248000 0.937017000
H -2.095699000 -1.669493000 1.170393000
E=-242.0081795 E=-242.0546832
ZPE=99.26 ZPE=101.31
C -1.865465000 -1.157775000 0.022361000 c 2.053845000 -0.000092000 0.803260000
B -0.905703000 0.111553000 0.002534000 B 1.124821000 0.000030000 -0.500331000
B 0.905658000 -0.111542000 0.002516000 N 0.000067000 -1.158237000 -0.465600000
C 1.865429000 1.157772000 0.022370000 B -1.124674000 0.000090000 -0.500150000
N -1.504259000 1.435956000 -0.086489000 N 0.000090000 1.158345000 -0.465380000
N 1.504355000 -1.435949000 -0.086478000 H 2.706451000 0.880980000 0.830468000
H -2.499644000 -1.164569000 -0.870599000 H 1.467654000 -0.000188000 1.733967000

NH, H -1.336791000 -2.114568000 0.057608000 H 2.706361000 -0.881245000 0.830238000
H -0.000037000 0.000017000 -0.964790000 H 1.683801000 0.000089000 -1.569144000
H -2.530220000 -1.119787000 0.893246000 C -2.054094000 -0.000085000 0.803086000
H -0.000014000 0.000012000 0.983112000 H 0.000201000 -1.724998000 0.378238000
H 2.499626000 1.164571000 -0.870577000 H -0.000237000 -1.784829000 -1.263091000
H 1.336749000 2.114561000 0.057610000 H 0.000475000 1.724909000 0.378591000
H 2.530167000 1.119786000 0.893270000 H -0.000152000 1.785127000 -1.262723000
H 2.439665000 -1.533670000 0.279934000 H -2.706665000 -0.881193000 0.829785000
H 0.954933000 -2.264181000 0.089166000 H -1.468249000 -0.000236000 1.734011000
H -2.439567000 1.533379000 0.280025000 H -2.706631000 0.881045000 0.830074000
H -0.955100000 2.264366000 0.089129000 H -1.683345000 0.000238000 -1.569218000
E=-320.3645064 E=-320.4271382
ZPE=135.31 ZPE=136.99

NHMe c 0.138304000 -2.218053000 0.259600000 c 0.000986000 2.107198000 1.169424000
B -0.517010000 -0.766418000 0.133273000 B 0.000469000 1.115886000 -0.089924000
N -1.955243000 -0.734734000 -0.036090000 N -1.157831000 0.000595000 -0.025575000
B 0.516988000 0.766437000 0.133229000 B -0.000449000 -1.115732000 -0.089694000
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N 1.955249000 0.734690000 -0.035963000 C -0.001044000 -2.107118000 1.169567000
C -0.138261000 2.218105000 0.259513000 N 1.157851000 -0.000408000 -0.025552000
H 0.193018000 -2.714737000 -0.715303000 H -0.879534000 2.762002000 1.167015000
H 1.134205000 -2.230257000 0.705119000 H 0.000704000 1.565853000 2.127505000
H 0.000025000 0.000026000 -0.835585000 H 0.882273000 2.760975000 1.166953000
H -0.506228000 -2.838931000 0.894527000 H 0.000692000 1.626573000 -1.185798000
H -0.000105000 0.000046000 1.115241000 H 1.621703000 -0.000436000 0.881404000
H -0.192600000 2.714880000 -0.715365000 C 2.184349000 -0.001077000 -1.080936000
H -1.134308000 2.230361000 0.704701000 H -1.621707000 0.000857000 0.881369000
H 0.506118000 2.838868000 0.894710000 C -2.184309000 0.000785000 -1.080984000
H 2.444855000 1.539972000 0.324671000 H 0.879442000 -2.761967000 1.167054000
C 2.816686000 -0.394732000 -0.335652000 H -0.000842000 -1.566046000 2.127790000
H -2.444834000 -1.540209000 0.324125000 H -0.882352000 -2.760875000 1.166812000
C -2.816718000 0.394716000 -0.335547000 H -0.000647000 -1.626513000 -1.185535000
H 3.748687000 -0.041241000 -0.787373000 H -2.811085000 -0.893186000 -1.006074000
H 3.075064000 -1.002404000 0.542532000 H -2.810858000 0.894911000 -1.006006000
H 2.325627000 -1.048234000 -1.061651000 H -1.682150000 0.000760000 -2.048506000
H -3.748774000 0.041267000 -0.787184000 H 2.810357000 -0.895587000 -1.006042000
H -3.074984000 1.002280000 0.542745000 H 1.682212000 -0.000639000 -2.048470000
H -2.325763000 1.048311000 -1.061539000 H 2.811664000 0.892509000 -1.005918000
E=-398.7310336 E=-398.8016014
ZPE=170.89 ZPE=172.60
C -0.613330000 -2.112172000 0.321727000 C 0.000003000 2.368677000 -0.569179000
B -0.761060000 -0.537995000 0.089169000 B 0.000001000 1.106150000 0.419680000
B 0.761059000 0.538060000 0.089128000 N -1.160186000 0.000053000 0.202752000
c 0.613424000 2.112255000 0.321627000 C -2.216505000 -0.000121000 1.230268000
N -2.079259000 0.020899000 -0.169610000 N 1.160186000 0.000051000 0.202752000
C -2.335982000 1.307510000 -0.785935000 c 2.216505000 -0.000126000 1.230268000
N 2.079232000 -0.020932000 -0.169576000 B -0.000002000 -1.106165000 0.419556000
C 2.335931000 -1.307433000 -0.786138000 C -0.000003000 -2.368610000 -0.569373000
H -1.004822000 -2.684507000 -0.527112000 H 0.877734000 3.000065000 -0.378196000
H 0.414208000 -2.427343000 0.508090000 H 0.000004000 2.127779000 -1.638763000
H -0.000005000 0.000047000 -0.874302000 H -0.877727000 3.000065000 -0.378198000
H -1.189732000 -2.410195000 1.205266000 H 0.000002000 1.401284000 1.591601000
H -0.000024000 0.000083000 1.074362000 C -1.802263000 0.000072000 -1.125159000
NMe, H 1.004818000 2.684520000 -0.527304000 c 1.802263000 0.000069000 -1.125159000
H -0.414072000 2.427484000 0.508126000 H -0.877726000 -3.000003000 -0.378364000
H 1.189977000 2.410308000 1.205059000 H -0.000004000 -2.127713000 -1.638949000
c 3.254936000 0.493784000 0.511393000 H 0.877720000 -3.000004000 -0.378365000
C -3.254962000 -0.493967000 0.511255000 H -0.000002000 -1.401354000 1.591462000
H 3.229418000 -1.233622000 -1.420804000 H 2.843057000 -0.893277000 1.121573000
H 2.519157000 -2.110736000 -0.054141000 H 2.843638000 0.892587000 1.121302000
H 1.493839000 -1.604766000 -1.415313000 H 1.753521000 0.000175000 2.216124000
H -3.229510000 1.233815000 -1.420555000 H -2.843060000 -0.893271000 1.121573000
H -2.519146000 2.110692000 -0.053790000 H -1.753521000 0.000179000 2.216124000
H -1.493925000 1.604930000 -1.415115000 H -2.843636000 0.892594000 1.121302000
H 4.113413000 0.499441000 -0.173419000 H -2.425487000 -0.893749000 -1.235946000
H 3.089789000 1.515237000 0.854290000 H -2.425675000 0.893780000 -1.235828000
H 3.530049000 -0.123201000 1.382769000 H -1.052679000 0.000208000 -1.915694000
H -4.113436000 -0.499468000 -0.173560000 H 2.425485000 -0.893752000 -1.235947000
H -3.089824000 -1.515496000 0.853922000 H 1.052679000 0.000208000 -1.915694000
H -3.530078000 0.122824000 1.382768000 H 2.425677000 0.893776000 -1.235827000
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/Abstract: The addition of borylenes (RB) to prototypical
carbon—carbon multiple bonds (ethyne, ethene) and the in-
sertion into a C—H bond of methane involves weakly bound
van der Waals complexes of the reaction partners according
to computational chemistry methods. Geometries of all com-
plexes were optimized using spin-component scaled
second-order Mgller-Plesset perturbation theory (SCS-MP2)
in combination with a quadruple-C (def2-QZVP) basis set. En-
ergies were further refined using the coupled-cluster
(CCSD(T)) method in combination with basis sets up to
quadruple-C quality (def2-QZVP and aug-cc-pVTZ). All of the

\

complexes of borylenes studied correspond to shallow
minima on their potential-energy surfaces. Borylene com-
plexes with ethyne are the most stable and those with
methane are the least stable ones. Aminoborylene com-
plexes BNHR with ethyne and ethene are stabilized mainly
by NH--; interactions. Symmetry-adapted perturbation
theory (SAPT) was performed to analyze the nature of the in-
teraction between borylene molecules and hydrocarbons.
Most of the ethyne complexes are dominated by electrostat-
ic interactions, whereas for most of the ethene and all of the
methane complexes the interaction is mainly dispersive.

Introduction

Monovalent boron species, called borylenes, are intriguing re-
active intermediates. Owing to the vacant p orbitals on the
boron atom, they are capable of accepting lone pairs of elec-
trons and can behave like a typical Lewis acid. The first genera-
tion of subvalent boron monohalides was reported by Timms
in 1967 by reduction of boron trihalide with boron under high
temperature and low pressure, followed by trapping reac-
tions.! This procedure produced haloborylenes (BF, BCI, BBr,
BI) that were all studied by microwave spectroscopy.” Parent
BH was also studied by rotational spectroscopy.”’ Further ex-
periments on borylenes involve the photogeneration of triphe-
nylsilylborylene Ph,SiB from (Ph;Si);B in a glass matrix and its
addition to bis(trimethylsilyl)ethyne and insertion into a C—O
bond of THE™ Arylborylene was invoked as an intermediate in
the reduction of arylboron dihalides that yield borafluorenyls
by intramolecular insertion into a C—C o bond.”’ Another aryl-
borylene, TbtB (Tbt=2,4,6-tris[bis(trimethylsilyl)methyllphenyl),
was concluded to be an intermediate in the photolysis of TbtB-
(SeMe), based on trapping with phenanthrenequinone to give
dioxaborolene. In the experiments discussed above, the exis-
tence of borylenes was inferred indirectly from the products
that were formed. Borylenes could be directly observed by in-
frared (IR) spectroscopy under cryogenic matrix isolation condi-
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tions. In their experiment reported in 1993, Andrews et al. co-
deposited atomic boron with ethyne in an argon matrix. This
resulted in production of several organoboron species.” One
of the newly formed compounds was recognized as ethynyl-
borylene, HCCB, on the basis of IR spectroscopy. Another orga-
noborylene, phenylborylene, was also detected by means of IR
spectroscopy after irradiation of diazidophenylborane in an N,
matrix at 10 K.®' Free borylenes could not be isolated, although
they can be stabilized either by cyclic alkyl amino carbenes
(CAAQ)™ or by transition-metal centers."” Borylene ligands can
also be transferred photochemically from transition-metal com-
plexes to unsaturated hydrocarbons, which can result in borir-
ene formation" or C—H insertion in the case of olefins.!'?
Borylenes are subvalent boron counterparts of carbenes. A
hallmark of carbenes is their facile addition to alkenes, a reac-
tion that has received intense scrutiny. The involvement of car-
bene-alkene van der Waals complexes has been discussed
ever since negative activation energies for the addition of car-
benes to various alkenes were observed." To explain this, the
reversible formation of a ‘loose’ van der Waals complex be-
tween the singlet carbene and the alkene was invoked.™”
Houk and co-workers offered an alternative explanation based
on theoretical computations: as enthalpy barriers are low or
completely absent, the reaction barrier AG® (activation free
energy) is dominated by entropy (S). As —TAS™ >0 the reac-
tion becomes faster at lower temperature.” Subsequent theo-
retical studies were able to identify complexes between car-
benes and some alkenes™® or H,,"” but could not locate them
for reactive carbenes (like CICCF;) and alkenes (e.g., tetrame-
thylethene, TME)."® Although the participation of alkene-car-
bene complexes in cyclopropanation reactions is still not fully

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Reactions considered in the present work.

NH,, NHMe, NMe,). We here report a detailed high- Table 1. Interaction energies (E,, with respect to separated reactants in kcalmol™') of
level computational investigation that focuses on the van der Waals complexes calculated at the CCSD(T)/def2-QZVP//SCS-MP2/def2-QZVP
existence, stability, and origin of the interaction of (I) and CCSD(T)/aug-cc-pVTZ//SCS-MP2/def2-QZVP (Il) level of theory.
complexes between RB and the organic substrates | Borylene Method Hydrocarbon
ethyne, ethene, and methane. Ethyne Ethene Methane A Methane B
BH I —-0.9 —-0.8
R I d Di . Il -1.0 -1.0
esults and Discussion 8Ph ol 18 19 s s
. . . Il -22 —24 —2.1 -20
We consider tv.vc.> possible fundamental reactions of BCH, | 50 15 _09 _os8
borylenes: addition to C—C multiple bonds (ethyne, I —21 17 10 10
ethene) and insertion into the C—H single bond of | BBr I =12 —-1.1 —0.7 —-0.7
methane (Scheme 1). These reactions involve transi- I —14 -13 —09 —09
. . BCl I -1.2 -1.0 —0.7 -0.6
tion states on the potential-energy surface for most " 14 12 —09 o8
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vious work.”” In addition to transition structures and I -1.2 -1.0 -07 -0.7
products, van der Waals complexes that correspond | BNH: |I| ‘;; ‘i-g ‘H —1;
to shallow minima on the potential-energy surface BNH, (rot) | 28 28 N N
can be found for the addition as well as for the inser- I 31 31 _ _
tion reaction. In this study we focus on those bory- | BNHMe I -2.8 -2.8 -13 -13
lene complexes that are involved in the reactions de- . -3 —3.2 —16 —16
. . . BNHMe (rot) I -2.8 -28 - -
scribed above as stationary points (see Table 1). 0 _39 _3 _ B
These species were obtained by computation of in- BNMe, | 28 17 —09 —08
trinsic reaction coordinates (IRC) starting at the tran- I -3.0 =20 =11 -1.0
sition states identified earlier and moving in the di- | BNMe; (rot ||| _?.3 _i-l - -
rection of reactants.”” - - - -
[a] Energy calculated at the CCSD(T)/def2-TZVP//SCF-MP2/def2-QZVP level of theory.

Van der Waals complexes in the addition reactions

Most of the complexes computed for the addition re- L . SCHig 18;; Bl
. . 1542 f 1.540 . 1712
actions are of C; symmetry (see Figures 1 and 2). The M’ (%@ 100.6 %1)04.5
complexes for the addition of borylene to ethyne are 3278 s ons 2,085 95‘;7060 33 S 2071 312y 4226
in most cases more favorable than the RB-ethene 3360, 3347 3445 1130 3.506% 1191
neme ~102.7 7 1182 X 6+ 119.
complexes. Borylene molecules do not significantly *ﬁf‘ =00=0 '@&1 e %
affect the geometry of the hydrocarbon: the angle H- ’ :
C1-C2 of ethyne is close to 180°. The distances be- BF BNH; ‘ BNHMe BNMe,
tween the boron and carbon C1 atom are longer 1‘%9 %51: 2243
than 3.3 A. The longest distance was found for the 91“:)24 68. 73.1 1117
; ' ) ' 3.192
ethyne complex with BNH, (3.695 A), whereas the bW 3.695 2.630 3577 2671 3.594
\ ' 4911076 33401173 3.169 1203 2.800 143.1
shortest B—C1 distance was obtained for the complex L ) ' > v g
1.208 1.208 1.208 1.209

with BCH; (3.347 A). In ethyne complexes one can

notice the shift of the borylene molecule towards Figure 1. Geometries of borylene-ethyne complexes computed at the SCS-MP2/def2-
one of the hydrogen atoms to possibly form B-+H in-  QZVP level of theory. Important bond lengths [A] and bond angles [°] are given.
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. 1543 1%; % bonding and the lack of B--H interaction that ap-
11539 95.0 103.4 71002 pears in the complex with ethyne.
4.148" 1115:'509 3376 ~3.979 3.465. 3.969 3530 4101
: 107.2 102.4 106.5
S0—06% M =0 Complexes of the insertion reaction
1332 1.332 1.332 1332
BF BNH, BNHMe . BNMe, In our previous work we identified two different ori-
) entations of methane and borylenes in the transition
1.264 1375, 1.374 . . .
: ; 1375 state (TS) for C—H insertion (approaches A and B in
94.5 54.3 47.1 106.3 Scheme 1). These two approaches differ by the orien-
3.501; 3072 a175% 12588 a386. 12.532 - 2.955 tation of the substituent at boron and the migrating
101.6 103.0 — 954 127.9 hydrogen atom. With the exception of BNH, and
%«1_331 M\Msa % o BNHMe complexes, the product-forming complexes

Figure 2. Geometries of borylene-ethene complexes computed at the SCS-MP2/def2-
QZVP level of theory. Important bond lengths [A] and bond angles [°] are given. The de-

picted ethene-BNRR’ complexes are saddle points.

teractions as judged by the short distances in the range of
3.3-28A

The binding energies of methylborylene and haloborylene
complexes are lower with ethyne than with ethene by 0.5-
0.1 kcalmol™. That might indicate stabilization by B--H interac-
tions in ethyne complexes that is absent in the ethene com-
plexes owing to the trigonal coordination of the olefinic
carbon atoms. On the other hand, the phenylborylene complex
with ethene is stronger than its ethyne counterpart. Compari-
son of the geometries of the two complexes reveals that
ethene is shifted away from the boron atom and interacts with
the &t system of the phenyl ring. The two units are twisted at
about 42° with respect to each other, thereby resulting in C,
symmetry. The increased m--m stacking interaction between
the phenyl ring and the C1=C2 double bond probably causes
the somewhat stronger bonding. The least stable complexes
formed involve fluoroborylene, while aminoborylene com-
plexes are most strongly bound among all of the studied com-
plexes. This might be caused by the presence of an NH-x in-
teraction between the hydrogen atom attached to the nitro-
gen and the &t system of the hydrocarbon. The importance of
the NH--m interaction in aminoborylene (BNH, and BNHMe)
complexes is demonstrated by the formation of unusual com-
plexes with ethene in which the borylene molecule is rotated
by 90° and is perpendicular to the organic substrate (Figure 3).
The “regular” ethene complexes (Figure 2) are saddle points
that are about 0.1 kcalmol™ higher in energy. In turn, the ro-
tated BNHR-ethyne complexes (Figure3) are minima and
about 0.1-0.2 kcalmol™' lower in energy than the product-
forming complexes. The rotated dimethylaminoborylene com-
plex with ethyne is a saddle point with the energy higher than
a normal BNMe, complex by 1.8 kcalmol™'. In the case of
ethene, its rotated complex with BNMe, is a minimum and is
lower in energy by 0.4 kcalmol™' than the ‘regular’ complex,
which is a saddle point. The distance between hydrogen and
the 7t system (2.5 A for BNHMe and BNH,, and 2.9 A for BNMe,)
is shorter in aminoborylene-ethene complexes, but the inter-
action energies are very similar, except for BNMe, complexes.
The interaction of BNMe, with ethene is weaker than with

Chem. Eur. J. 2014, 20, 12858 - 12863 www.chemeurj.org

114

12860

along approach B with C; symmetry (see Figure 4) are
saddle points. Reduction of symmetry lowers the
energy by at most 0.05 kcalmol™' and produces the
complexes of approach A. Van der Waals complexes

! 1.375

2521 2513 2987, |
'Q.TE " 3,772
01333 ’ .i1.333 e P

Figure 3. Geometries of other aminoborylene complexes (denoted in
Tables 1 and 2 as BNRR’ (rot)) computed at the SCS-MP2/def2-QZVP level of
theory. Important bond lengths are given in A. All complexes except for
ethyne-BNMe, are minima.

with methane are weaker than the ones involved in the addi-
tion reactions. In the case of aminoborylene complexes, C-
(methane)-+H(borylene) interactions occur. Also in the phenyl-
borylene complexes H--m interaction appears, which leads to
a lowering of their energies relative to BH and BCH; com-
plexes. The weakest complexes of methane are those with hal-
oborylenes.

Symmetry-adapted perturbation theory (SAPT) analysis

Symmetry-adapted perturbation theory is a powerful tool for
partitioning the interaction energy into particular contribu-
tions. The SAPT interaction energy components are the attrac-
tive electrostatic interaction energy (E.), induction energy
(Eina), and dispersion energy (Ey,), and the repulsive exchange
interaction (E,). A more detailed description of the particular
interaction energy terms can be found in the comprehensive
reviews by Szalewicz et al.?"

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Geometries of borylene-methane complexes computed at the
SCS-MP2/def2-QZVP level of theory. Important bond lengths are given in A.

The computed SAPT interaction energies (Table 2) agree well
with the values obtained at the CCSD(T) level of theory, slightly
better so when CCSD(T) is combined with the aug-cc-pVTZ
rather than with the def2-QZVP basis set (see Table 1). Howev-
er, for phenylborylene complexes with ethyne and ethene,
qualitative differences are observed: whereas the SAPT interac-
tion is stronger for ethyne by 0.2 kcalmol™, it is stronger for
ethene by 0.2 kcalmol™" at CCSD(T)/aug-cc-pVTZ.

The dominant component of the attractive interaction varies
with the borylene and the organic substrate. With the excep-
tion of the BNMe,—ethene complex in which dispersion domi-
nates, the electrostatic term is the largest in all complexes of
aminoborylenes with ethyne and ethene. It contributes 48-
53% of the attractive interaction in the aminoborylene-ethyne
complexes and it is largest (53%) in the BNMe,—ethyne com-
plex. The electrostatic term in aminoborylene-ethene com-
plexes amounts to 40-49 % of overall attraction energy and is
the largest for the BNH,-ethene complex (49%). The electro-
static and dispersive terms are almost of equal size in ethyne
complexes of the haloborylenes and methylborylene, whereas
dispersion dominates in the phenylborylene complex (53 %). In
comparison with ethyne complexes, ethene complexes have
a greater contribution of dispersion interaction. This is the larg-
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est contribution to the attraction for complexes that involve
the organo- and haloborylenes and prevails in the ethene com-
plex with phenylborylene (73 %). Induction is the smallest com-
ponent of attraction energy both in ethyne and ethene com-
plexes and varies from 7 to 18 %.

The main component of the attraction energy in both types
of methane complexes is dispersion, and it is in the range of
53-80% of total attraction. Phenylborylene complexes reveal
the largest contribution of the dispersion term (80% for ap-
proach A and 77 % for approach B). Contribution of electrostat-
ic energy is smaller than 30% for methane A and B complexes.
For all types of complexes the smallest contribution to the at-
tractive part of interaction energy is due to the induction term.
For various complexes it varies in the range 4-18 %.

Conclusion

Van der Waals complexes of borylenes with ethyne, ethene,
and methane studied at the CCSD(T)/def2-QZVP//SCS-MP2/
def2-QZVP and CCSD(T)/aug-cc-pVTZ//SCS-MP2/def2-QZVP
levels of theory are represented by shallow minima on the po-
tential-energy surface of the C—C addition or C—H insertion re-
actions. The strongest complexes are formed between bory-
lenes and ethyne. The most stable ethyne and ethene com-
plexes are formed with aminoborylenes in which H--7 interac-
tions play a crucial role in stabilization of the systems. The
weakest addition complexes are those that involve halobory-
lenes. For the borylene C—H insertion reaction two types of
complexes were found depending on the borylene arrange-
ment, but these have very similar binding energies. These
complexes are much weaker than the ones with unsaturated
hydrocarbons. Most stable are aminoborylenes and phenylbor-
ylene complexes, which are stabilized by H--C and H--m inter-
actions, respectively. SAPT analysis showed that for most bory-
lene complexes with ethyne the main contribution to the inter-
action is electrostatic energy. In the case of all methane com-
plexes, the main contribution to the interaction is due to dis-
persion. Induction is the smallest contribution to the overall
attraction for all types of van der Waals complexes.

Computational Methods

Geometries of van der Waals complexes discussed in the main arti-
cle have been optimized using spin-component scaled®” second-
order Mgller-Plesset perturbation theory® (SCS-MP2) with the res-
olution of the identity approximation® (RI) in conjunction with
Ahlrichs’ polarized quadruple-{ def2-QZVP** basis set and the
complementary fitting basis set,”® followed by numerical frequen-
cy analysis performed at the same level of theory. The energies
have been refined with coupled-cluster theory®” of single, double,
and a perturbative estimate of triple excitations (CCSD(T)) in com-
bination with def2-QZVP (the smaller def2-TZVP™ basis set was
used in the case of phenylborylene complexes owing to computa-
tional limitations) and aug-cc-pVTZ® basis sets using SCS-MP2 ge-
ometries. The Rl approximation was applied in coupled-cluster cal-
culations® using suitable fitting basis sets.””

For more extensive analysis of van der Waals complexes, additional
computations were carried out at various levels of theory (included
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Table 2. Computed SAPT2 + 3 interaction energies [kcalmol™'] and their components. Computations were performed on the SCS-MP2/def2-QZVP geome-
tries using the aug-cc-pVTZ basis set.
Borylene Ethyne Ethene
Eeist Eexcn Eing Edisp En(SAPT) Eeit Eexcn Eing Edisp Ei(SAPT)
BCH; —-29 35 -0.7 —2.2 —-23 -1.9 34 -0.7 —-25 -1.7
BPh —-23 4.2 —-0.6 —-3.3 -2.1 -1.3 4.4 —-0.4 —4.6 -1.9
BBr —-1.6 24 —-0.5 -1.9 —-1.6 -1.3 28 -0.5 —-23 -1.3
BCI -1.6 2.1 —-04 -1.6 -1.5 —-1.1 22 —-0.4 -1.9 —-1.2
BF —-14 1.8 -0.3 -1.3 -1.2 -1.0 1.6 -0.3 -13 -1.0
BNH, —-3.3 35 -0.9 —2.2 —-29 —-3.2 39 -1.2 —-2.2 —2.7
BNH, (rot) —-3.6 4.0 —-13 -2.1 -3.0 —-34 4.1 -13 —-23 —2.8
BNHMe —34 3.8 -0.9 —-25 -3.1 —-3.2 4.1 -1.2 —26 —2.8
BNHMe (rot) —34 4.0 —-1.1 —25 -3.0 -33 43 -13 —-25 —2.8
BNMe, —3.8 4.0 -1.0 —24 —-3.2 -1.9 29 —-0.6 —-23 -1.9
BNMe, (rot) —0.8 1.5 -0.3 —-1.5 —-1.1 —24 34 —-0.6 —2.8 —24
Borylene Methane A Methane B
Eeist Eexch Eing Edisp Ei(SAPT) Eost Eexcn Eing Edisp Ei(SAPT)
BH —-0.8 1.5 -0.4 -1.5 -1.0 —0.6 14 —-0.3 —-1.5 -1.0
BCH; —0.6 1.2 -0.2 -1.4 -1.0 -0.5 13 —-0.2 —-1.5 —-0.9
BPh —0.7 2.1 -0.2 -29 —-1.6 -0.7 2.1 —-0.2 —-29 —-1.6
BBr —-04 1.0 —0.1 -13 -0.9 -0.3 0.9 —-0.1 -1.3 —-0.8
BCI —-04 0.9 —0.1 -1.2 -0.8 -0.3 0.8 —0.1 —-1.1 —-0.7
BF —-0.3 0.6 —0.1 —-0.8 —0.6 —-0.3 0.5 —0.1 —-0.8 —0.6
BNH, —-0.8 1.3 -0.4 -13 -1.2 —-0.8 13 —-04 -1.3 —1.2
BNHMe —-0.7 14 -0.4 -1.8 —-1.4 -0.7 14 —-04 —-1.7 —-14
BNMe, —0.7 1.2 —0.2 —-1.4 —1.1 —-0.4 0.9 —-0.2 —-1.3 —-0.9

in the Supporting Information to this article). These include full ge-
ometry optimization at the MP2 level of theory with the RI approxi-
mation in combination with the def2-QZVP basis set. Density func-
tional theory with London dispersion correction (DFT-D3) is a rea-
sonable choice to study noncovalent interactions.®” Thus, the dis-
persion-corrected®” TPSS-D3 meta GGA®? and the B3LYP-D3
hybrid®® functionals in combination with the def2-QZVP basis set
within the Rl approximation®®* and suitable fitting basis set®> were
chosen to examine the geometries and energetics of the borylene
complexes. Moreover, geometry optimization at the non-RI MP2
level of theory with the cc-pVTZ basis set®® was performed.

In addition to the aforementioned methods, symmetry-adapted
perturbation theory®” of third order with density fitting (DF-
SAPT2+3)%7 was used to analyze the interaction energies of the
systems, which allowed us to investigate the nature of the interac-
tion between hydrocarbons and borylenes. The SAPT analysis in
combination with the aug-cc-pVTZ basis set was performed on the
geometries calculated at the SCS-MP2/def2-QZVP level of theory.

The frozen-core approximation was applied in MP2, CCSD(T), and
SAPT calculations. Computations were performed using the Turbo-
mole 6.5 program,®® except for the MP2/cc-pVTZ geometry optimi-
zation, which was done using Gaussian 09.° SAPT analysis was
carried out using the PSI4 program.”

The energies given in the text refer to CCSD(T)/aug-cc-pVTZ//SCS-
MP2/def2-QZVP (level Il in Table 1) unless noted otherwise.
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Table 1. Relative energies E.e and zero-point corrected energies Eq (in kcal/mol) of van der

Publication 11

Waals complexes calculated at various levels of theory using def2-QZVP and cc-pVTZ? basis sets.

Hydrocarbon
Borylene Method Acetylene Ethylene Methane A Methane B
Erel E0 Erel EO Erel E0 Erel EO

RI-B3LYP+D3 -1.32 -0.46 -1.28 -0.49
RI-TPSS+D3 -2.06 -0.76 -1.44 -0.71

BH RI-MP2 -1.00 -0.17 -095 -0.18
SCS-RI-MP2 -0.66 0.04 -0.61 0.02

MP2° -0.89 -0.15 -0.78 -0.15
RI-B3LYP+D3 - - -1.52 -1.10 -1.37 -0.69 -1.55 -0.87
RI-TPSS+D3 - - - - -1.56 -1.07 -1.72 -1.21

BPh RI-MP2 -298 -257 314 274 201 -1.51 -2.00 -1.52
SCS-RI-MP2 -1.85 -1.64 -1.91 -1.55 -1.31 -0.86 -1.30 -0.91

Mp2° -2.72 -2.47 -3.06 -2.66 -1.95 -1.49 -1.94 -1.51
RI-B3LYP+D3 -236 -1.75 -1.80 -094 -1.13 -0.33 -099 -0.25
RI-TPSS+D3 - - - - -1.34 -0.68 -1.20 -0.67

BCH;3 RI-MP2 -2.37 -1.81 -1.84 -1.12 -0.92 0.16 -0.86 -0.35
SCS-RI-MP2 -1.87 -136 -130 -0.73 -0.61 0.16 -0.57 -0.14

MP2° -231  -174 -182 -1.14 -08 -031 -0.78 -0.34
RI-B3LYP+D3 -1.59 -1.22 -146 -097 -1.00 -042 -090 -0.43
RI-TPSS+D3 -2.03 -1.63  -2.23  -155 -1.15 -0.66 -1.07 -0.66

BBr RI-MP2 -1.65 -1.32 -1.48 -1.10 -0.84 -0.46 -0.78 -0.45
SCS-RI-MP2 -1.21 -091 -098 -0.68 -0.55 -0.22 -0.50 -0.21

MP2° -1.58 -1.26 -145 -107 -0.81 -040 -0.75 -0.40
RI-B3LYP+D3 -1.56 -1.17 -130 -082 -090 -0.34 -0.81 -0.33
RI-TPSS+D3 -1.88 -1.50 -189 -1.29 -1.06 -060 -0.99 -0.61

BCl RI-MP2 -1.56 -1.22 -132 -095 -0.76 -0.38 -0.71 -0.37
SCS-RI-MP2 -1.19 -08 -090 -060 -050 -0.17 -0.46 -0.17

MP2° -1.47 -113 -125 -090 -068 -0.29 -0.62 -0.31
RI-B3LYP+D3 -1.29 -0.88 -1.09 -062 -069 -0.16 -0.66 -0.15
RI-TPSS+D3 -1.58 -1.20 -1.44 -093 -0.85 -0.37 -0.83 -045

BF RI-MP2 -1.22  -0.85 -099 -0.62 -0.51 -0.13  -049 -0.17
SCS-RI-MP2 -096 -062 -0.73 -041 -0.35 -0.03 -0.33 -0.05

Mp2° -1.22 -0.85 -1.05 -0.67 -0.51 -0.17 -0.50 -0.19

BNH, RI-B3LYP+D3 -3.08 -2.29 -3.11 -2.16 -1.43 -0.55 -1.38 -0.64

S2
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RI-TPSS+D3 318 252 -328 -238 -151 -0.78 -142 -0.80
RI-MP2 302 229 -305 -219 -118 -052 -116 -0.52
SCS-RI-MP2 252 -1.83 -253 -1.69 -087 -027 -0.86 -0.27
Mp2° 294 225 305 -223 -112 -0.53 -1.10 -0.54
RI-B3LYP+D3 314 230 -322 -2.23
s, RI-TPSSD3 331 247 341 -2.44
RI-MP2 316 237 317 -2.24
SCS-RI-MP2 266 -1.89 262 -1.72
RI-B3LYP+D3 320 -2.56 -3.19 -2.44 -146 -0.74 -158 -0.82
RI-TPSS+D3 330 -2.77 -336 -2.66 -153 -0.89 -144 -0.93
BNHMe  RI-MP2 -3.16 -2.59 -322 -2.63 -138 -0.81 -136 -0.83
SCS-RI-MP2 261 206 -259 -1.99 -098 -0.48 -0.98 -0.48
MP2° 311 -2.56  -324 -2.65 -128 -0.79 -130 -0.78
RI-B3LYP+D3 313 259 323  -2.44
BNHMe | RITPSSHD3 328 268 -342 -2.66
RI-MP2 326 272 -325 -2.56
SCS-RI-MP2 267 212 264  -1.97
RI-B3LYP+D3 323 258 216 -1.51 -124 -051
RI-TPSS+D3 354 294 254 -1.89 -142 -0.79
BNHMe 1  RI-MP2 309 251 -207 -1.59 -098 -0.48
SCS-RI-MP2 255 -2.00 -155 -1.11 -0.68 -0.24
Mp2° -3.06 -2.49 207 -159 -092 -0.47
RI-B3LYP+D3 325 266 -200 -143 -120 -0.54 -094 -0.42
RI-TPSS+D3 357 -3.02 -235 -1.77 -139 -0.81 -113 -0.71
BNMe,  RI-MP2 315 263 -202 -1.59 -098 -0.53 -0.83 -0.47
SCS-RI-MP2 262 212 -151  -1.13  -068 -029 -056 -0.25
MPp2° 314 260 -204 -1.60 -093 -050 -0.78 -0.45
RI-B3LYP+D3 -1.05 073 276 -2.13
RI-TPSS+D3 120 -0.97 250 -1.79
BNMe, R RI-MP2 113 090 -247 -1.88
SCS-RI-MP2 081 -0.58 -1.84 -1.31
MP2° 111 -0.89 247  -1.89
s3
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Geometries and Cartesian coordinates of van der Waals

complexes of borylenes and hydrocarbons.

1. Geometries of van der Waals complexes with acetylene

Fluoroborylene (BF)

RI-B3LYP+D3/def2-QZVP
1.261 4‘

3.353
3.862

106.24

—P=0—

E=-201.9983670
ZPE=0.0308452

C 1.287817263 -0.735001878  0.000000000
C 1.108603032 0.447879002  0.000000000
B -2.214995489 0.892543141 0.000000000
H 1.447704560 -1.784752377  0.000000000
H 0.942199235 1.496746209 0.000000000
F -2.571328600 -0.317414098 0.000000000

RI-MP2/def2-QzVP

2644
-

98.74

3.373
3.884

106.00

I— =9

122

RI-TPSS+D3/def2-QZVP
1.274 .

3.254
3.729

103.84

—o 1.203 @

E=-202.1145512
ZPE=0.0302213

Cc 1.237710845 -0.724516082 0.000000000
C 1.093047962 0.469558791 0.000000000
B -2.137175916 0.862152153 0.000000000
H 1.363265556 -1.782086869 0.000000000
H 0.965182953 1.527006305 0.000000000
F -2.522031400 -0.352114298 0.000000000
SCS-RI-MP2/def2-QzVP
3& ’
99.03
3.491
4,024
107.59
¢ i"1.21:!8;' 4
sS4



E=-201.70242678401596

ZPE=0.0304641

1.292599771
1.114692962
.229304600
1.449428577
0.956118173
.583534883

MIITWOO
|
N

1.268

d{}s

3.

. 742653813
0.453508591
0.895857987
.792261487
1.503179989
.317631272

MP2/cc-pVTZ

J

401
3.922

106.49

[cNoNoNoNoNe]

~ a 1.212 a 9

E=-201.639783
ZPE=030341

1.205283000
0.000000000
.303946000
.212990000
2.261151000
.056207000

ITITTWWOO
|
=

1.682442000
1.810258000
.331185000
-976962000
1.571486000
1.920900000

[cNoNoNoNoNo)
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E=-201.7014311631
ZPE=0.0304333

RI-B3LYP+D3/def2-QzVP

1.716

2.932

107.60

4.273

3.453
126.41

—@—@—9

1.197

E=-562.27621792196

ZPE=0.0294778

E=-562.4262326

.000000000 C 1.350612605
.000000000 C 1.145794551
.000000000 B -2.312313519
.000000000 H 1.533053373
.000000000 H 0.961704576
.000000000 F -2.678851585
.000000000
.000000000
.000000000
.000000000
.000000000
.000000000
Chloroborylene (BCl)

.750120916
0.439946826
0.914999968
.795903179
1.485764374
.294687078

[eNeoNoNoNoNa]

.000000000
-000000000
.000000000
.000000000
.000000000
.000000000

RI-TPSS+D3/def2-QzZVP

1.733

106.88

3.148
3.653

105.19

o i'1.203" 4

ZPE=0.0289649

S5

123



C 1.428698725
C  1.155732997
B -2.017386781
Cl -3.139266516
H 1.676068959
H 0.896152617

-1.013762287
0.151240133
1.512745772
0.214197568

-2.046310991
1.181889800

Publication 11

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

RI-MP2/def2-QzVP

1.709

101.99

3.333

3.943

111.70

E i‘lllﬂ" 9

E=-561.63208574341786

ZPE=0.0291630

C 1.219415718
C 1.183366098
B -1.948546951
Cl -2.853565433
H 1.253135592
H 1.146194976

1.714

-0.944210887
0.264848038
1.404056458

-0.045765676

-2.004896084
1.325968151

MP2/cc-pVTZ

102.83

3.401

4.088
116.44

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

< i'1u212;' 9

E=-561.5770271
ZPE=0.029023

C 1.617956000
C 2.127385000
B 0.000000000
Cl -1.542034000
H 1.173903000
H 2.568626000

124

-2.154620000
-1.054578000
1.599336000
0.850924000
-3.118921000
-0.088273000

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

c 1.124748505
C 1.183070976
B -1.811393573
Cl -2.801641371
H 1.066744138
H 1.238471320

-0.887928001
0.313882454
1.284993181

-0.137143798

-1.951252172
1.377448332

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP

1.712

104.46

3.506

4.226

119.06

‘ i'1.208" 9

E=-561.6349764193

ZPE=0.0291297

C 1.364205324
C 1.201956726
B -2.063334713
Cl -3.064768052
H 1.510527897
H 1.051412819

S6

-0.991827482
0.204975789
1.480876327
0.092719864

-2.043207826
1.256463328

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000



E=-2676.1874218

Publication 11

Bromoborylene (BBr)

RI-B3LYP+D3/def2-QzVP

1.900

105.39

3.301

3.871

109.66

: i"1‘197i' 9

ZPE=0.0291035

WITIITTWOO

C
C
B
H
H
B

1.182544450
1.230512420
-1.830931633
1.140171397
1.261290205

r -2.983586840

-0.956709158
0.238829318
1.472893831

-2.017613767
1.300340459

-0.037740683

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

RI-MP2/def2-QzVP

1.887

104.08

3.272

106.77

. i'1.210;' 9

E=-2674.53273889029924
ZPE=0.0287782

1.135197628
1.230447394
-1.817817624
1.051021281
1.311260479

r -2.910109156

-0.943569238
0.262359346
1.450195324

-2.001488983
1.320888679

-0.088385128

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

RI-TPSS+D3/def2-QzZVP

1.916

109.18

3.007
3.417

99.42

» i']L2&$;' 9

E=-2676.2876378
ZPE=0.0286646

WIITWOO

c
C
B
H
H
B

S7

1.013030848
1.211225423
-1.633784342
0.818235781
1.406992472

r -2.815700187

-0.864810237
0.322499915
1.296566404

-1.911710275
1.369125543

-0.211671355

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP

1.257192694
1.248392587
-1.932446287
1.267198432
1.234460774

r -3.074798200

1.890

104.63

144440?1

112.97

’ i'1‘208;' J

E=-2674.5366025606
ZPE=0.0287395

-0.994746401
0.212996678
1.534264348

-2.056240119
1.274918814
0.028806681

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
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MP2/cc-pVTZ

1.881

103.72

3.329
3.922

110.50
) ;. ﬂ'
1.212 “

E=-2674.5469051
ZPE=0.028651

C 1.130425000 -2.919551000 0.000000000
C -0.078591000 -3.009358000 0.000000000
B -1.472445000 0.013847000 0.000000000

Br 0.000000000

H
H

2.189195000
-1.137973000

1.183726000
-2.841181000
-3.085012000

0.000000000
0.000000000
0.000000000

Methylborylene (BCH;)

RI-B3LYP+D3/def2-QzVvP

J

1,535 M f

RI-MP2/def2-QzvP

98.54 95.27
2853 4146 27\ “g474
3.210
i\ 124.68 dukod
0 @

E=-141.9470626

ZPE=0.0626997

126

ZPE=0.0628769

C 2.437693167 -0.592014550 0.000000000 c
C 2.022378399 0.530577653  0.000000000 c
B -1.219313188 1.361350701  0.000000000 B
H 2.816169282 -1.584047586 0.000000000 H
H 1.629153972  1.519373178 0.000000000 H
C -1.814321045 -0.046275571  0.000000000 C
H -2.909354887 -0.000232277 0.000000000 H
H -1.481202850 -0.594365774 -0.888876366 H
H -1.481202850 -0.594365774 0.888876366 H

S8

2.173253756
1.942277875
-1.176798622
2.384479922
1.726046905
-1.674261628
-2.765836094
-1.304581057
-1.304581057

E=-141.6666978782882

-0.582214643
0.605636573
1.362591082

-1.622290985
1.646153205

-0.089596637

-0.106424314

-0.606927140

-0.606927140

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.887267237
0.887267237



Publication 11

SCS-RI-MP2/def2-QZVP

1.540

d
]

95.68

2.983 4.060

3.348

118.16

E=-141.6785788493
ZPE=0.0629273

IIITOIITWOO

. a1.208a 9

MP2/cc-PVTZ

1.540 J
]

94.62

.248
? 3.948

116.89

. illiﬂ3il 9

2.912

E=-141.6226195
ZPE=0.062755

2.309011963 -0.589084039 0.000000000 C 0.208811000 -1.971455000 0.000000000
2.008300677 0.581055988 0.000000000 B 1.510187000 -1.147953000 0.000000000
-1.243266697 1.376804169 0.000000000 C 0.000000000 1.728122000 0.000000000
2.582635482 -1.614811601 0.000000000 C -1.212686000 1.710801000 0.000000000
1.730600902 1.607163245 0.000000000 H -2.274434000 1.705334000 0.000000000
-1.755764783 -0.075906205 0.000000000 H 1.063260000 1.729470000 0.000000000
-2.848435505 -0.087942683 0.000000000 H 0.444293000 -3.038505000 0.000000000
-1.391541019 -0.598639437 -0.887681741 H -0.380401000 -1.730670000 0.888096000
-1.391541019 -0.598639437 0.887681741 H -0.380401000 -1.730670000 -0.888096000
Phenylborylene (BPh)
RI-MP2/def2-QzVP SCS-RI-MP2/def2-QZVP
9
1.542
4,265 J 90.51
4,027
2.567 9
d 3.359
——O 3.812
1.210 9
' 102.72

E=-333.04892772060867
ZPE=0.1188389

C
C

-2.111545538
-3.259762689

-1.015227145
-0.633935109

0.000000000
0.000000000

o Q.ZOSg 9

E=-333.0392757964
ZPE=0.1185007

C 0.617605156
C 0.159418067

0.634494089
1.174693184

1.212164836
0.000000000

S9
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I IITIITIITOOOO0OOIITW

IITIIIIIITOOWmOOOOOO

Publication 11

0.634494089
-0.427440837
-0.956575389
-0.427440837

2.332103712

0.134985084
-0.930528891
-1.863388864

1.078848344

1.043532372
-0.844116935
-1.783074554
-0.844116935

1.043532372

-1.212164836
-1.211052584
0.000000000
1.211052584
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-2.150851752
-2.144346277
0.000000000
2.144346277
2.150851752

RI-TPSS+D3/def2-QZVP

-0.641892421 2.733649873 0.000000000 C 0.617605156
-1.100522345 -1.343348032 0.000000000 C 1.514170476
-4.264768987 -0.292860988 0.000000000 C 1.959557622
0.185388931 1.433796384 0.000000000 C 1.514170476
0.555536907 0.833706296 -1.212270299 B -0.859214906
1.282220987 -0.349884846 -1.210662377 C -3.400528156
1.642737606 -0.939398116 0.000000000 C -2.831093058
1.282220987 -0.349884846 1.210662377 H -2.324242193
0.555536907 0.833706296 1.212270299 H -3.887700629
0.266834714 1.291394532 -2.150002683 H 0.265475053
1.566468412 -0.816063267 -2.143387532 H 1.866166022
2.208243405 -1.860982297 0.000000000 H 2.656969838
1.566468412 -0.816063267 2.143387532 H 1.866166022
0.266834714 1.291394532 2.150002683 H 0.265475053
MP2/cc-pVTZ
3.445 3.442
3.818
59—
1.213
E=-332.9461744
ZPE=0.118322

0.802977000 -1.013910000 1.212650000

0.802977000 0.375847000 1.214743000

0.800360000 1.081875000 0.000000000

0.802977000 0.375847000 -1.214743000

0.802977000 -1.013910000 -1.212650000

0.799875000 -1.704956000 0.000000000

0.728413000 2.618214000 0.000000000

-2.615908000 0.776069000 0.000000000

-2.600369000 -0.436606000 0.000000000

-2.588564000 -1.497940000 0.000000000

-2.626822000 1.838438000 0.000000000

0.795964000 0.917505000 -2.152848000

0.802707000 -1.560531000 -2.145726000

0.800795000 -2.787049000 0.000000000

0.802707000 -1.560531000 2.145726000

0.795964000 0.917505000 2.152848000
Aminoborylene (BNH,)

RI-B3LYP+D3/def2-QZVP
510
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1.368
73.64 Q)
3.071 2.701
3.525
122.60

E=-158.0577617
ZPE=0.0533733

I ITIZITITWOO

2.023127000
1.518186503
-1.975234422
2.488699731
1.056349773
-1.767906892
-2.512388123
-0.830833576

Publication 11

—PF0—0

0.407853882
-0.677124137
-1.145729372

1.362532005
-1.635532648

0.206198778

0.889523968

0.592277519

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

RI-MP2/def2-QzVvVP

1.373
69.33
J
323 568
118.44

E=-157.77567072796779
ZPE=0.0531389

I ITZITITWOO

1.953203042
1.509186147
-2.050488224
2.361297751
1.113909374
-1.723900576
-2.406766208
-0.756441306

0.430830032
-0.694684081
-1.126053306

1.410950288
-1.681666793

0.207423629

0.949047737

0.504152493

MP2/cc-pVTZ

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

E=-

1.378
77.21 s
2.994 2.778
3.466
123.58

158.1705204

ZPE=0.0522400

ITIITZITITWOO

2.047576756
1.524059762
-1.910310279
2.530736847
1.043931666
-1.789997201
-2.572475628
-0.873521918

0.396705218
-0.686476911
-1.155777003

1.346069846
-1.639824360

0.216524228

0.863053575

0.659725403

&P

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP

1375
68.31 >
3.340 2.630
3.695
117.32

E=-157.7808558853
ZPE=0.0532189

ITIITIZITITWOO

S11

2.021620654
1.450419824
-2.244283695
2.540927646
0.944812222
-1.716232620
-2.280334987
-0.716929045

0.171204553
-0.893341332
-0.835821254

1.097559630
-1.828647906

0.433621747

1.268854131

0.586570432

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
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1.377
68.91
4
3.608
118.61
1. 9

E=-157.7252692
ZPE=0.052954

1.800878000 -1.069812000
0.669056000 -1.505265000
-2.081025000 0.830434000
-0.872034000 1.488673000
2.800018000 -0.709306000
-0.325845000 -1.881325000
-0.784416000 2.493670000
0.000000000  0.974540000

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

I IITIITZWOO

Rotated aminoborylene (BNH, R)

RI-B3LYP+D3/def2-QzVP

1.368

2.474

r__o_:y@";
1.197

E=-158.0578627
ZPE=0.0534592

1.758880631  0.549640539
1.486851553 -0.275186447
-1.982285936 -0.959824774
2.009484985  1.278899219
1.254408589 -1.012043255
-1.608249296 -0.093244947
-2.256504528 0.551676463
-0.662585998 -0.039916792

-0.261217961
-1.084405952
1.614494280
0.469795799
-1.813890072
0.624025624
0.192266404
0.258931873

I IZITITWOO

130

RI-TPSS+D3/def2-QzZVP

1.378

9

2.425

— 29
1.203

E=-158.1707290
ZPE=0.0525397

C 1.738635538 0.550006994
C 1.465743529 -0.278859905
B -1.965761128 -0.964578537
H 1.989621301 1.281611310
H 1.233290797 -1.018168762
N -1.588339467 -0.091914580
H -2.235431859 0.557779226
H -0.637758705 -0.035875757
512

-0.250707882
-1.078768013
1.613853373
0.482507626
-1.810424258
0.616612280
0.179501828
0.247425046



I ITIZITITWOO

E=
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RI-MP2/def2-QzVP

1.374

J

2.384

rﬁ?—_‘

E=-157.77589663662425
ZPE=0.0532406

.719285191
.444258105
.939618783
.969714457
.211780338
.565522841
.218588384
.621308083

R I
ONRRRRRE

0.550096907
-0.284105538
-0.957618141

1.279367057
-1.019895449
-0.086969352

0.553369392
-0.034244876

-0.239105503
.071011440
.598011692
-491293020
-1.800806583
.603670558
.177946623
-240001634

|
oRr Pk

[eNeoNe]

RI-B3LYP+D3/def2-QzVvP

J\

~J

1.366

76.70 @

2.992

2.722

3.471
123.96

— =

-197.3524449

ZPE=0.0828323

TZWOOo

-2.878178494
-2.575876291
0.699874642
0.843188520
-3.164810801

1,197

-0.562008877
0.596009414
1.744784112
0.386312372

-1.584652049

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP

1.376

4

2.462

E=-157.7810712256
ZPE=0.0533361

ITIITIZITITWOO

E=-

1.754382698
1.479788690
-1.972147205
2.006087757
1.248564904
-1.601831411
-2.254934943
-0.659910491

0.551608629
-0.280763216
-0.962656932

1.281586910
-1.017219458
-0.089119434

0.550871486
-0.034307985

Methylaminoborylene (BNHMe)

1.208

-0.253459000
.084891690
.613851911
.476337521
-1.814938922
.617881290
.192496264
.252722626

|
oRr R

[eNeoNe]

RI-TPSS+D3/def2-QZVP

1.376

2917

197.5013867

ZPE=0.0814448

TZWOO0

513

-2.928484062
-2.594803527
0.638854160
0.845387321
-3.244713301

80.05 ¥
2.789

3.411
124.68

— 79—

-0.539625526
0.616402281
1.703350062
0.342874578

-1.556758005

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
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H
C
H
H
H
H

-2.289343432
2.098534731
-0.011327351
2.170380719
2.937177032
2.170380719

1.620904379
-0.369615878
-0.161232672
-0.996691865

0.322882917
-0.996691865

Publication 11

0.000000000
0.000000000
0.000000000
-0.887746239
0.000000000
0.887746239

RI-MP2/def2-QzvP

)
1.372
73.26 &
3.070 2.594
120.86

E=-196.99826347045513
ZPE=0.0832453

I IIITOIIZWOO

E=

-2.771430238
-2.536034322
0.746359609
0.815677634
-2.997088114
-2.320478921
2.041225807
-0.061939192
2.094650182
2.894407373
2.094650182

-0.582869233
0.604116960
1.775511454
0.405197366

-1.620216081
1.645570342

-0.386459632

-0.101849783

-1.011611360
0.284221328

-1.011611360

MP2/cc-pVTZ

N

J

1.376

3.097
3

-196.935147

ZPE=0.083065

132

72.34 '

2.591
5

120.87

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.886241032
0.000000000
0.886241032

1.213 9

-2.277587336
2.138317811
0.012949676
2.234008812
2.942061634
2.234008812

1.636036277
-0.361424764
-0.246338651
-0.985285217

0.376054176
-0.985285217

0.000000000
0.000000000
0.000000000
-0.892030522
0.000000000
0.892030522

SCS-RI-MP2/def2-QzVP

3.169

1.373

73.10 9

2.671
3.577
120.32

i‘liﬁéa o

E=-197.0062397629
ZPE=0.0833200

ITIIIITIIITOZWOO

S14

-2.798722568
-2.603374136
0.735879154
0.834280298
2.077084908
-2.989495028
-2.424800890
-0.029751341
2.140132795
2.918634012
2.140132795

-0.665104785
0.527237751
1.809804123
0.439921422

-0.331598551

-1.709720184
1.575626448

-0.088094797

-0.956368533
0.354665641

-0.956368533

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.886986699
0.000000000
0.886986699
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C -2.565915000 -0.707941000 0.000763000

C -2.288634000 0.472790000 -0.001235000

B 1.060410000 1.538842000 0.001398000

N 1.060271000 0.162483000 0.000431000

C 2.242480000 -0.695433000 -0.000638000

H -2.828928000 -1.736931000 0.002593000

H -2.036659000 1.506392000 -0.003005000

H 0.156897000 -0.298952000 -0.000218000

H 2.262659000 -1.322940000 -0.888124000

H 3.131411000 -0.071092000 -0.000279000

H 2.263084000 -1.324563000 0.885690000

Rotated methylaminoborylene (BNHMe R)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
1.366 1.377
o
° 9
2.504 2.448
A J
1.197

E=-197.35233219113 E=-197.5013404

ZPE=0.0826809 ZPE=0.0815511

C -2.362030316 -0.719025613 -0.167964755 C -2.382412750 -0.726907683 -0.148512023
C -2.415393068 0.475621264 -0.127020502 C -2.438884673 0.473196699 -0.090093681
B 1.554042854 0.068101177 2.027688197 B 1.457145516 0.116268169 2.024810958
N 0.959623952 0.042585938 0.797577434 N 0.925893749 0.054897017 0.756414802
H -2.322997580 -1.780291525 -0.201995407 H -2.341616005 -1.790678818 -0.197073720
H -2.470538835 1.536008964 -0.088192765 H -2.496673168 1.535879264 -0.034624268
C 1.641479179 0.088902333 -0.499606757 C 1.690710642 0.082651988 -0.502607603
H -0.053314729 -0.014807653 0.750255802 H -0.087526409 -0.015248777 0.643961880
H 1.331684736 0.966222841 -1.065933673 H 1.399201723 0.944642711 -1.107722888
H 2.716450125 0.141454673 -0.342916539 H 2.754098272 0.158607408 -0.270905514
H 1.420993683 -0.804772398 -1.081891036 H 1.520063103 -0.833307977 -1.073647943

RI-MP2/def2-QzVP SCS-RI-MP2/def2-QzVP
515
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1.373 1.374
)
J )
2.413
2.484
1.210 1.208
E=-196.99842833413402 E=-197.0063347820
ZPE=0.0832091 ZPE=0.0833197
C -2.264098983 -0.717898532 -0.200414044 C -2.349859551 -0.724502830 -0.170880787
C -2.336441823 0.489024467 -0.155354174 C -2.412145670 0.481075825 -0.124577164
B 1.563646854 0.101184269 2.027189999 B 1.557392427 0.074062728 2.020778577
N 0.917343284 0.050554302 0.817309807 N 0.945981152 0.045138102 0.790590529
H -2.209396487 -1.777955821 -0.238458018 H -2.305745476 -1.785276409 -0.209531303
H -2.408284909 1.547985310 -0.114494349 H -2.476945508 1.540638370 -0.082276588
C 1.575293438 0.073815682 -0.485663022 C 1.637965635 0.086508916 -0.498342628
H -0.094900087 -0.007163820 0.795489532 H -0.064426975 -0.009168429 0.743030549
H 1.251890179 0.934889080 -1.063001200 H 1.338423041 0.963491090 -1.066181325
H 2.648902372 0.137992395 -0.340106870 H 2.708918383 0.134923645 -0.324874247
H 1.356046163 -0.832427333 -1.042497661 H 1.420442541 -0.806891008 -1.077735613
Methylaminoborylene in other conformation (BNHMe 1)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
1.376 )
108.3
2.948 3.006
2.764
3498 o0 i
: 2669 1406
—PS5P—9 -
1.197 J—Q‘O—,# J
1.204

E=-197.3524964 E=-197.5017681
ZPE=0.0828602 ZPE=0.0815567
C 2.818013946 0.778595193 -0.005672013 C 2.860447966 0.773237098 -0.005519208
C 2.378222429 -0.334913561 -0.000423019 C 2.381558092 -0.331098563 0.000866999

S16
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-0.735994239
-1.667119921

3.221361942

1.958839293
-2.646004558
-1.390282229
-0.314840190
-1.806066621
-1.816129847

-1.927959509
-0.928727059
1.760735313
-1.315007416
-1.190326689
0.515381434
0.674006707
0.979174728
0.989040862

Publication 11

0.016034404
0.005097723
-0.010431422
0.004611393
0.000832660
-0.001309296
0.003846193
-0.894570880
0.881984261

RI-MP2/def2-QzVvVP

1.372

107.0

2.941

2.752 3,482

138.7

1.21

E=-196.99815437390586
ZPE=0.0832614

IIITOIIIZWOO0O

2.821434749
2.373009292
-0.730498468
-1.682137918
3.227891158
1.955622039
-2.658347295
-1.390165932
-0.313599127
-1.803072107
-1.800136390

0.789701475
-0.334612808
-1.913628183
-0.925419109

1.769986839
-1.314805392
-1.188320176
.508672700
.646864724
.976492407
.985067518

[cNoNeoNe]

MP2/cc-pVTZ

1.376 J
107.4
3.009
3.503
2.746 140.6

E=-196.935071

-0.003525310
0.001195750
0.007891149
0.004854529

-0.007655015
0.005314416
0.007740048

-0.002566092

-0.004923021

-0.890983767
0.882657311

—P=P—9

1.213

IITIIOIIITZW

-0.680147756
-1.660271843

3.301911456

1.918939741
-2.636841844
-1.422430118
-0.346616527
-1.854686659
-1.861862509

-1.902018114
-0.936891089
1.742325972
-1.296843926
-1.223828658
0.521920223
0.700924519
0.972057431
0.980215095

0.012047747
0.004424186
-0.011146039
0.006603328
0.002121265
-0.001289483
0.002129706
-0.897931462
0.887692957

SCS-RI-MP2/def2-QzVP

1.373
108.4
3.102
2.829
3.575 139.9
= 9
1.209

E=-197.0061411302
ZPE=0.0833173

ITIIIOIIIZWOO

S17

2.934490113
2.448738414
-0.759631433
-1.723521484
3.373427004
2.002106143
-2.696349535
-1.452881718
-0.378162064
-1.872694137
-1.872694137

0.777291850
-0.329307473
-1.907618592
-0.929363649

1.743800768
-1.296196546
-1.202727673

0.512291695

0.667598116

0.977750590

0.977750590

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.887516296
0.887516296
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ZPE=0.083115

IIITOIIIZWOO0O

E=

2.865671000
2.142424000
-1.257459000
-1.973727000
3.509883000
1.488796000
-2.983513000
-1.382256000
-0.301314000
-1.722844000
-1.642654000

-384733000
.589301000
.434575000
-259909000
-228500000
.431200000
.306277000
-080329000
.984797000
.630694000
.631159000

Publication 11

-0.007217000
0.002877000
0.015487000

-0.015647000

-0.016137000
0.011559000

-0.062250000
0.011501000
0.059824000
0.884641000

-0.888503000

Dimethylaminoborylene (BNMe,)

RI-B3LYP+D3/def2-QzVP

-236.6512551

ZPE=0.1113614

IIITIIIIOOIITIZWOO

-3.812340463
-2.889928325
0.632825181
1.128127217
-4.638690563
-2.048420683
2.560529050
0.240121892
2.789248813
3.120081687
2.879907983
0.373128144
0.463081121
-0.797671048

[eleoNoNoloNoNoNoNoNe)

L
Or OO

-151231439
.583768989
. 774753403
-134657898
-227330810
.957061945
.053616017
-508390421
-525975758
.563086906
-989416133
-059348737
.574872668
.384793586

0.591885007
1.220816131
1.221825489
0.121226501
0.043210222
1.759552194
-0.152857135
-0.848185562
-1.109789320
0.629688382
-0.187971173
-1.833949690
-0.911095720
-0.544355328

RI-MP2/def2-QzvP

136

E=-

RI-TPSS+D3/def2-QzVP

236.8364388

ZPE=0.1096944

IIIIIIOOIIZWOO

518

-3.843813391
-2.885551314
0.583204442
1.122274278
-4.702664229
-2.007815103
2.567937484
0.255394445
2.803805489
3.094087961
2.906293131
0.397552140
0.498261661
-0.788966993

)
112.0

3.091

2.650 3473 1440

—S P9

0.185458861
0.605239980
0.773461755
0.125309337
-0.178383624
0.962210972
0.068075182
-0.549793794
0.534590632
0.603424251
-0.973007013
-0.108235348
-1.616412675
-0.431938516

1.254

0.621635363
1.217083849
1.193595640
0.106599079
0.107874476
1.717555439
-0.140161215
-0.871943313
-1.102045684
0.652992432
-0.152456796
-1.863471975
-0.912344838
-0.574912462

SCS-RI-MP2/def2-QzVP
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1.372 )
109.4
2.993
2732
3.499 141.1
——=—
1.211
E=-236.22642760230818
ZPE=0.1122595
C -3.783493307 0.141072961 0.569673413
C -2.865611799 0.584069840  1.222789414
B 0.628184715 0.775615271  1.230580977
N 1.121725307 0.133905527  0.122538247
H -4.596942867 -0.242242878 0.006251116
H -2.040776328 0.964463538 1.780354742
C 2.546224358 0.044593106 -0.152595711
C  0.234190903 -0.496976196 -0.844315986
H 2.773222192 0.518263228 -1.106109804
H 3.104692287 0.547803708 0.631726691
H 2.854864596 -0.998644392 -0.191034014
H 0.370857253 -0.044003254 -1.824808895
H  0.452514740 -1.561548563 -0.909539086
H -0.799652050 -0.366371897 -0.535511104
MP2/cc-pVTZ
1.377 9
123.59
3.083
2.721
131.47
- 4
1.213
E=-236.1506499
ZPE=0.112097
C -3.622071000 0.300642000  0.001413000
C -2.817186000 -0.607125000  0.000154000
B 0.627732000 -1.324505000 -0.002643000
N  1.362109000 -0.159661000 -0.000758000
C 0.712297000 1.145786000 -0.001803000
C 2.817823000 -0.158089000  0.002454000
H -4.336047000 1.086232000 0.002520000

1.373

E=-236.2363785358
ZPE=0.1123569

ITIIIIIIOOIIZWOO

S19

-3.965479191
-3.098950381
0.466733735
1.131095545
-4.735194217
-2.320041945
2.586360134
0.404780675
2.929629110
3.013889849
2.929629110
0.661621728
0.661621728
-0.665695882

0.187125585
1.029653053
1.482886138
0.281031119
-0.543756845
1.756634299
0.193584800
-0.985874166
-0.336713573
1.192919477
-0.336713573
-1.562543580
-1.562543580
-0.795689154

111.7
3.192
2800 350, o
% g

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.887354118
0.000000000
0.887354118
-0.887671855
0.887671855
0.000000000
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IIITITITITXIT

-2.092196000
3.190418000
3.186658000
3.194335000
1.001226000
1.005107000

-0.368099000

-389107000
-351307000
.181066000
-351788000
-706804000
.707320000
.019586000

Publication 11

-0.000960000
0.890844000
0.002990000

-0.884006000
0.886677000

-0.888684000

-0.004173000

Rotated dimethylaminoborylene (BNMe,)

RI-B3LYP+D3/def2-QzVP

E=-236.6477442243
ZPE=0.1109128

I ITIIIIIIITOOZWW0O0

3.425213129
3.425213129
-0.928955091
-1.230374167
-2.615777161
-0.198220859
3.421848541
3.421848541
-2.814240178
-3.293056744
-2.814240178
-0.294509726
-0.294509726
0.789760490

| | |
ORPPFPOOOO0OO0OO0OO0OOFrOO

2.829
4.443

1.196

.735410270
.735410270
.620167726
.284136404
.178365348
.750007455
-746730800
. 746730800
.781323331
.674206228
.781323331
.378848180
.378848180
-294076675

-0.597925495
0.597925495
0.000000000
0.000000000
0.000000000
0.000000000

-1.659769906
1.659769906
0.888055113
0.000000000

-0.888055113
0.887399928

-0.887399928
0.000000000

RI-MP2/def2-QzVP

138

RI-TPSS+D3/def2-QzZVP

2.856

1.202

E=-236.83266602305
ZPE=

ITIIIITIIIIITOOZWWOO0O

S20

3.438823835
3.438823835
-0.921331393
-1.229866607
-2.627708648
-0.200902105
3.435698621
3.435698621
-2.831193864
-3.288049478
-2.831193864
-0.303841084
-0.303841084
0.788883217

0.751512402
0.751512402
1.618520789
0.273685319
-0.175290432
-0.773377129
0.762627148
0.762627148
-0.776050328
0.695081226
-0.776050328
-1.400955223
-1.400955223
-0.312887771

-0.601010182
0.601010182
0.000000000
0.000000000
0.000000000
0.000000000

-1.665980633
1.665980633
0.892522596
0.000000000

-0.892522596
0.891714581

-0.891714581
0.000000000

SCS-RI-MP2/def2-QzVP
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E=-236.2232170228
ZPE=0.1117956

I ITIIITIIIIITOOZWOO0

3.395211617
3.395211617
-0.906906734
-1.217266659
-2.597729933
-0.196028439
3.394237135
3.394237135
-2.794898838
-3.266607964
-2.794898838
-0.297591897
-0.297591897

1.376
]
9
4,392

2.803
0.735864619 -0.604558477
0.735864619 0.604558477
1.619220121 0.000000000
0.279120845 0.000000000
-0.175745511 0.000000000
-0.755643176 0.000000000
0.747351330 -1.665885586
0.747351330 1.665885586
-0.776089038 0.886662134
0.680655558 0.000000000
-0.776089038 -0.886662134
-1.380618421 0.886113733
-1.380618421 -0.886113733
-0.300624819 0.000000000

0.790623692

E=-236.1474062
ZPE=0.111579

O0O0OZwWOo

-0.039753000
-0.039753000
1.576169816
0.271476816
-0.039753184
-0.864438184

MP2/cc-pVTZ

1.380

9

Y 4584

2.840

, .,-.v. J
1.212

3.294286000
3.294286000
-0.995079085
-1.446172085
-2.867910085
-0.535492085

0.605940000
-0.605940000
0.000000000
0.000000000
0.000000000
0.000000000

ITIIIIIIIITOOZWOO0

S21

1.376
o ©
291y 480

—z

E=-236.2334925143
ZPE=0.1119213

3.471514612
3.471514612
-0.931784846
-1.245883995
-2.631437087
-0.224676500
3.470879956
3.470879956
-2.830470615
-3.297856860
-2.830470615
-0.327716194
-0.327716194
0.763223771

0.755717189
0.755717189
1.613089665
0.273056399
-0.180462436
-0.767984007
0.766884741
0.766884741
-0.780386680
0.678489859
-0.780386680
-1.392834471
-1.392834471
-0.314951035

-0.603692954
0.603692954
0.000000000
0.000000000
0.000000000
0.000000000

-1.665307585
1.665307585
0.887322311
0.000000000

-0.887322311
0.886776441

-0.886776441
0.000000000
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H -0.029643000 3.296580000 1.667745000
H -0.029643000 3.296580000 -1.667745000
H -0.617249184 -3.127056085 -0.887348000
H 0.881952816 -3.445395085 0.000000000
H -0.617249184 -3.127056085 0.887348000
H -1.476921184 -0.699869085 -0.886783000
H -1.476921184 -0.699869085 0.886783000
H -0.513325184 0.493633915 0.000000000
2. Geometries of van der Waals complexes with ethylene
Fluoroborylene (BF)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
= o=
96.88 100.7
3.383 3.213
3.906 3.761
103.2 103.8
1.325 ) 1.332 9
E=-203.2515946 E=-203.3746372
ZPE=0.0548344 ZPE=0.0542503
C -0.904705031 -0.394123394 0.000000000 C -0.869375068 -0.405172477 0.000000000
B 2.332089301 -1.377448554 0.000000000 B 2.204399725 -1.341940247 0.000000000
F 2.841011005 -0.222659583 0.000000000 F 2.796552602 -0.213336120 0.000000000
C -0.819977229 0.928565792 0.000000000 C -0.796343803 0.924791483 0.000000000
H -0.941218452 -0.964050387 0.919007428 H -0.903865613 -0.977768238 0.921533503
H -0.941218452 -0.964050387 -0.919007428 H -0.903865613 -0.977768238 -0.921533503
H -0.782990576 1.496883256 0.920324566 H -0.763751109 1.495596916 0.923150965
H -0.782990576 1.496883256 -0.920324566 H -0.763751109 1.495596916 -0.923150965
RI-MP2/def2-QzZVP SCS-RI-MP2/def2-QZVP
S22
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E=-202.8796131

9

96.36

3.434

3.951

103.0

Publication 11

M}

E=-202.94397112638705
ZPE=0.0552802

-0.917081157
2.370159304
2.867560796

-0.827786956

-0.956149815

-0.956149815

-0.790276179

-0.790276179

-0.394686027
-1.387253453
-0.224538547
0.932868793
-0.956467267
-0.956467267
1.493271885
1.493271885

MP2/cc-pVTZ

1.268
.)/J

95.13

3.465

3.955

101.6

P08,

ZPE=0.055279

I IITITWOO

0.000000131
1.298167131
-1.448874131
-0.348773131
-0.548462869
-0.548462869
1.845629131
1.845629131

1.738526284
1.436315284
-1.408625284
-2.039867284
1.867575284
1.867575284
1.308868284
1.308868284

-9

94.49

3.591
4.072

101.6

P srrn o

E=-202.9490044488
ZPE=0.0551880

0.000000000 C -0.959767506
0.000000000 B 2.484437293
0.000000000 F 2.936378387
0.000000000 C -0.846152035
0.921110672 H -1.008746798
-0.921110672 H -1.008746798
0.922062588 H -0.798701272
-0.922062588 H -0.798701272
0.000000000
0.000000000
0.000000000
0.000000000
0.921986000
-0.921986000
0.922879000
-0.922879000
Chloroborylene (BCl)

S23

-0.390794768
-1.407135154
-0.226163789
0.935810462
-0.952806497
-0.952806497
1.496948122
1.496948122

0.000000000
0.000000000
0.000000000
0.000000000
0.921271756
-0.921271756
0.921964587
-0.921964587
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RI-B3LYP+D3/def2-QzVP

1.723

103.8

105.2

MJ

E=-563.5293511
ZPE=0.0535170

C 0.952643987
C 0.793694366
B -2.112294128
H 1.019961614
H 1.019961614
H 0.723802191
H 0.723802191
Cl -3.121571829

0.356819949
-0.959196619
1.599011925
0.924474490
0.924474490
-1.524364340
-1.524364340
0.203144447

0.000000000
0.000000000
0.000000000
0.918415818
-0.918415818
0.920370350
-0.920370350
0.000000000

RI-MP2/def2-QzVP

1.712

101.7

3.332

3.889

104.7

=@,

E=-562.87360516309457

ZPE=0.0540111

0.954817344
0.784213469
-2.133636556
1.027949191
1.027949191
0.712082925
0.712082925
1 -3.085458491

OIITIITITWWOO
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0.359572966
-0.960314446
.610769291
.918532256
-918532256
.517333092
.517333092
.187573861

OrPFrPOOR

MP2/cc-pVTZ

0.000000000
0.000000000
0.000000000
0.920685620
-0.920685620
0.922174707
-0.922174707
0.000000000

RI-TPSS+D3/def2-QZVP

1.739

109.3

2.974 3.477

100.7

M‘)

E=-563.6865444
ZPE=0.0531430

0.919274805
0.693855029
-1.868020238
1.025681925
1.025681925
0.590407063
0.590407063
1 -2.977287567

OITIIIITWOO

0.400833409
-0.913735902
1.436626853
0.964986300
0.964986300
-1.475485767
-1.475485767
0.097274574

0.000000000
0.000000000
0.000000000
0.920743240
-0.920743240
0.923307739
-0.923307739
0.000000000

SCS-RI-MP2/def2-QzVP

1.715

100.2

3.520
4.101

106.5

E=-562.8824609375

ZPE=0.0538738

0.981159283
0.839806352
-2.268286055
1.041367532
1.041367532
0.780537522
0.780537522
1 -3.196489687

OITIITIITIITWOO

S24

0.338433853
-0.985655673
1.690487630
0.899861193
0.899861193
-1.545644775
-1.545644775
0.248301353

MJ

0.000000000
0.000000000
0.000000000
0.920899663
-0.920899663
0.922060880
-0.922060880
0.000000000



1.718

101.5

3.389

3.936

104.3

Publication 11

S g ot |

E=-562.8167876
ZPE=0.053978

C 2.056226000
C 1.229619000
B 0.000000000
Cl -1.546474000
H 2.406754000
H  2.406754000
H  0.880735000
H 0.880735000

.004489000
.050402000
.688955000
-940714000
.562625000
-562625000
-491159000
.491159000

0.000000000
0.000000000
0.000000000
0.000000000
0.921568000
-0.921568000
0.922965000
-0.922965000

Bromoborylene (BBr)

RI-B3LYP+D3/def2-QzVP

ZPE=0.0531872

1.021960978
0.691897983
-1.971601186
1.162623954
1.162623954
0.546568834
0.546568834
r -3.160643361

WIITITITWOO

1.907

3.240

106.1

3.668

98.05

M’

E=-2677.4407771

-357608439
.926423514
.595796829
-911109807
-911109807
.476982471
.476982471
-104763575

0.000000000
0.000000000
0.000000000
-0.918684624
0.918684624
-0.920299112
0.920299112
0.000000000

RI-TPSS+D3/def2-QzVP

1.924

111.7

2.828 3993

98.11

M')

E=-2677.5482623

ZPE=0.0529404

0.939369057
0.621858988
-1.685007890
1.093133535
1.093133535
0.474584927
0.474584927
r -3.011657084

WIITIITITWOO

S25

-0.396962229
0.900269166
-1.449858353
-0.950074133
-0.950074133
1.451841969
1.451841969
-0.056984256

0.000000000
0.000000000
0.000000000
-0.920583270
0.920583270
-0.923210857
0.923210857
0.000000000
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RI-MP2/def2-QzVP

1.891

104.9

3.260 5 530

100.5

M‘)

E=-2675.77438104824978
ZPE=0.0536772

1.004453625 -0.352342802 0.000000000
0.712542246  0.946346206  0.000000000
-1.992800836 -1.633359724  0.000000000
1.129034491 -0.901999348 -0.920754067
1.129034491 -0.901999348  0.920754067
0.588521546  1.494112372 -0.922243177
0.588521546  1.494112372  0.922243177
r -3.159307104 -0.144869723  0.000000000

WIITITITWOO

MP2/cc-pVTZ

1.886

104.3

3.310
3.778

100.0

E=-2675.7868004
ZPE=0.053669

C 0.181596000 -2.933388000 0.000000000
C -1.115798000 -2.626168000 0.000000000
B 1.493965000 0.104985000 0.000000000
Br 0.000000000 1.255750000 0.000000000
H 0.730080000 -3.064163000 0.921666000
H 0.730080000 -3.064163000 -0.921666000
H -1.662388000 -2.495264000 0.923054000
H -1.662388000 -2.495264000 -0.923054000

144

SCS-RI-MP2/def2-QzVP

1.894

103.4

3.465
3.970

102.4
B e )

E=-2675.7841771046
ZPE=0.0535237

1.033929248 -0.329360078  0.000000000
0.771724847  0.976265493  0.000000000
-2.137564029 -1.724350710 0.000000000
1.145148877 -0.882827183 -0.920960190
1.145148877 -0.882827183 0.920960190
0.660950311 1.528374330 -0.922083990
0.660950311 1.528374330 0.922083990

r -3.280288441 -0.213648999 0.000000000

WIITITITWOO

S26



E=-143.1997275
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Methylborylene (BCH;)

RI-B3LYP+D3/def2-QzVvP

1.533_GR=J

9
100.1

3.161

3.710
103.9

MJ

ZPE=0.0869869

I ITIIOIIIIWOO

C
C
B

1.605180845
1.719369808
-1.517415841
1.554888247
1.554888247
1.768069863
1.768069863
-2.018242286
-3.114447828
-1.660180459
-1.660180459

0.760183650
-0.561279623
1.252779019
1.331124732
1.331124732
-1.129039381
-1.129039381
-0.196243229
-0.203860836
-0.727874850
-0.727874850

0.000000000
0.000000000
0.000000000
0.917085250
-0.917085250
0.920305584
-0.920305584
0.000000000
0.000000000
-0.888220954
0.888220954

SCS-RI-MP2/def2-QzZVP

1.543 )
b

95.04

3.376

3.978

107.2

P I o

E=-142.9256137812
ZPE=0.0878190

1.635483299
1.805712277
-1.690389701

0.737716289
-0.583428813
1.315431737

0.000000000
0.000000000
0.000000000

1.539 Jd
J
98.55
3.152
3.689
103.1

E=-142.90777645851728
ZPE=0.0879473

ITIIITIOIIIITWOO

E=

1.591034161
1.682580967
-1.521083383
1.554054385
1.554054385
1.722594016
1.722594016
-1.988907294
-3.080729498
-1.618095877
-1.618095877

-142.8619377

ZPE=0.087854

C
B
c

S27

-0.357032000
-1.589615000
0.000000000

0.762820551
-0.565657172
1.264221546
1.326847436
1.326847436
-1.126417770
-1.126417770
-0.201485331
-0.225630915
-0.717564006
-0.717564006

MP2/cc-pVTZ

1.544 d

97.33

3.211

3.766

104.1

-2.020542000
-1.091488000
1.698021000

RI-MP2/def2-QzvP

MJ

0.000000000
0.000000000
0.000000000
0.919582486
-0.919582486
0.922116458
-0.922116458
0.000000000
0.000000000
-0.887062505
0.887062505

PO,

0.000000000
0.000000000
0.000000000
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IITIITOIIITIT

I IIIITOOOO0OO0OOIIIITWOO

1.563968264
1.563968264
1.880047096
1.880047096
-2.086974739
-3.176393743
-1.687734056
-1.687734056

.299039521
-299039521
.142047081
-142047081
-175530036
.264233459
.671970299
.671970299

Publication 11

0.920054812 C 1.285113000
-0.920054812 H -0.544304000
0.921992164 H -0.544304000
-0.921992164 H 1.827626000
0.000000000 H 1.827626000
0.000000000 H -0.692430000
-0.887383025 H 0.252688000
0.887383025 H 0.252688000
Phenylborylene (BPh)

RI-B3LYP+D3/def2-QzVP

1.531

96.09

3.302

3.177315736
2.515609881
0.731124437
3.458508688
3.458508688
2.225686573
2.225686573
-0.411573199
-0.940118372
-1.965759424
-2.475686437
-1.965759424
-0.940118372
-0.539982805
-2.369251874
-3.274955982
-2.369251874
-0.539982805

3.810
102.2

=,

E=-334.9014901
ZPE=0.1426574

.003433090
.144927351
.221093304
.502216266
.502216266
.635762618
.635762618
.202438006
. 725858457
.207291778
.673279088
.207291778
. 725858457
-085656245
.574019745
.402071605
.574019745
.085656245

0.000000000
0.000000000
0.000000000
-0.917636150
0.917636150
-0.919947014
0.919947014
0.000000000
-1.210591580
-1.209439535
0.000000000
1.209439535
1.210591580
-2.150332352
-2.143263994
0.000000000
2.143263994
2.150332352

SCS-RI-MP2/def2-QZVP

146

1.340782000
1.851359000
1.851359000
1.191793000
1.191793000
-3.060887000
-1.838770000
-1.838770000

0.000000000
0.920551000
-0.920551000
0.922928000
-0.922928000
0.000000000
-0.887832000
0.887832000

RI-MP2/def2-QzVP

3.904

3.327

E=-334.29108211461983
ZPE=0.1436212

ITIIIITIITOOOO0OOOIIIIWOO

528

2.316683988
1.755325595
0.252027673
2.554808775
2.554808775
1.519381827
1.519381827
-0.437447993
-0.742801029
-1.336307703
-1.627649477
-1.336307703
-0.742801029
-0.509797632
-1.570859322
-2.087789617
-1.570859322
-0.509797632

0.273184080
1.480037011
-3.039638080
-0.237001557
-0.237001557
1.989715962
1.989715962
-1.667296526
-1.031694163
0.222615879
0.848089423
0.222615879
-1.031694163
-1.520680040
0.716552478
1.826606972
0.716552478
-1.520680040

MP2/cc-pVTZ

0.000000000
0.000000000
0.000000000
-0.921574440
0.921574440
-0.922382469
0.922382469
0.000000000
-1.212838948
-1.210329473
0.000000000
1.210329473
1.212838948
-2.150559442
-2.142713654
0.000000000
2.142713654
2.150559442



L'
1.539
3.509
4.148
111.4

dih C8C7B1C3=-42.702 degree

E=-334.2873181662
ZPE=0.1435403

IIITIIIIITIITOOIBOOOOOO

RI-B3LYP+D3/def2-QzVP

1.368
53.62

9
4.166

2.529
103.7

P59,

E=-159.3113594
ZPE=0.0775199

-1.082038415 0.775317364  1.304953743
-1.251774548 -0.593745755 1.140195738
-1.321825222 -1.147984699 -0.148601616
-1.218635738 -0.306053557 -1.267641476
-1.044620539 1.062130467 -1.099904804
-0.977410283  1.599236113  0.185241926
-1.489116126 -2.667217105 -0.331974890
2.226837110 -0.946094657 0.327515063
2.380636687 0.167345759 -0.386341967
2.096956715 -1.907726668 -0.147868369
2.228045538 -0.926221724  1.407826270
2.380427047 0.147826619 -1.466638242
2.511561898  1.128328218  0.090054569
-1.270087212 -0.726362982 -2.264397583
-0.963729217  1.710900110 -1.960910290
-0.843549769  2.664646155 0.313913418
-1.029946363  1.202554818 2.296626405
-1.331731563 -1.236878476 2.007952104

Publication 11

4.008 3.340

FO5e%,

E=-334.1868321
ZPE=0.143499

C 0.906563000 0.234945000 1.249049000
C 0.982124000 1.057729000 0.113132000
C 0.910650000 0.482097000 -1.166974000
C 0.765904000 -0.893447000 -1.306185000
C 0.684390000 -1.699861000 -0.170727000
C 0.754659000 -1.139485000 1.105564000
B 1.112999000 2.583575000 0.271712000
C -2.406651000 0.760473000 -0.320608000
C -2.530475000 -0.394812000 0.333135000
H -2.390521000 0.795303000 -1.400812000
H -2.318954000 1.700166000 0.206406000
H -2.618295000 -1.333269000 -0.195810000
H -2.547509000 -0.430124000 1.413209000
H 0.970358000 1.113899000 -2.045237000
H 0.712886000 -1.339402000 -2.289994000
H 0.568884000 -2.770047000 -0.280353000
H 0.694080000 -1.775546000 1.978221000
H 0.961094000 0.675306000 2.237494000

Aminoborylene (BNH,)

RI-TPSS+D3/def2-QZVP

1.377

52.53

9
4.171

2.489

102.8
P 959,

E=-159.4309898
ZPE=0.0764678

S29
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IITIZWIITIITIITOO

-1.402086290
-1.425128408
-1.436556234
-1.397617589
-1.397617589
-1.436556234
2.604783598
2.099021077
2.688699209
1.103058461

-0.867638959
0.458699925
1.028105901

-1.436467751

-1.436467751
1.028105901
1.514415173
0.243637201

-0.577781264
0.045391618

Publication 11

0.000000000
0.000000000
-0.920277580
-0.920895575
0.920895575
0.920277580
0.000000000
0.000000000
0.000000000
0.000000000

RI-MP2/def2-QzVP

1.373

54.65

<
4.583

4.080

2.468
103.8

E=-159.0176358171249
ZPE=0.0781722

I ITZWIITITIITOO

-1.375201717
-1.400892547
-1.414405780
-1.370803351
-1.370803351
-1.414405780
2.542774959
2.061954565
2.670835400
1.070947601

E=-158.9655576
ZPE=0.078095

148

-0.863133115
0.468676102
1.030360591

-1.424150999

-1.424150999
1.030360591
1.514390522
0.228092313

-0.576191904
0.015746898

MP2/cc-pVTZ

1.377

54.27

4.589

103.2

J

0.000000000
0.000000000
-0.922185554
-0.922731475
0.922731475
0.922185554
0.000000000
0.000000000
0.000000000
0.000000000

J

IITZWIITIITITOO

-1.380237514
-1.421329132
-1.441035878
-1.368177845
-1.368177845
-1.441035878
2.615062713
2.079172342
2.651292161
1.074466871

-0.869114321
0.462859820
1.034163716

-1.439943911

-1.439943911
1.034163716
1.512040448
0.243115125

-0.596313390
0.058972714

0.000000000
0.000000000
-0.923171338
-0.923773203
0.923773203
0.923171338
0.000000000
0.000000000
0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP

1.375

54.26

9
4,659

4,17
> 2.545

103.0

E=-159.0288130501
ZPE=0.0782408

ITIIIIIITIZWOO

S30

-1.407042357
-1.433667100
2.615839832
2.108984493
-1.448272813
-1.402434194
-1.402434194
-1.448272813
2.701300851
1.115998294

-0.855368422
0.477252077
1.495102001
0.216651258
1.040217481

-1.417912515

-1.417912515
1.040217481

-0.599461781
0.021214935

P o

0.000000000
0.000000000
0.000000000
0.000000000
-0.922117513
-0.922575996
0.922575996
0.922117513
0.000000000
0.000000000
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C -1.884321000 0.549252000 0.005063000

C -1.552083000 -0.743163000 -0.003878000

B 2.543319000 -0.658513000 0.007255000

N 1.716357000 0.442414000 -0.004181000

H -1.409177000 -1.293220000 0.915458000

H -2.024758000 1.086373000 0.932463000

H -2.036543000 1.096265000 -0.914670000

H -1.420903000 -1.283693000 -0.930559000

H 2.073543000 1.386435000 -0.011691000

H 0.705168000 0.366972000 -0.005123000

Rotated aminoborylene (BNH; R)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
1.368 1.377
J -
2.505 2.459
s 9
1.327

E=-159.3115475 E=-159.4311973

ZPE=0.0775991 ZPE=0.0765793

C 1.403472951 -0.663261239 0.173170937 C 1.387482273 -0.666347506 0.170830201
C 1.403348573 0.663394644 0.172969749 C 1.387361012 0.666483579 0.170635453
B -2.830241650 0.000122769 0.819782317 B -2.819681331 0.000194790 0.827218861
N -2.071417324 -0.000109487 -0.318097382 N -2.048402432 -0.000118192 -0.313972070
H 1.082154806 1.232181641 1.035937888 H 1.070599067 1.237541778 1.038288716
H 1.082376542 -1.231827251 1.036341465 H 1.070827084 -1.237203835 1.038658161
H 1.731258775 -1.233079417 -0.686632945 H 1.711182494 -1.238288553 -0.693641929
H 1.731035647 1.232997050 -0.687036146 H 1.710953307 1.238228073 -0.694012374
H -2.476021205 -0.000277098 -1.244735567 H -2.443416679 -0.000322094 -1.249747908
H -1.055967115 -0.000141618 -0.301700317 H -1.026904790 -0.000168035 -0.294257111

RI-MP2/def2-QZVP SCS-RI-MP2/def2-QZVP
$31
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1.373

E=-159.01781803544827
ZPE=0.0782770

IIITIIIITZWOO

1.374444684
1.374286469
-2.790231402
-2.027189903
1.063934181
1.064223550
1.693578805
1.693282669
-2.432564300
-1.013764753

.666090996
.666190565
-000160909
-000113017
.228203733
.227900819
.228332132
.228231933
.000335774
.000014402

0.171170189
0.170958421
0.823175990
-0.318537863
1.039450893
1.039840807
-0.693832681
-0.694225121
-1.242203609
-0.295797027

RI-B3LYP+D3/def2-QzVP

4.488

E=-198.6059830

ZPE=0.1069060

ITIIITOZWOO0O

1.822567542
2.222943562
-2.020370807
-1.367334648
-1.979753733
2.397842331
1.654445538
1.654445538

150

1.366

9

2.537

91.44

. 717792991
.546700409
.008492085
.808743315
.522427297
.088256891
.261437031
-261437031

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.920556610
-0.920716284
0.920716284

1.375

E=-159.0289497738
ZPE=0.0783293

IIIIITIITIZWO0

E=-

1.407653552
1.407516258
-2.831757768
-2.076949319
1.096653086
1.096859448
1.727673437
1.727466422
-2.490211485
-1.064903632

-0.666412510
0.666553808
0.000180763

-0.000105393
1.229442362

-1.229106496

-1.229433768
1.229385114

-0.000329205

-0.000174676

Methylaminoborylene (BNHMe)

0.176842072
0.176706368
0.822076548
-0.327483661
1.045070925
1.045462148
-0.688022208
-0.688412092
-1.247277741
-0.314962359

RI-TPSS+D3/def2-QZVP

198.7617776

ZPE=0.1055489

ITIITIITOZwWOO

S32

1.860910323
2.213093515
-1.945468238
-1.340527280
-2.022838937
2.367579700
1.713449674
1.713449674

1.376

4.405

2.490

93.92

1.332

0.718672738
-0.566432470
-2.018711243
-0.782802898

0.522179922
-1.116507104

1.270556014

1.270556014

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.923355587
-0.923607613
0.923607613



I ITIITITXT

IIIIIIIITOZWOO0O

E=

2.397842331
-0.351077433
-1.684350069
-3.062850098
-1.684350069

-1.088256891
-0.810133008
1.081412015
0.424664224
1.081412015
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0.920556610
0.000000000
-0.887197959
0.000000000
0.887197959

RI-MP2/def2-QzVP

1.372

J

4.419

2.457

91.31

m;

E=-198.24026952760150
ZPE=0.1080977

1.792529478
2.195734331
-1.984232685
-1.323363329
-1.962457016
2.369769354
1.628544566
1.628544566
2.369769354
-0.308557292
-1.683129962
-3.040021404
-1.683129962

0.712129285
-0.557575327
-1.991223933
-0.788528992

0.523206747
-1.091212881

1.248750924

1.248750924
-1.091212881
-0.778856780

1.086048269

0.393676375

1.086048269

MP2/cc-pVTZ

1.377

4.368

MJ

-198.1754668

ZPE=0.108059

2.447
93.36

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.922506547
-0.922835502
0.922835502
0.922506547
0.000000000
-0.886062274
0.000000000
0.886062274

I ITITITXIT

2.367579700
-0.319443710
-1.753102063
-3.101580290
-1.753102063

-1.116507104
-0.729265665
1.094020394
0.360221008
1.094020394

0.923355587
0.000000000
-0.891541753
0.000000000
0.891541753

SCS-RI-MP2/def2-QzVP

1.374

9
4.386

2.532
95.44

9592,

E=-198.2541456427
ZPE=0.1081783

IIIIIIIITOZWO0O

S33

1.938466389
2.241182900
-1.916145244
-1.351124324
-2.089955771
2.372876105
1.816979835
1.816979835
2.372876105
-0.340910055
-1.853082169
-3.155061439
-1.853082169

0.703898534
-0.594221047
-1.990381746
-0.738251738

0.524585801
-1.141537011

1.253210194

1.253210194
-1.141537011
-0.655439071

1.106863288

0.312736328

1.106863288

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
-0.922243003
-0.922636422
0.922636422
0.922243003
0.000000000
-0.886810328
0.000000000
0.886810328
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I IIIIIIIOZW0OO0

2.087147000 0.685148000 -O.
2.273764000 -0.636340000 O.
-2.008410000 -1.499813000 -O.
-1.230686000 -0.363926000 O.
-1.735034000 1.007104000 O.
2.351969000 -1.199396000 -0.
2.010477000  1.234532000 -O.
2.019983000  1.249496000 O.
2.361357000 -1.184556000 O.
-0.219226000 -0.456533000 O.
-1.398472000  1.542927000 -O.
-2.821222000 0.986195000 -O.
-1.403277000  1.538413000 O.

Publication 11

005464000
004222000
004109000
000447000
002591000
915032000
933232000
914017000
931550000
002733000
881843000
000421000
891547000

Rotated methylaminoborylene (BNHMe R)

RI-B3LYP+D3/def2-QzVP

1.366

2.502

‘?——d\)
1.327

E=-198.6060461
ZPE=0.1069729

IIITIIIIIITWOZ00

152

-2.128038014
-2.126963276
1.368846444
2.140687330 -
1.871848078
-2.068973626
-2.070603656

PRPPOOOO

RI-MP2/def2-QzvP

.159482100 -O.
.151647748 0.
-549204184 0.
.696917123 -0.
.819185930 0.
.066874156 1.
.081380810 -1.
-2.192708909 -0.755703059 -1.
-2.190392657 -0.770251909 1.
0.358524201  0.436555122 O.
1.917593292 -1.285783857 -O0.
3.203448757 -0.465885549 -0
1.916732030 -1.289788559  O.

662681874
663857595
000774350
001677206
004205668
238702528
226782509
236919259
227356545
000043451
890599711

.000643157

884363574

RI-TPSS+D3/def2-QZVP

2.455

‘Fijirff*“ﬁid
1.333

E=-198.7618717
ZPE=0.1056411

C -2.110580017 0.162866247 -0.665739582
C -2.109484160 0.155021380 0.666923833
N 1.346774376  0.544673543  0.000753734
C 2.131272319 -0.701952404 -0.001691277
B 1.853440314  1.824013503 0.004300518
H -2.060519680 1.073728616  1.243721716
H -2.062508493 1.088291161 -1.231757532
H -2.166608410 -0.755597816 -1.242405642
H -2.164480795 -0.770170310 1.232821999
H 0.331572770 0.419762058 -0.000045425
H 1.909178707 -1.291383944 -0.894813582
H 3.193609812 -0.453857112 -0.000630494
H 1.908333257 -1.295394928 0.888561733
SCS-RI-MP2/def2-QzVP
S34



*\?—-;é\,
1.332

Publication 11

1.372

4

2.417

E=-198.240315065217
ZPE=0.1082437

IIITIIIIIITWOZ00

E=

-2.092253569
-2.090978828
1.321249244
2.116090014
1.829691547
-2.044218527
-2.046595475
-2.147026784
-2.144707331
0.313104479
1.908465313
3.169697950
1.907481968

-166371118
.158506835
.527359417
.696815713
.801971159
.076685629
.091158346
.751244934
. 765723056
-406561701
-1.287132668
-0.436255822
-1.291442009

11 |
CQOORrRRFRPRFRPROOOO

-0.665566125
0.666647583
0.000920334

-0.001641909
0.003851303
1.233262781

-1.221403454

-1.232239452
1.222555465
0.000431429

-0.889315959

-0.000420320
0.882918325

ITIIIIIIIITWOZ00

-2.136125917
-2.135064890
1.369820326
2.146248099
1.896538885
-2.087364567
-2.089203257
-2.193624417
-2.191525160
0.361851810
1.927437566
3.204378310
1.926633217

1.374

J

2.513

?1.3'53 .

E=-198.2542199878
ZPE=0.1082802

0.161427176
0.153564878
0.541239299
-0.699037209
1.809950120
1.071159175
1.085634231
-0.755868554
-0.770355464
0.433536801
-1.286069496
-0.455151956
-1.290028996

-0.665914724
0.667112210
0.000737731

-0.001687499
0.004264989
1.235742676

-1.223771305

-1.234031830
1.224470507

-0.000054108

-0.889850804

-0.000665610
0.883647767

Methylaminoborylene in other conformation (BNHMe 1)

RI-B3LYP+D3/def2-QzVvP

1.368

-198.6043428

ZPE=0.1067551

OZwWOO

1.966850312
2.072922579
-0.569697838
-1.704813354
-1.800763122

3.465

105.8 J

2.831
125.7

e,

-1.373291422
-0.051362399
2.189693376
1.426406736
-0.039254051

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000

E=-

RI-TPSS+D3/def2-QzZVP

1.378
109.5 )
3.294
120.5

198.7604696

ZPE=0.1054683

OZmWOO

S35

1.885827041
2.090980557
-0.456083959
-1.635813927
-1.809291760

P@;&J

-1.315608128
0.001620939
2.089839032
1.377392503

-0.088155088

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
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IIIITIIITIT

IIIIIIIITOZWOO0O

2.114939803
1.923590712
1.923590712
2.114939803
-2.588064941
-2.326989900
-2.326989900
-0.799514850

0.521971294
-1.941503912
-1.941503912

0.521971294

1.924245823
-0.388153957
-0.388153957
-0.461064930

Publication 11

0.916185918
0.920477551
-0.920477551
-0.916185918
0.000000000
0.887671477
-0.887671477
0.000000000

RI-MP2/def2-QzVP

1.374
105.9 4
2.844
3.527 4.442
126.0

1.989311324
2.084733999
-0.612821054
-1.752170226
-1.803310696
2.124540058
1.952104606
1.952104606
2.124540058
-2.641506272
-2.314475625
-2.314475625
-0.788575154

1.378

154

E=-198.23843735729812
ZPE=0.1079179

-1.393455306
-0.065314957
2.207166100
1.439242701
-0.021894749
0.499765667
-1.954279975
-1.954279975
0.499765667
1.921337938
-0.385980697
-0.385980697
-0.406091718

MP2/cc-pVTZ

105.2 9
4492 5 861
3.570
126.4

g
1.334

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.918907493
0.922215232
-0.922215232
-0.918907493
0.000000000
0.886218543
-0.886218543
0.000000000

IITIIITIIXIT

2.178594148
1.799664105
1.799664105
2.178594148
-2.499173414
-2.354899042
-2.354899042
-0.823162966

0.571640691
-1.881258823
-1.881258823

0.571640691

1.918715307
-0.406358845
-0.406358845
-0.551850616

0.918985647
0.923355434
-0.923355434
-0.918985647
0.000000000
0.891884326
-0.891884326
0.000000000

SCS-RI-MP2/def2-QzVP

1.375

105.0 J
2.960
3.691 4627
127.7

E=-198.2524915176
ZPE=0.1079299

IIIIIIIITOZWO0O

S36

2.077000203
2.130447845
-0.696997393
-1.824068589
-1.848471100
2.152673410
2.057580387
2.057580387
2.152673410
-2.723435616
-2.354002113
-2.354002113
-0.826978717

-1.437457035
-0.106282106
2.266391712
1.478370681
0.012979912
0.460353175
-2.000641899
-2.000641899
0.460353175
1.940075478
-0.359529554
-0.359529554
-0.354442088

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.919304066
0.922063067
-0.922063067
-0.919304066
0.000000000
0.887011711
-0.887011711
0.000000000



E=

-198.1736092

ZPE=0.107905

IIIIIIIITOZWOO

E=

2.609911000
1.670779000
-1.861720000
-2.026257000
-0.956996000
1.271467000
3.008219000
3.008219000
1.271467000
-2.974133000
-1.017501000
-1.017501000
0.000000000

|
POORPRFRPOORFRO

| UL
ONNO

-429535000
-376806000
.858739000
.509641000
.509162000
. 778960000
.032226000
.032226000
. 778960000
-865668000
.135039000
.135039000
-995905000

Publication 11

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.919797000
0.922986000
-0.922986000
-0.919797000
0.000000000
0.886848000
-0.886848000
0.000000000

Dimethylaminoborylene (BNMe,)

RI-B3LYP+D3/def2-QzVP

1.369

-237.9028123

ZPE=0.1352067

IIIIIIIIIITOOZWOO0

-3.057228172
-2.040070123
1.351112857
1.466226631
2.777788770
0.306098447
-1.503348045
-3.403599267
-3.587072412
-1.687315203
2.901188259
3.563543937
2.884333302
0.334605934
0.304668673
-0.610933589

108.2 @

3.497 4.423

127.0

1.326

.046332062
.890961796
-077562791
.286171648
.930281507
.175573249
.251798624
.683017537
.685976765
-254765657
-553918138
.176734342
.554318403
.811036336
-811489068
.590892535

-0.236678403
-0.136115898
0.122838502
0.114076735
0.126747831
0.095153901
-1.002976670
-1.195857438
0.635897912
0.819432023
-0.760479587
0.133704517
1.015928030
-0.792156947
0.982633097
0.077852398

E=-

RI-TPSS+D3/def2-QZVP

238.0948006

ZPE=0.1335725

IIIIIIIIIIOOZWWOO0

S37

-3.000550452
-1.999299805
1.258698406
1.413869384
2.757010599
0.280469472
-1.472887348
-3.341592743
-3.521524073
-1.653949762
2.902301002
3.505881514
2.887695419
0.336532785
0.299883980
-0.652538377

3.375 4.273
124.5

1110 <
2.846

> a1.3‘§3e !J

1.044121667
1.918008125
1.069904839
-0.299896410
-0.894692665
-1.234030973
2.294728609
0.670693380
0.669571492
2.293056785
-1.518109164
-0.099289046
-1.508284152
-1.875387062
-1.861939446
-0.668455976

-0.232381659
-0.133420973
0.109355251
0.109241123
0.125135311
0.094900087
-1.004253062
-1.193804416
0.644202677
0.824563217
-0.763024914
0.126035505
1.022568987
-0.790980946
0.992091415
0.069772385
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RI-MP2/def2-QzVP

1.375
107.6
3.537 2.854
127.6

E=-237.46653324050976
ZPE=0.1369141

IIITIIIIIIIITOOZWOO0

-3.079955845
-2.052701460

1.484269001

Publication 11

SCS-RI-MP2/def2-QzVP

127.9

J L§§2I <

E=-237.4825536256
ZPE=0.1372004

E=-237.3889937
ZPE=0.136859

C -3.318139000 -0.464384000
C -2.704092000 0.719644000

156

1.049100085 -0.238617600 o
1.890065512 -0.136961279 c
1.379351113 1.078742731 0.127034194 B
-0.291818855  0.115852230 N
2.782715408 -0.946249290 0.127378572 c
0.321474980 -1.165374711 0.095464915 c
-1.520217708 2.243256176 -1.006944033 H
-3.421478116  0.692335261 -1.199049327 H
-3.608743453  0.699976523  0.635951122 H
-1.708544084 2.250275311 0.820696651 H
2.896681924 -1.567544580 -0.759364683 H
3.570754681 -0.198032849  0.135329729 H
2.880324190 -1.570389905  1.014224909 H
0.343852574 -1.794822402 -0.792918515 H
0.318179183 -1.801365194  0.979372495 H
-0.585962389 -0.568153814  0.082550621 H

MP2/cc-pVTZ

9
2.873
3.611
128.2
J l1.§§4l 'i‘J
-0.000017000
0.000000000

S38

-3.171825539 1.080032395 -0.246936173
-2.140127657 1.916475790 -0.143965608
1.478097681 1.067841634  0.144008779
1.555883352 -0.305255136  0.124299429
2.838919131 -0.997834289 0.129761041
0.366172306 -1.149610653  0.100240993
-1.604172833 2.266143080 -1.014096823
-3.513780804 0.722988673 -1.207822951
-3.705789418 0.733427826 0.626309817
-1.795859786  2.276543810 0.814445992
2.934677328 -1.616656946 -0.761646283
3.647813338 -0.271730704  0.141993428
2.919994252 -1.630567618  1.012833312
0.368174498 -1.771157232 -0.794675696
0.347033365 -1.792826067 0.979498804
-0.525209216 -0.527814564  0.095751941
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B 0.843600000 1.394941000 0.000035000
N 1.476967000 0.169381000 -0.000007000
C 0.744082000 -1.089526000 0.000027000
C 2.929650000 0.069818000 -0.000026000
H -2.442056000 1.222452000 -0.919654000
H -3.579544000 -0.962562000 -0.922972000
H -3.579549000 -0.962587000 0.922922000
H -2.442063000 1.222431000 0.919668000
H 3.269793000 -0.463678000 -0.887475000
H 3.366403000 1.065900000 -0.000050000
H 3.269822000 -0.463648000 0.887430000
H 0.998361000 -1.670017000 -0.886962000
H 0.998290000 -1.669938000 0.887087000
H -0.325231000 -0.892037000 -0.000029000
Rotated dimethylaminoborylene (BNMe,)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
| 1.378
| 2.879
2.875
3.509 o % 3.500 9
Y ’ - »
1325 7 S
E=-237.90361858422 E=-238.09545432485
ZPE=0.1354470 ZPE=0.1336399
C 2.742502028 -0.831015045 -0.662640768 C 2.742985823 -0.837935113 -0.665700020
C 2.742502028 -0.831015045 0.662640768 C 2.742985823 -0.837935113 0.665700020
B -0.827212325 -1.288153012 0.000000000 B -0.818713068 -1.287355089 0.000000000
N -1.390827513 -0.041283676 0.000000000 N -1.389700414 -0.032971052 0.000000000
C -2.841444927 0.135126454 0.000000000 C -2.848691377 0.134598143 0.000000000
C -0.588167261 1.180794391 0.000000000 C -0.585347381 1.196588421 0.000000000
H 1.935782853 -1.292415881 1.218537967 H 1.943323748 -1.318682291 1.222906654
H 1.935782853 -1.292415881 -1.218537967 H 1.943323748 -1.318682291 -1.222906654
H 3.543329223 -0.380358353 -1.235092997 H 3.535439471 -0.367796733 -1.241001926
H 3.543329223 -0.380358353 1.235092997 H 3.535439471 -0.367796733 1.241001926
H -3.155151540 0.686717446 -0.888101174 H -3.164352293 0.684488253 -0.892551719
H -3.335668110 -0.834940619 0.000000000 H -3.327243859 -0.847298627 0.000000000
H -3.155151540 0.686717446 0.888101174 H -3.164352293 0.684488253 0.892551719
H -0.809984845 1.776114853 -0.887735385 H -0.809769518 1.790547615 -0.892107687
H -0.809984845 1.776114853 0.887735385 H -0.809769518 1.790547615 0.892107687
H 0.470364700 0.930370421 0.000000000 H 0.474441639 0.935194741 0.000000000
RI-MP2/def2-QZVP SCS-RI-MP2/def2-QZVP
$39
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2.884

E=-237.46725944917981

ZPE=0.1371814

2.749901371
2.749901371
-0.839396827
-1.400977085
-2.843486011
-0.596811872
1.965379049
1.965379049
3.532313448
3.532313448
-3.150739351
-3.337060298
-3.150739351
-0.817023021
-0.817023021
0.458069102

I IIIIIIIIITOOZWOO0O

2.890

E=-237.3896876

ZPE=0.137093

-2.874834000
-2.875248000
0.573030000
1.372976000
2.825453000

OZwWOoO
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-0.834417538
-0.834417538
-1.290255479
-0.035961721
0.147048954
1.176509916
-1.333051254
-1.333051254
-0.347214623
-0.347214623
0.698894666
-0.820944633
0.698894666
1.769391384
1.769391384
0.916397692

MP2/cc-pVTZ

11.379

3.647

34

-0.100270000
-0.100428000
-1.286905000
-0.163474000
-0.267367000
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-0.665568306
0.665568306
0.000000000
0.000000000
0.000000000
0.000000000
1.216385492

-1.216385492

-1.228823735
1.228823735

-0.886766134
0.000000000
0.886766134

-0.886449294
0.886449294
0.000000000

0.666961000
-0.666541000
-0.000624000
-0.000195000

0.000453000

1.375

2.987
3.772

3 1.332 9

E=-237.4830830679
ZPE=0.1372004

C -2.436415464 1.616237113
C -1.998742105 2.268127847
B 1.238319773  0.534000167
N 1.299917902 -0.652535345
C 2.505635759 -1.472647823
C 0.168666699 -1.161764357
H -0.959965598 2.551888589
H -1.762097796 1.357165106
H -3.474614767 1.334777532
H -2.666352876 2.538648174
H 2.291696035 -2.456366042
H 3.275736781 -0.996332890
H 2.875514713 -1.589235524
H -0.136941410 -2.133846922
H 0.446714501 -1.266873412
H -0.667072147 -0.471242214
5S40

-0.811507064
0.264480044
-0.825767887
-0.133458070
-0.128420746
0.634945062
0.356584425
-1.615396485
-0.916803815
1.070258148
-0.544607926
-0.729906109
0.889558052
0.249300565
1.683135971
0.557605836



IIITIIIIITITITO

0.822611000
-2.212291000
-2.211536000
-3.538840000
-3.539606000

3.235896000

3.119205000

3.236697000

1.154744000

1.155488000
-0.263637000

-185627000
-752944000
. 752658000
-539880000
-539590000
.213575000
.314550000
.213669000
-724754000
. 724834000
-137322000

PRPFRPOFRPOOOOOPR
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-0.000371000
-1.217817000
1.217980000
1.230973000
-1.230289000
0.888153000
0.000530000
-0.886825000
0.886909000
-0.887322000
-0.000818000

3. Geometries of van der Waals complexes with methane A

Fluoroborylene (BF)

RI-B3LYP+D3/def2-QzVP

E=-165.1839621
ZPE=0.0485838

ITITIIITTWmO

-0.961715022
2.307829604
2.501146673

-0.535546945

-2.040376501

-0.735790860

-0.535546945

3.073
3.593

3.471

v

J

0.247433577
-1.242015892
0.004586004
0.709276640
0.388542040
-0.817099002
0.709276640

0.000000000
0.000000000
0.000000000
-0.888242957
0.000000000
0.000000000
0.888242957

RI-MP2/def2-QzVP

3.266
3.698
3.632

JJ

E=-164.94404327492467

E=-165.2788578

RI-TPSS+D3/def2-QZVP

ZPE=0.0481622

T IITIITTIWO

-0.985690212
2.369441701
2.559888809

-0.546505592

-2.063797081

-0.786832027

-0.546505592

3.185
3.674

3.554

0.248137800
-1.250037431
0.008989102
0.700333354
0.417714153
-0.825470332
0.700333354

0.000000000
0.000000000
0.000000000
-0.891269158
0.000000000
0.000000000
0.891269158

SCS-RI-MP2/def2-QzVP

3.408
3.838
3.740
>

E=-164.9511206491

S41

159



Publication 11

ZPE=0.0492659 ZPE=0.0491358
C -1.002132394 0.242327922 0.000000000 C -1.036899089 0.251467028 0.000000000
B 2.391093424 -1.228505429 0.000000000 B 2.493687628 -1.253971353 0.000000000
F 2.622707149 0.014675003 0.000000000 F 2.693916998 -0.005389510 0.000000000
H -0.547969492 0.673028502 -0.885674288 H -0.581378637 0.681903431 -0.886773106
H -2.064882162 0.456992081 0.000000000 H -2.100650220 0.468078657 0.000000000
H -0.850847033 -0.831546580 0.000000000 H -0.887298043 -0.823991683 0.000000000
H -0.547969492 0.673028502 0.885674288 H -0.581378637 0.681903431 0.886773106
MP2/cc-pVTZ
3.336
3.753
3.597
"J
E=-164.891112
ZPE=0.049189
C -2.101113000 0.011658000 0.000001000
B 1.566694000 0.804494000 -0.000004000
F 1.464483000 -0.459748000 0.000001000
H -1.729852000 -0.491290000 0.887635000
H -3.186276000 -0.010545000 0.000152000
H -1.760958000 1.042693000 -0.002487000
H -1.730045000 -0.495540000 -0.885300000
Chloroborylene (BCl)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
2.985 3.018
3.643 J 3670 )
3805 3.864
)
¥ Ny
E=-525.4617182 E=-525.5903972
ZPE=0.0473062 ZPE=0.0468745
C 0.939444671 -0.349224742 -0.261435506 Cc 0.951773580 -0.351731158 -0.263255336
B -1.918923443 1.354042695 1.222667569 B -1.934051477 1.363855181 1.220328489
Cl -2.776868531 0.391293587 0.083899291 Cl -2.823136535 0.393619866 0.095039848
$42
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0.548261466
1.994759406
0.819788620
0.393537812

IITITxT

0.051996914
-0.584512885
0.389318163
-1.252913737

Publication 11

-1.194105428
-0.381668689
0.528986073
0.001656695

RI-MP2/def2-QzVP

E=-524.87356947602154

ZPE=0.0480207

C 0.958299011
B -1.995091676
Cl -2.797112087
0.536610162
1.988519792
0.921764330
0.387010469

I T I XT

-0.348676958
1.358478981
0.385467827
0.075596021

-0.634110478
0.387198960

-1.223954353

MP2/cc-pVTZ

3.206

3.788
3.885

JJ

E=-524.8282421
ZPE=0.048003

C 2.608929000
B -0.916768000
Cl -1.265073000
2.236123000
3.694162000
2.269984000
2.236235000

I ITTITXT

-0.059549000

1.326104000
-0.354973000
-0.565250000
-0.083986000

0.972016000
-0.561467000

-0.258066273
1.223596202
0.067258302

-1.162800473

-0.439598814
0.538032821
0.031578235

-0.000001000
-0.000001000

0.000000000
-0.885526000
-0.000016000
-0.002174000

0.887720000

0.561313437
2.008687483
0.837822176
0.397591341

IITITXT

0.057102162
-0.594945747
0.387354645
-1.255254949

-1.197082299
-0.385536191

0.532637237
-0.002131748

SCS-RI-MP2/def2-QzVP

3.306

3.872

3.986

v
J

E=-524.8845498322

ZPE=0.0478807

0.997561166
-2.095893206
-2.893239275

0.574766462

2.028903626

0.961838886

0.426062336

T ITIITTOWO
-

Bromoborylene (BBr)

543

-0.363582342
1.397531084
0.421377811
0.060746781

-0.649415401
0.373372380

-1.240030313

-0.269213036
1.254785506
0.092193451

-1.175009786

-0.451784267
0.527541022
0.021487105
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RI-B3LYP+D3/def2-QzVvP

2.961
3.640

3.905

)
J

E=-2639.3730273
ZPE=0.0469711

C
B
Br
H
H
H
H

-0.695666450
2.235251891
1.240376713
0.259988735

-1.275610176

-1.241951560

-0.522389159

0.716001874
-1.414039451
-2.164148032

0.615368660

1.508552535
-0.222532035

0.960796449

-0.306421367
0.047950925
1.483983465

-0.817665460

-0.774506176

-0.372731144
0.739389757

RI-MP2/def2-QzvP

3.109
3.710

3.966
v

J

E=-2637.77421436154600
ZPE=0.0476612

C
B
Br
H
H
H
H

-0.701937888
2.257621442
1.252183154
0.230381331

-1.331423525

-1.212199709

-0.494624804

162

0.732058956
-1.466912219
-2.193469735

0.685428113

1.509809996
-0.222451809

0.955536698

MP2/cc-pVTZ

1.887

-0.319663866
0.088003927
1.510342736

-0.872382260

-0.737735959

-0.389793369
0.721228790

RI-TPSS+D3/def2-QzZVP

2.979

3.665

3.966

D
J

E=-2639.4516999

ZPE=0.0465736

C -0.703686189
B 2.242679106
Br 1.272543540
H 0.257020670
H -1.278460086
H -1.256953010
H -0.533144030

0.724568788
-1.424056718
-2.196755067

0.617785550

1.523122568
-0.213826519

0.969161398

1.909

-0.311013800
0.052013811
1.503046837

-0.819546013

-0.783437133

-0.380071118
0.739007416

SCS-RI-MP2/def2-QzVP

3.267
3.865

4.115

)
J

E=-2637.7862158639

ZPE=0.0475198

C -0.731477468
2.335818603
r 1.322549701
0.201876743
-1.361527260
-1.242834537
-0.524405781

I ITIITIITWwW

S44

0.762613254
-1.544796109
-2.268925601

0.715813447

1.541323256
-0.192812960

0.986784714

1.892

-0.332816878
0.119727243
1.544425523

-0.886012090

-0.751686302

-0.402991252
0.709353755



E=-2637.7981514

ZPE=0.047692

C
B

-3.099118000
0.262163000

Br 0.848006000

H
H
H
H

-2.813870000
-4.181707000
-2.699777000
-2.700970000

)
9

3.147
3.773

3.948

.118382000
.594700000
-194001000
-929430000
.198582000
.604232000
-599768000
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1.882

-0.000002000
0.000001000
0.000000000

-0.002444000

-0.000529000

-0.885037000
0.888022000

Borylene (BH)

RI-B3LYP+D3/def2-QzVP

E=-65.7889815
ZPE=0.0512454

ITWIITITITO

-0.894928503
-0.687331649
-1.940848235
-0.274662344
-0.687331649

2.364967211

2.120135170

2.686

3.120

¢¢C

.056002246
.536641627
.355371326
-952702847
.536641627
.457129941
-747923100

1.230

0.000000000
-0.888452686
0.000000000
0.000000000
0.888452686
0.000000000
0.000000000

RI-MP2/def2-QzvVP

E=-

RI-TPSS+D3/def2-QZVP

65.8514655

ZPE=0.0517030

ITWIITITITO

S45

-0.800311267
-0.740504072
-1.726936836
0.028930268
-0.740504072
1.994284093
1.985041886

1.233
1.969 9
2gey 2853
"J

0.010279887
0.631800519
-0.566116298
-0.731478774
0.631800519
-0.604549833
0.628263985

0.000000000
-0.893638422
0.000000000
0.000000000
0.893638422
0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP
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2.682
3.258

3.109

J)
J

E=-65.63727275994052
ZPE=0.0523243

ITWIITITITO

-0.888945266
-0.673378409
-1.936576242
-0.285181275
-0.673378409

2.346183810

2.111275789

E=-65.6165427
ZPE=0.052276

ITWIITITITO

1.215010000
1.051478000
2.234734000
0.532404000
1.052528000
-2.080009000
-1.761161000

MP2/cc-pVTZ

.060098109
.527604630
.339569248
.963099454
.527604630
-446861519
.754419070

2.698

3.300

3.143

.008913000
-595859000
-0.
-0.
.596397000
-0.
.002925000

380866000
855301000

181108000
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RI-B3LYP+D3/def2-QzVP

164

2.886

3.420

3.254

J

J

E=-65.6574290409
ZPE=0.0520610

-0.069219198
0.510576324
-0.307772314
-0.993292549
0.510576324
-0.423778734
0.772910145

1.224

0.000000000
-0.886938304
0.000000000
0.000000000
0.886938304
0.000000000
0.000000000

RI-TPSS+D3/def2-QZVP

0.000000000 C -0.933390228
-0.885787450 H -0.695348571
0.000000000 H -1.992411834
0.000000000 H -0.361463454
0.885787450 H -0.695348571
0.000000000 B 2.468066184
0.000000000 H 2.209896474
1.226
-0.000001000
0.886846000
0.000497000
-0.000662000
-0.886673000
0.000000000
-0.000003000
Phenylborylene (BPh)
S46
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1.528 %36
2.922

2.921
3.814 3.736 ¢ H9
9
2.860
9 w9 .
&) [*]
dih B1C2C1H3=-0.6 degree dih B1C2C1H3=-0.9 degree
dih H3B1C2C7=18.6 degree dih H3B1C2C7=54.6 degree
E=-296.83425015282 E=-297.07750102288
ZPE=0.1367190 ZPE=0.1347311
C -0.992380116 2.692433676 -2.120837330 C -0.543187472  2.432644282 -1.987200666
B -0.399294681 -1.068278132 -1.893566134 B -1.107194820 -1.252691788 -1.744817958
H -0.069024996 2.843522050 -1.564730604 H  0.347474225 2.137989597 -1.429208196
H -1.079683024  3.457530054 -2.889437958 H -0.282126283 3.205574238 -2.712371068
H -0.979782702  1.708790555 -2.587279358 H -0.947607083  1.562842413 -2.509983047
H -1.842422476  2.764942559 -1.444322243 H -1.292508101 2.822771146 -1.295213153
C  0.027134279 -1.086836779 -0.426131485 C -0.406211956 -1.127098939 -0.383699270
C  0.730236804 -2.193511647  0.081844996 C  0.718512134 -1.925687583 -0.084692250
C  1.121238626 -2.226179467 1.411815886 C  1.358369000 -1.809436486  1.145206117
C  0.814806395 -1.156013649  2.248761896 C 0.883610736 -0.896077970  2.090566723
C  0.118538059 -0.051927959  1.762154966 C -0.229484830 -0.097391860  1.812361560
C -0.273848410 -0.015177265  0.433036458 C -0.871322983 -0.210816011 0.583864666
H  0.967434997 -3.024998399 -0.570155713 H  1.085900275 -2.634440344 -0.822049444
H 1.661981016 -3.078465162  1.799571212 H 2.223267718 -2.424422087  1.371855913
H 1.120378913 -1.182376395  3.286035979 H 1.384128879 -0.805639608  3.049519403
H -0.113610777 0.773680670  2.420711689 H -0.588509415 0.609425521  2.553425054
H -0.811701909  0.842865291  0.052527744 H -1.733020025 0.412455480 0.362435616
RI-MP2/def2-QzVP SCS-RI-MP2/def2-QzVP
3.661 3.799
4.208
4.344

o @
dih B1C2C1H3=-27.4 degree dih B1C2C1H3= 25.3 degree
dih H3B1C2C7=93.8 degree dih H3B1C2C7= 86.4 degree
E=-296.2901289239 E=-296.2890807047
ZPE=0.1377741 ZPE=0.1376273

S47
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0.067486929
-1.857310595
0.602915082
0.695130729
-0.198180979
-0.835659657
-0.888179177
0.472530434
1.348937398
0.872685142
-0.476671615
-1.356457746
0.838108549
2.397929323
1.556690294
-0.834316014
-2.405638097

I ITIIITIITOOOO0OOOIIIITWO

1.950312586
1.786619130
1.368234226
2.762721726
1.311006813
2.356095290
-1.276279225
-1.612846420
-1.139364081
-0.329437336

0.010338262
-0.460514673
-2.240495053
-1.395803450

0.039336344

0.640273635
-0.196959516

MP2/cc-pVTZ

3.667
4.256

dih B1C2C1H3=-17.36 degree
dih H3B1C2C7=89.84 degree

E=-296.1974279
ZPE=0.137551

2.735903000
0.479449000
1.711875000
3.404567000
3.009225000
2.816661000
-0.146316000
-0.620121000
-1.171147000
-1.252535000
-0.786215000
-0.234068000
-0.552997000
-1.535994000
-1.680795000
-0.854033000
0.131249000

I IIITIITOOOO0OO0OOIIIITWO

166

-0.933830000
2.652878000
-1.124881000
-1.632281000
0.082173000
-1.055175000
1.244466000
0.709264000
-0.567341000
-1.315291000
-0.793708000
0.482155000
1.293324000
-0.981745000
-2.308380000
-1.382653000
0.890937000
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-1.565532887 C 0.010066000
-1.372198424 B -1.765093934
-0.822201771 H 0.093185997
-1.916089524 H 0.811333992
-2.400594734 H -0.947090307
-1.122464737 H 0.082993778
-0.293257414 C -0.830849587
-0.351681716 C 0.561797347
0.615634287 C 1.403300124
1.644582934 C 0.860626224
1.712878961 C -0.520392459
0.747475566 C -1.364223579
-1.154687408 H 0.980138042
0.572504020 H 2.475181164
2.396221422 H 1.516336283
2.514899708 H -0.930421626
0.794511718 H -2.436887458
-0.276339000
0.118927000
-0.584123000
-0.770681000
-0.545043000
0.799781000
0.086541000
-1.123266000
-1.153423000
0.022168000
1.229551000
1.263595000
-2.033225000
-2.083249000
-0.002986000
2.133883000
2.198041000
Methylborylene (BCH;)
548

2.031547562
-1.923674644
1.686465783
1.599022901
1.721455477
3.114817173
-1.356702999
-1.493400008
-0.973647044
-0.314078386
-0.171508316
-0.690649464
-2.004423090
-1.077700878
0.090816981
0.341853710
-0.580194759

-1.639211408
-1.359806418
-0.612581860
-2.231117647
-2.047853315
-1.668210961
-0.273138754
-0.393641214
0.582580054
1.684838981
1.817209991
0.842602599
-1.251820260
0.489551777
2.443448468
2.675571587
0.941578379
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RI-B3LYP+D3/def2-QzVvP

9

E=-105.0511149
ZPE=0.0805397

IIITIOIIIITWO

-0.597490862
0.022686220
0.479000773

-1.084741863

-0.826204095

-0.958170804
0.629277920
1.163524148
1.331817621

-0.159699058

2.886
3.610

d

.546843023
-000573878
.706624881
.395360141
.639303236
-449794656
-1.522693992
-2.346558817
-0.700672451
-1.167426798

RPONRFPNPRE

1.531

-0.749408638
-0.504346967
-0.741853416
-1.224779954
-1.305498546
0.272787268
0.817446809
1.304943989
0.640365141
1.490344313

RI-MP2/def2-QzVP

J

2.971

3.647

J

E=-104.90714249977756
ZPE=0.0816591

IIITOIIIIWO

-0.599810797
0.050531670
0.476112157

-1.080995709

-0.866159575

-0.928981894
0.632325670
1.177544260
1.313247528

-0.173813311

.555453526
-023483249
.692101343
.427156072
.675665401
.433324890
-1.528614925
-2.340717597
-0.693477165
-1.197408296

PONRFPNPRE

MP2/cc-pVTZ

1.536

-0.760605288
-0.499179923
-0.783360515
-1.189950587
-1.337138532
0.265846248
0.833879312
1.319404341
0.659496701
1.491608245

E=-

RI-TPSS+D3/def2-QzZVP

105.2242859

ZPE=0.0797380

IITIOIIIITWO

-0.614872022
0.013048326
0.460797579

-1.106967848

-0.808134597

-1.006059816
0.647508881
1.116424356
1.415485201

-0.117230059

2.844
3.596

“‘)

1.560564261
-1.971474257
1.744201149
2.391446145
0.634387619
1.474647233
-1.539704427
-2.401244518
-0.770974347
-1.121848852

1.540

-0.754604397
-0.513496076
-0.716957706
-1.263073855
-1.301525277
0.261194725
0.822147718
1.319653534
0.653603246
1.493058087

SCS-RI-MP2/def2-QzVP

3.140
3.810

>
J

E=-104.9272395862
ZPE=0.0816024

ITIIITIOIIITIITIWO

549

-0.620680171
0.078349929
0.456391483

-1.104079708

-0.887718309

-0.948186273
0.652358576
1.207010662
1.325270945

-0.158717132

1.616052731
-2.115700514
1.753777122
2.489048851
0.736041639
1.491738043
-1.588110855
-2.382581249
-0.747849190
-1.252416579

1.542

-0.786303107
-0.471856833
-0.810643712
-1.213852770
-1.364072643
0.241831701
0.858826187
1.364546091
0.671732862
1.509792224
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1.542
3.007

3.690

D
J

E=-104.8727694
ZPE=0.081604

C -2.125298000 -0.023411000 -0.000114000

B 1.395941000 1.080546000 -0.000158000

H -1.955426000 -0.426145000 0.994035000

H -3.189547000 0.131327000 -0.147637000

H -1.604781000 0.924420000 -0.101912000

H -1.757927000 -0.724290000 -0.743921000

C 1.572124000 -0.451144000 0.000351000

H 2.624931000 -0.699920000 0.156625000

H 0.975705000 -0.896973000 0.799962000

H 1.246382000 -0.863818000 -0.957778000

Aminoborylene (BNH,)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
1373 1.381
3.052 3.023
55 d 3.724 J
2.738 2.884
1 3

E=-121.2416799 E=-121.3333261

ZPE=0.0710546 ZPE=0.0701299

C -1.517198926 0.367838403 0.000000000 C -1.549204603 0.390764722 0.000000000
B 2.200644816 0.805115709 0.000000000 B 2.151471475 0.805683294 0.000000000
N 1.884682103 -0.528635176 0.000000000 N 1.928970439 -0.557141187 0.000000000
H -1.359475371 -0.235832111 0.892550269 H -1.397809178 -0.217447996 0.894854863
H -2.539194433 0.739803563 0.000000000 H -2.569505907 0.777537817 0.000000000
H -0.824314260 1.206858753 0.000000000 H -0.842413641 1.223089201 0.000000000
H -1.359475371 -0.235832111 -0.892550269 H -1.397809178 -0.217447996 -0.894854863
H 2.584601852 -1.258173923 0.000000000 H 2.678726922 -1.242320698 0.000000000
H 0.929729596 -0.861143107 0.000000000 H 0.997573675 -0.962717156 0.000000000

S50
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RI-MP2/def2-QZVP SCS-RI-MP2/def2-QZVP
3.565 1.375 3.805 1.377
4,144 4,351
J J
2.588 2.666
J J
J J

E=-121.01549048196490 E=-121.0288905081
ZPE=0.0718279 ZPE=0.0718143

-1.598117142  0.331624148 0.000000000
2.740910159 0.659969542  0.000000000
1.961884880 -0.475743596  0.000000000

-1.369617890 -0.247826593 0.890540329

-2.655249556 0.576887771  0.000000000

-1.017669620  1.249659870  0.000000000

-1.369617890 -0.247826593 -0.890540329
2.353947058 -1.404655972  0.000000000
0.953530002 -0.442088576  0.000000000

-1.546413261 0.330323157 0.000000000
2.579432467 0.719752668  0.000000000
1.903694101 -0.478188470  0.000000000

-1.330809650 -0.252400659 0.890102916

-2.597351537 0.595671326  0.000000000

-0.948329701  1.235342353 0.000000000

-1.330809650 -0.252400659 -0.890102916
2.375162821 -1.369752737  0.000000000
0.895424411 -0.528346979  0.000000000

IIIIIITZWO
IIIIITIIZWO

MP2/cc-pVTZ

3.807 1.379
4.315
3.564 )

>
J

E=-120.9748357
ZPE=0.071695

-2.186841000 0.074476000 -0.000014000
2.072449000 0.765597000 -0.000024000
1.344809000 -0.406011000 0.000020000

-1.889008000 -0.469054000 0.892547000

-3.265951000 0.187930000 0.000347000

-1.723743000 1.056814000 -0.003672000

-1.890246000 -0.475106000 -0.889276000
1.779382000 -1.316941000 -0.000192000
0.334702000 -0.416410000 0.000309000

IIITIIIITZWO

Methylaminoborylene (BNHMe)

S51
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RI-B3LYP+D3/def2-QzVP

1,369
3.055
3.759
2.716
~J
E=-160.5362302
ZPE=0.1005257
C -2.485552106 0.102803529 0.000000000
B 0.783856553 -1.752879301 0.000000000
N 1.026303449 -0.405769643  0.000000000
C 2.343817181  0.238498075 0.000000000
H -2.111757802 0.603006265 -0.892191995
H -3.572453727 0.142856595 0.000000000
H -2.159372292 -0.935333795 0.000000000
H -2.111757802 0.603006265 0.892191995
H 0.227647311 0.216992571  0.000000000
H 2.470834702 0.856282186 0.887997276
H 3.117599830 -0.525744931 0.000000000
H 2.470834702 0.856282186 -0.887997276

RI-MP2/def2-QzVP

4.418

2.602

"

E=-160.23817864598911

ZPE=0.1020331

-2.067561440
1.829937965
1.117012639
1.705006270

-1.492623506

-2.980870899

-2.322788365

-1.492623506
0.106527216
1.405823726
2.786336174
1.405823726

IIITIIIIIITOZWO
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.379987059
.181816924
-006760727
.329507474
.619612093
-963798685
.674842346
.619612093
-049055948
-881249251
.237460039
.881249251

1.374

0.000000000
0.000000000
0.000000000
0.000000000
-0.888658146
0.000000000
0.000000000
0.888658146
0.000000000
0.886160660
0.000000000
-0.886160660

RI-TPSS+D3/def2-QZVP

3.012

3.728

2.854

JJ

E=-160.6640234
ZPE=0.0994015

-2.551397218
0.735545793
1.050198009
2.411868217

-2.193076962

-3.642610035

-2.187135222

-2.193076962
0.290628299
2.573781394
3.131493299
2.573781394

IITIIIIIIITOZWO

0.076485570
-1.682217062
-0.339387548

0.225230834

0.591167808

0.078406642
-0.952987561

0.591167808

0.337814775

0.834505256
-0.594691784

0.834505256

1.379

0.000000000
0.000000000
0.000000000
0.000000000
-0.894616008
0.000000000
0.000000000
0.894616008
0.000000000
0.892438952
0.000000000
-0.892438952

SCS-RI-MP2/def2-QzVP

E=-160.2543075
ZPE=0.1019814

-2.141612899
1.848922556
1.159373031
1.768159554

-1.571618803

-3.069902385

-2.369998442

-1.571618803
0.148882640
1.475365946
2.848681659
1.475365946

IIIIIIIITOZWO

S52

4.485

2.694

J

202

0.385715493
-2.197275118
-1.006912745

0.324170314

0.639303117

0.947893045
-0.676501418

0.639303117
-1.031651554

0.879715872

0.216524002

0.879715872

1.376

0.000000000
0.000000000
0.000000000
0.000000000
-0.889542744
0.000000000
0.000000000
0.889542744
0.000000000
0.886952052
0.000000000
-0.886952052



E=

MP2/cc-pVTZ

4.409

2.600

)J

-160.1847087

ZPE=0.101870

I IIIIIIITIOZWO

-2.562783000
2.016879000
0.929046000
0.996867000

-2.124977000

-3.632110000

-2.388579000

-2.124977000
0.000000000
0.519193000
2.040037000
0.519193000

| 1
OOFrRPOORrRORFrRO

L
[EEIEN

.274053000
.160126000
-312868000
.147224000
.169872000
-089555000
-346438000
-169872000
.714502000
.556106000
-450223000
-556106000
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1.379

0.000000000
0.000000000
0.000000000
0.000000000
0.889659000
0.000000000
0.000000000
-0.889659000
0.000000000
-0.886857000
0.000000000
0.886857000

RI-B3LYP+D3/def2-QzVP

1.369
2.957
3.879
2.840

v
E=-160.5358786
ZPE=0.1005312
C -2.322372993 -0.024976182
B 1.097496178 -1.856377745
N 1.917752834 -0.760793146
C 1.506832497 0.648516953
H -1.708526024 -0.923935756
H -3.374103017 -0.303620532
H -2.107631696 0.564718375
H -2.107631696 0.564718375
H 1.879490689  1.157311914
H 1.879490689  1.157311914

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.889642440
-0.889642440
0.887937114
-0.887937114

E=-

RI-TPSS+D3/def2-QZVP

160.6638601

ZPE=0.0993864

ITIIIITIIITIOZWO

S53

-2.368199880
1.055204629
1.927335731
1.561113689

-1.702590571

-3.405809799

-2.186561822

-2.186561822
1.952632251
1.952632251

1.379

2.910

3.865

2.949

-0.036866170
-1.830851394
-0.762790441
0.666412823
-0.903569856
-0.375837177
0.566199796
0.566199796
1.160574492
1.160574492

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.892462944
-0.892462944
0.892344060
-0.892344060
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0.000000000
0.000000000

RI-MP2/def2-QzVP

1.375

3.126

4.015

2.893

J

J

E=-160.23754264338032
ZPE=0.1019201

IIIIIIIITOZWO

E=-160.1841296

-2.377743489
1.184059807
1.996090616
1.528007341

-1.799056291

-3.435411910

-2.143316660

-2.143316660
1.874969979
1.874969979
0.443088841
2.997658449

J

ZPE=0.101802

I IIITOZWO

-2.809167000
0.922041000
1.649989000
1.083220000

-2.160854000

-3.846434000

-2.619842000

-2.619842000

172

-0.011417128
-1.863609475
-0.754509198

0.629833784
-0.929129957
-0.250739622
.568305328
.568305328
.151919412
.151919412
.631951156
.892829041

MP2/cc-pVTZ

1.379

3.165

4.055

2.937
9

0.059957000
-1.527333000
-0.356280000

0.992395000
-0.811285000
-0.260446000

0.656728000

0.656728000

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.886805143
-0.886805143
0.886486131
-0.886486131
0.000000000
0.000000000

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.887710000
-0.887710000

H
H

0.474323519
2.926481825

0.749196555
-0.959242917

0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP

3.298

4.164
3.005

D
9

E=-160.2538197467
ZPE=0.1018723

IIIIIIIITOZWO

S54

-2.453091947
1.266095764
2.059350238
1.572275898

-1.894961904

-3.517210736

-2.204799143

-2.204799143
1.913823069
1.913823069
0.486756448
3.062738388

-0.007115834
-1.879821707
-0.755589908
0.625737581
-0.938726959
-0.222285374
0.567930066
0.567930066
1.151873173
1.151873173
0.613735171
-0.875539446

1.376

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.887674093
-0.887674093
0.887324192
-0.887324192
0.000000000
0.000000000



IITITxT

E=-199.8345276

1.391289000
1.391289000
0.000000000
2.659951000

1.539669000
1.539669000
0.915945000
-0.420495000
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0.887185000
-0.887185000
0.000000000
0.000000000

Dimethylaminoborylene (BNMe,)

RI-B3LYP+D3/def2-QzVP

2.989

ZPE=0.1290034

IIITIIIIIIIITOOZWO

-3.137284662
0.314420436
1.185972799
0.725574188
2.632397602

-2.522849502

-4.189279699

-2.921987650

-2.921987650
3.078561138
2.857869872
3.078561138
1.090870514
1.090870514

-0.361709033

3.910

2.848

J
9

0.215231051
-1.621853014
-0.565888069

0.820682337
-0.770490520
-0.683171596
-0.062580512

0.805074989

0.805074989
-0.319377642
-1.835595944
-0.319377642

1.340040961

1.340040961

0.852189651

A

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.889447565
-0.889447565
0.888160389
0.000000000
-0.888160389
0.887879111
-0.887879111
0.000000000

RI-MP2/def2-QzvP

E=-199.9984330

RI-TPSS+D3/def2-QZVP

ZPE=0.1275186

IIIIIIIIIIOOZWO

S55

-3.184318587
0.288167604
1.197086606
0.775450626
2.643064587

-2.504473240

-4.216688498

-3.011966234

-3.011966234
3.102778083
2.820978185
3.102778083
1.156906564
1.156906564

-0.314704107

2,937
3.896

2.961

0.190003478
-1.575589375
-0.538302424

0.868061110
-0.792987967
-0.665366682
-0.164818488

0.796122464

0.796122464
-0.356393199
-1.870722846
-0.356393199

1.375169377

1.375169377

0.919925910

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.892274399
-0.892274399
0.892625047
0.000000000
-0.892625047
0.892289522
-0.892289522
0.000000000

SCS-RI-MP2/def2-QzVP
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3.140

4.028

2.901

D
J

E=-199.46573566748475
ZPE=0.1309399

I ITIIIIIIIITIITOOZWO

-3.191598153
0.369892537
1.226598114
0.740219517
2.669756980

-2.619505963

-4.251196110

-2.952388664

-2.952388664
3.102635422
2.911948152
3.102635422
1.094770476
1.094770476

-0.346149542

MP2/cc-pVTZ

.229654490
.653036718
.577388223
-792703859
.750564408
.692160925
-001240077
.807567477
.807567477
.290640768
-809771262
.290640768
.315830590
-315830590
-796288667
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0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.886732280
-0.886732280
0.886793114
0.000000000
-0.886793114
0.886676336
-0.886676336
0.000000000

3.171
4.063
2.945
"J
9
E=-199.399598
ZPE=0.130823
C  3.499176000 -0.106382000
B -0.352962000 -1.399523000
N -1.032885000 -0.198599000
C -0.337582000 1.080557000
C -2.487491000 -0.143475000
H  2.781724000 -0.921655000
H  4.507225000 -0.509330000
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0.000153000
-0.000223000
-0.000057000
-0.000134000

0.000174000

0.000323000
-0.012479000

3.292
4.178
3.028
"J
9

E=-199.4839582160
ZPE=0.1309258

C -3.287936652 0.243148010
B 0.426103254 -1.670074688
N 1.276907386 -0.588714290
C 0.779757429 0.782164647
C 2.725701430 -0.751107469
H -2.713096964 -0.678134578
H -4.348209855 0.009202126
H -3.049418348 0.822431027
H -3.049418348 0.822431027
H  3.155448961 -0.287919156
H  2.975256464 -1.809123555
H  3.155448961 -0.287919156
H 1.130288388 1.308111434
H 1.130288388 1.308111434
H -0.307120492 0.777393187
S56

0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.000000000
0.887609227
-0.887609227
0.887395242
0.000000000
-0.887395242
0.887342971
-0.887342971
0.000000000
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H 3.350332000 0.510774000 -0.881367000
H 3.366468000 0.497164000 0.893577000
H -2.844463000 0.378902000 -0.887242000
H -2.892492000 -1.152841000 0.000192000
H -2.844183000 0.378824000 0.887749000
H -0.605619000 1.654027000 -0.887439000
H -0.605498000 1.653983000 0.887233000
H 0.736895000 0.913754000 -0.000195000

4. Geometries of van der Waals complexes with methane B

Fluoroborylene (BF)

RI-B3LYP+D3/def2-QzVP RI-TPSS+D3/def2-QZVP

3.029 1.262 3.116 1.273
3.510 ‘ 3.600 )
3.574 3.677
v J

E=-165.1839042 E=-165.2788240
ZPE=0.0485504 ZPE=0.0479957
C 0.989979336 -0.039315912 0.000000000 C 1.018137128 -0.041128958 0.000000000
B -2.550410043 -0.526202580 0.000000000 B -2.626472917 -0.527394070 0.000000000
F -2.399507843 0.726344411 0.000000000 F -2.464872499 0.735756532 0.000000000
H 2.077802789 -0.030464544  0.000000000 H 2.109408763 -0.027003682 0.000000000
H 0.631850627 -0.556797687 -0.887634774 H 0.661422845 -0.561743706 -0.890754321
H 0.618434518 0.983233999 0.000000000 H 0.640953841 0.983257589 0.000000000
H 0.631850627 -0.556797687 0.887634774 H 0.661422845 -0.561743706 0.890754321

RI-MP2/def2-QzVP

SCS-RI-MP2/def2-QzVP

3.176 1.265 3.276 1.265
3.571 ‘ 3.694 J
3.690 3.837

JJ

E=-164.94401860205582
ZPE=0.0491826

J

E=-164.9511008701
ZPE=0.0490779

C 1.033013554 -0.049841432  0.000000000 C  2.334226042 -0.221875187 0.000029888

B -2.628465449 -0.505143204 0.000000000 B -1.476494712 -0.667950522 -0.000759425

F -2.539827197 0.756410786  0.000000000 F -1.349141204 0.590233359 0.000606082
S57
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2.116240288
0.694831625
0.629375548
0.694831625

IITITxT

J

E=-164.8910992
ZPE=0.049132

-0.610039000
1.219914000
0.000000000

-1.092157000
0.010025000

-1.367229000
0.010025000

IIITIITTI™O

-0.003137021
-0.577536541

0.956783952
-0.577536541

MP2/cc-pVTZ

3.149
3.591

3.745

5

-2.036296000
1.231410000
1.578803000

-3.008772000

-1.940724000

-1.258276000

-1.940724000

Publication 11

0.000000000
-0.884972335
0.000000000
0.884972335

1.268

0.000000000
0.000000000
0.000000000
0.000000000
0.885969000
0.000000000
-0.885969000

3.418354153
1.999960877
1.921210315
2.000344204

IITITXT

Chloroborylene (BCl)

RI-B3LYP+D3/def2-QzVP

E=-525.4615698
ZPE=0.0471739

C -1.013895285
B 2.284842234
Cl 2.782924700
H -2.096981707
H -0.700976484
H -0.554936973
H -0.700976484

176

3.435

3.757

3.613

0.186222035
-1.286852647
0.360290822
0.288552570
-0.360458254
1.172703732
-0.360458254

1.721

0.000000000
0.000000000
0.000000000
0.000000000
0.887064956
0.000000000
-0.887064956

-0.165657302
-0.753032161

0.782426236
-0.752566515

-0.000218204
-0.886023811
-0.000141738

0.886507208

RI-TPSS+D3/def2-QzVP

E=-525.5902845
ZPE=0.0467554

C -1.039214157
B 2.350105146
Cl 2.844578480
H -2.125584764
H -0.726426571
H -0.577031563
H -0.726426571

S58

3.520
3.840
3.705
v

0.190832508
-1.305010464
0.354651491
0.295571233
-0.357904841
1.179764915
-0.357904841

1.732

¢

0.000000000
0.000000000
0.000000000
0.000000000
0.890289047
0.000000000
-0.890289047
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RI-MP2/def2-QzVP

3.478
1.711
3.854
3.732 )

)
J

E=-524.87347842431984
ZPE=0.0479418

C -1.037419727
B 2.380459791
Cl 2.808386034
H -2.115783229
H -0.732325568
H -0.570991732
H -0.732325568

0.191933774
-1.306841732
0.349755718
0.305675022
-0.355834897
1.171147012
-0.355834897

0.000000000
0.000000000
0.000000000
0.000000000
0.884890063
0.000000000
-0.884890063

MP2/cc-pVTZ

3.526
1.717
3.922
3.812 ‘

)
J

E=-524.828149
ZPE=0.047880

C -0.764442000
B 1.528482000
Cl 0.000000000
H -1.132132000
H -0.159221000
H -1.605181000
H -0.159221000

-2.508627000
0.536136000
1.318093000

-3.529972000

-2.342488000

-1.821550000

-2.342488000

0.000000000
0.000000000
0.000000000
0.000000000
0.885849000
0.000000000
-0.885849000

SCS-RI-MP2/def2-QzVP

3.612

3.990

3.893
VD

J

E=-524.8844800270

ZPE=0.0478090

C -2.877568115
B 0.702872231
Cl 1.110994773
H -3.956193853
H -2.577064157
H -2.402045869
H -2.577064969

Bromoborylene (BBr)

RI-B3LYP+D3/def2-QzVP

0.186765424
-1.342809570
0.322711247
0.310320535
-0.364060210
1.163067418
-0.364052851

1.715

-0.000000225
0.000007905
-0.000006743
0.000000809
0.886164920
0.000003560
-0.886170226

RI-TPSS+D3/def2-QZVP

S59
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E=

3.581

3.805

3.598

J

-2639.3728716

ZPE=0.0468073

C
B
B
H
H
H
H

1.030957489
-2.273245521

r -2.879214634

2.118673868
0.679121236
0.644586325
0.679121236

0.150226007
-1.274459522
0.528385478
0.172948825
-0.372165358
1.167229923
-0.372165358

Publication 11

1.902

0.000000000
0.000000000
0.000000000
0.000000000
-0.887137680
0.000000000
0.887137680

RI-MP2/def2-QzVP

3.614

3.887

3.718
J

J

E=-2637.77411201205041
ZPE=0.0475722

C
B

1.055744424
-2.371784815

Br -2.908085403

I ITIT T

2.139106645
0.717849248
0.649320653
0.717849248

0.153511053
-1.287284847
0.522454402
0.201343518
-0.374577153
1.159130180
-0.374577153

MP2/cc-pVTZ

3.613

3.981

3.79
)

178

1.888

0.000000000
0.000000000
0.000000000
0.000000000
-0.884983408
0.000000000
0.884983408

1.882

E=-2639.4515761

3.623

3.876

3.694
"J

Jd

ZPE=0.0464596

c
B

1.053020921

-2.346399683

Br -2.916416361

T

H
H
H

2.143753922
0.707941833
0.650157540
0.707941833

0.152958832
-1.291419208
0.530801844
0.192205554
-0.375976932
1.167406843
-0.375976932

1.909

«

0.000000000
0.000000000
0.000000000
0.000000000
-0.890391094
0.000000000
0.890391094

SCS-RI-MP2/def2-QzVP

3.673

3.934

3.856

J

E=-2637.7861342769
ZPE=0.0474521

C
B

3.418154727

-0.161256823

Br -0.678880764

T

H
H
H

S60

4.497400140
3.114986684
2.946580487
3.114986791

-0.153765186
-1.587829265

0.232603245
-0.035130475
-0.703282649

0.824411195
-0.703289027

1.893

-0.000000130
0.000006233
-0.000005597
0.000000259
-0.886098086
0.000003407
0.886093914



E=-2637.7980469

ZPE=0.047585

C
B
Br
H
H
H
H

E=-

-0.810361000
1.620129000
0.000000000

-1.154426000

-0.208920000

-1.666212000

-0.208920000

-3.003351000
-0.087859000

0.870685000
-4.032938000
-2.823326000
-2.334990000
-2.823326000

Publication 11

0.000000000
0.000000000
0.000000000
0.000000000
0.885828000
0.000000000
-0.885828000

Borylene (BH)

RI-B3LYP+D3/def2-QzVvP

3.054

3.612

J 3.265

J

65.7889230

ZPE=0.0511391

C
H
H
H
H
B
H

0.883076981
1.857213586
0.336088371
1.009328237
0.336088371
-2.377608133
-2.044187413

0.116182865
0.600427245
0.423047762
-0.963728896
0.423047762
0.292463475
-0.891440214

1.230

«

0.000000000
0.000000000
0.890515175
0.000000000
-0.890515175
0.000000000
0.000000000

RI-MP2/def2-QzvP

2.938

3.484

) 3.228

E=-65.63718959368065
ZPE=0.0522341

I ITITITO

-0.882217284
-1.943600686
-0.431228136
-0.735608491
-0.431285033

0.024171691
-0.197494079
-0.409579798

1.098174840
-0.409900677

1.224

J

-0.000017736
0.000051985
0.887092980

-0.000198543

-0.887001241

E=-

RI-TPSS+D3/def2-QZVP

65.8504837

ZPE=0.0508023

ITWIITITITO

-0.852855790
-1.850156076
-0.321727475
-0.925197209
-0.321727475

2.121533875

2.150130154

0.068829942
-0.374236352
-0.266029331

1.156974764
-0.266029331
-0.777069829

0.457560141

1.235

0.000000000
0.000000000
0.896002537
0.000000000
-0.896002537
0.000000000
0.000000000

SCS-RI-MP2/def2-QzVP

3.000

3.550

3.400

"J

J

E=-65.6573605893
ZPE=0.0519557

IITITITO

S61

-0.930383848
-2.006571846
-0.509942677
-0.706168494
-0.509942677

0.010535672
-0.131816873
-0.454302672

1.072699268
-0.454302672

1.224

0.000000000
0.000000000
0.887472616
0.000000000
-0.887472616
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B
H

E=

2.271630496
2.152309136

-65.6163607

ZPE=0.051952

ITWIITITITO

E=

0.075355000
-0.050815000
0.628002000
-0.904026000
0.628002000
0.075355000
-1.130069000

-0.661899518
0.556527542

MP2/cc-pVTZ

2.634
3.018

3.324

¢<

-1.231584000
-2.309784000
-0.932421000
-0.761607000
-0.932421000

2.092571000

1.862881000

Publication 11

-0.000397024
0.000469580

1.227

0.000000000
0.000000000
0.885456000
0.000000000
-0.885456000
0.000000000
0.000000000

B
H

2.409461203
2.253548339

Phenylborylene (BPh)

RI-B3LYP+D3/def2-QzVP

-296.8345472

ZPE=0.1367336

IITIITWO

2.030663008
1.295263030
0.947789119
2.304730123
2.436377580

180

1.571892591
-2.600208406
1.473881572
2.624844702
1.089940559

-0.000099850
0.000020220
-0.000013298
-0.000094839
0.886611096

-0.628567540
0.585754818

0.000000000
0.000000000

RI-TPSS+D3/def2-QZVP

E=-297.0777569
ZPE=0.1347689

IITIT®WO

S62

2.078782503
1.340381841
0.990021829
2.513760343
2.405861669

2979 9
4.235
4.215

)

J

1.593590260
-2.556025101
1.664688055
2.594689362
1.052229065

1.536

-0.000017860
0.000056400
0.000178423
0.000065565
0.889217977



ITIITIIITITOOOOOOIT

2.436232982
0.157554842
-0.366939199
-1.387995834
-1.896024689
-1.387910832
-0.366876338
0.032237309
-1.788224584
-2.691132927
-1.788083183
0.032339588

.089985237
-579626601
.098444760
-160741997
.306145274
.160620430
.098343417
.459416353
-210164136
.039423034
.210374225
-459249366

Publication 11

-0.886900852
0.000029343
1.211543443
1.209971866
0.000052912

-1.209876085

-1.211472951
2.151126473
2.143388816
0.000061284

-2.143282695

-2.151064876

RI-MP2/def2-QzVP

E=-296.2901207125
ZPE=0.1377498

IIITIITIITOOOO0OOOIIITIITWWO

1.978327493
1.318722561
0.897572145
2.249225270
2.384397305
2.383960652
0.176155598
-0.343756545
-1.366363150
-1.874613705
-1.366551000
-0.343946794
0.056371245
-1.767653908
-2.669885202
-1.767987778
0.056025813

.534418147
.588796238
.434554517
-584879042
.055506385
.055456415
-559916400
.083007749
.143804317
.323448451
.143882865
-083106680
.447241671
.226608524
-055827589
.226468870
.447412018

MP2/cc-pVTZ

-0.000474765
0.000099724
-0.000206251
-0.000571723
0.884016978
-0.885139464
0.000150021
1.212701318
1.210466344
0.000248197
-1.210017865
-1.212356980
2.150613184
2.143061096
0.000290185
-2.142574721
-2.150305277

ITIIIITITOOOOOOI

2.405558376
0.166219337
-0.374154054
-1.423207188
-1.945156304
-1.423144226
-0.374090738
0.036237042
-1.835426803
-2.762680363
-1.835313014
0.036349757

1.052510074
-1.565610823
-1.095683211
-0.182419050

0.272462824
-0.182413393
-1.095677581
-1.448096013

0.178652425

0.986526053

0.178662088
-1.448085033

-0.889536271
0.000033058
1.215941488
1.214201378

-0.000018241

-1.214212110

-1.215901286
2.158411026
2.150831573

-0.000036709

-2.150863101

-2.158351319

SCS-RI-MP2/def2-QzVP

E=-296.2890729600
ZPE=0.1375418

ITIIIITITOOO0OO0OOOIIITIIWO

S63

2.261561901
1.483498834
1.179389185
2.537569526
2.665844936
2.665784414
0.343742442
-0.177701344
-1.199579203
-1.707626344
-1.199585247
-0.177708936
0.220152477
-1.600351227
-2.502339117
-1.600362855
0.220134820

1.958190158
-2.270029176
1.863980729
3.008655810
1.477252008
1.477282489
-1.232569424
-0.752575623
0.189276915
0.657887691
0.189242726
-0.752611429
-1.117144363
0.559661949
1.391258232
0.559600897
-1.117212123

0.000002228
0.000024775
0.000037962
0.000010948
0.885751231
-0.885790883
0.000009078
1.212639856
1.211240182
-0.000012099
-1.211253819
-1.212632502
2.151488478
2.144308446
-0.000020599
-2.144330346
-2.151472939
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E=-296.1974087
ZPE=0.137499

IIIITIITOOOO0OOOIIITIITWO

E=

2.890088000
-0.615067000

2.063784000

3.832979000

2.830003000

2.830003000
-0.629385000
-0.630140000
-0.630140000
-0.629769000
-0.630140000
-0.630140000
-0.627760000
-0.629621000
-0.628925000
-0.629621000
-0.627760000

-0.300413000
-2.610597000
0.404792000
0.238363000
-0.926142000
-0.926142000
-1.068871000
-0.361677000
1.028988000
1.720551000
1.028988000
-0.361677000
-0.903206000
1.575420000
2.802355000
1.575420000
-0.903206000

0.000000000
0.000000000
0.000000000
0.000000000
0.885428000
-0.885428000
0.000000000
1.214185000
1.212264000
0.000000000
-1.212264000
-1.214185000
2.152495000
2.145398000
0.000000000
-2.145398000
-2.152495000

Methylborylene (BCH;)

RI-B3LYP+D3/def2-QzVvP

-105.1314312

ZPE=0.0804387

C
B
C

1.737494335
-1.800626223
-1.733456972

2.798840971

182

3.344

3.781

3.581

-0.448179040
-1.001274868

0.528436766
-0.686626907

1.531

0.000000000
0.000000000
0.000000000
0.000000000

E=-105.2240722

RI-TPSS+D3/def2-QzZVP

3.435

3.863

3.673
J

J

ZPE=0.0795457

T OWmWO

S64

1.782800729
-1.850280089
-1.779379408

2.847653778

-0.459352607
-1.000731181

0.538120630
-0.698180846

1.540

0.000000000
0.000000000
0.000000000
0.000000000



I I ITITTITXIT

1.270974922
1.609349619
1.270974922
-2.746863345
-1.203344111
-1.203344111

-0.872964837
0.632587310
-0.872964837
0.946719551
0.887133431
0.887133431

Publication 11

-0.886287737
0.000000000
0.886287737
0.000000000
0.889524989

-0.889524989

RI-MP2/def2-QzvP

J

3.358

3.816

3.651
J

E=-104.90705243787730
ZPE=0.0815866

IIITIIIITOWO

E=

1.758291468
-1.852754409
-1.752566772

2.822029472

1.305550227

1.604265377

1.305550227
-2.755990496
-1.217187547
-1.217187547

J

-104.8726507

ZPE=0.081448

I IIITIITITOWO

-0.605487000
1.413891000
0.000000000

-0.956572000

-0.001988000

-1.460124000

-0.001988000
0.079681000

-0.547769000

-0.453126212
-0.994470716
0.538764203
-0.663291615
-0.888198004
0.620752764
-0.888198004
0.969793677
0.878986954
0.878986954

MP2/cc-pVTZ

3.383

3.767

3.705

-2.061570000
1.044309000
1.660985000

-3.088782000

-1.886253000

-1.391240000

-1.886253000
2.751182000
1.341655000

1.537

0.000000000
0.000000000
0.000000000
0.000000000
-0.884386970
0.000000000
0.884386970
0.000000000
0.888492536
-0.888492536

1.543

0.000000000
0.000000000
0.000000000
0.000000000
0.885459000
0.000000000
-0.885459000
0.000000000
-0.890155000

I ITIITITXIT

1.315078046
1.654043088
1.315078046
-2.792516445
-1.246238875
-1.246238875

-0.885117451
0.625005486
-0.885117451
0.966447179
0.899463123
0.899463123

-0.889670720
0.000000000
0.889670720
0.000000000
0.891358006

-0.891358006

SCS-RI-MP2/def2-QzVP

3.485

3.962

3.816

J
J

E=-104.9271733989
ZPE=0.0815457

IIIIITIIITOWO

S65

2.265207329
-1.515472810
-1.373931123

3.330332633

1.812159706

2.110555806

1.812180342
-2.364202936
-0.828900028
-0.828904581

-0.257893867
-0.778592433
0.757252765
-0.467830961
-0.692976116
0.817236415
-0.692927618
1.219899335
1.084667043
1.084706597

1.542

0.000002095
-0.000034949
-0.000000045
-0.000004493
-0.885777110
-0.000025528

0.885815672

0.000012716

0.888697424
-0.888685781
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H -0.547769000 1.341655000 0.890155000

Aminoborylene (BNH,)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
2.544

4.350 v 3.921
> » 2 °

E=-121.2415974 E=-121.3331855
ZPE=0.0708304 ZPE=0.0699598
C -1.609070547 0.168268094  0.000000000 C -1.609804939 0.103104456 0.000000000
B 2.430927916 -1.444807775 0.000000000 B 1.994065718 -1.441369085  0.000000000
N  1.995308157 -0.145856316 0.000000000 N 2.017837641 -0.060921319 0.000000000
H -2.695539306 0.215408235 0.000000000 H -2.700355406 0.070512588 0.000000000
H -1.275295506 -0.360983520 0.890569913 H -1.232858655 -0.401599753 0.891418068
H -1.212273612 1.182655530 0.000000000 H -1.287617297 1.147868380  0.000000000
H -1.275295506 -0.360983520 -0.890569913 H -1.232858655 -0.401599753 -0.891418068
H 2.626775951 0.643910380 0.000000000 H 2.877867576 0.479539560 0.000000000
H  1.014462457 0.102388897  0.000000000 H 1.173724018 0.504464920 0.000000000
RI-MP2/def2-QZVP SCS-RI-MP2/def2-QZVP
4.460 4,538 1.377
2.564 2.661

4.311 4.399 *‘
JJ J &

E=-121.0154701961 E=-121.0288789753

ZPE=0.0718051 ZPE=0.0717923

C -1.584548584 0.162309686  0.000000000 C -2.083846168 0.394419474  0.000004446
B 2.421327337 -1.431740785 0.000000000 B 2.012534232 -1.210249751 0.000177279
N 1.962465055 -0.135237130 0.000000000 N 1.557991023 0.089837278 -0.000033558
H -2.667767926 0.201054089 0.000000000 H -3.168292194  0.434805140 -0.000017228
H -1.248352768 -0.362691006 0.888135518 H -1.747380234 -0.131654752  0.888915655
H -1.197032801 1.176342543 0.000000000 H -1.693092869 1.408694792  0.000125744
H -1.248352768 -0.362691006 -0.888135518 H -1.747338342 -0.131459787 -0.889006373
H 2.583290457 0.659721804 0.000000000 H 2.180754040 0.882846503 -0.000158349
H 0.978930106 0.092736841  0.000000000 H 0.576451198 0.323306260 -0.000007615
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MP2/cc-pVTZ

4.544
2.570

JJ

E=-120.9748046
ZPE=0.071641

1.379

4.388 ‘

C -1.552927000 -1.568151000 0.000000000
B 2.055037000 0.928444000 0.000000000
N 0.703722000 1.204406000 0.000000000
H -2.176474000 -2.456137000 0.000000000
H -0.929228000 -1.572966000 0.889393000
H -2.191160000 -0.688665000 0.000000000
H -0.929228000 -1.572966000 -0.889393000
H 0.342416000 2.146858000 0.000000000
H 0.000000000 0.479716000 0.000000000
Methylaminoborylene (BNHMe)
RI-B3LYP+D3/def2-QZVP RI-TPSS+D3/def2-QZVP
&
J
4.219 1.379
e 9 3970 d

v J
E=-160.5364079 E=-160.6638771
ZPE=0.1005716 ZPE=0.0991889
C -2.049758882 -0.557293346 0.000000000 C -2.512970869 -0.312046336 0.000000000
B 1.676891475 2.341764741 0.000000000 B 0.783765307 1.899337926 0.000000000
N 1.066950982 1.117053945 0.000000000 N 1.037393417 0.543915984 0.000000000
C 1.732747488 -0.189482556 0.000000000 C 2.371498983 -0.083275269 0.000000000
H -2.968335883 -1.139259492 0.000000000 H -3.589435744 -0.490126302 0.000000000
H -2.024469110 0.067083377 -0.891450798 H -2.240399013 0.256045434 -0.891369675
H -1.197128967 -1.233279933 0.000000000 H -1.995207794 -1.274948259 0.000000000
H -2.024469110 0.067083377 0.891450798 H -2.240399013 0.256045434 0.891369675
H 0.054128879 1.089151106 0.000000000 H 0.247676273 -0.098051178 0.000000000
H 1.461476276 -0.759159242 -0.887741784 H 2.504735596 -0.699506700 -0.892418430
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Ring Enlargement of Three-Membered Boron Heterocycles upon
Reaction with Organic m Systems: Implications for the Trapping of

Borylenes

Matgorzata Krasowska* and Holger F. Bettinger*™

/Abstract: New low-energy pathways for the reaction be-
tween substituted boriranes and borirenes with unsaturated
hydrocarbons (ethyne or ethene) were discovered using
density functional and coupled cluster theory. The interac-
tion between the m bond of the hydrocarbon and the
empty p orbital of the boron center leads to ring expansion
of the three-membered to a five-membered boron heterocy-
cle. The reactions are strongly exothermic and have low or
even no barriers. They involve intermediates with a penta-
coordinate boron center with two hydrocarbon molecules
coordinating to boron akin to metal-olefin complexes. These
borylene complexes are shallow minima on the potential

-

energy surfaces. But significantly higher barriers for ring for-
mation are computed for 1,5-cyclooctadiene and dibenzocy-
clooctatetraene complexes of borylenes, making these com-
plexes likely detectable under appropriate experimental con-
ditions. Our computational findings have implications for
the interpretation of trapping experiments of thermally gen-
erated small borylenes with excess of small t systems. Be-
cause of very low barriers for reactions of three-membered
boron heterocycles with m systems and the at least locally
large excess of the latter under such conditions, formation
of five-membered boron heterocycles should be considered.

/

Introduction

Boriranes and borirenes, also known as boracyclopropanes and
boracyclopropenes, are rather rare three-membered boron het-
erocycles that are isoelectronic to the cyclopropyl and cyclo-
propenyl cations, respectively (Scheme 1).""? Boriranes are ali-
cyclic compounds, whereas borirenes exhibit aromatic charac-
ter."™ Both possess one empty p orbital on boron atom that is
able to accept a pair of electrons.

R R R R
| | | |
Co® B C® B
cyclopropyl  borirane  cyclopropenyl borirene
cation cation

Scheme 1. Borirane and borirene are isoelectronic to cyclopropyl and cyclo-
propenyl cations.

A number of experimental®?® and theoretical®? =% investi-
gations have been performed to elucidate the properties of
these highly strained heterocycles. They were identified as
products or intermediates in spectroscopic®>"" and crossed
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beam®®*" experiments. Most of the known stable boriranes

were generated with base (pyridine,””’ THE® or NHC"#®) coordi-
nated to the boron atom through a dative bond. Likewise, in-
tramolecularly stabilized derivatives of boranorcaradienes were
extensively studied.***¥ Uncoordinated boriranes were so far
synthesized only as 1,4-diboraspiro[2.3]hex-5-ene (A),*"" 1.4-
diboraspiro[2.5]octa-5,7-diene (B),"" and 2-borylborirane (C)
(Scheme 2).'*" The heteroaromatic character of borirenes
makes them more stable and easier to handle compared with
boriranes and many examples of uncoordinated”*?" as well as
Lewis base coordinated® borirenes are known. Anionic three-
membered boron heterocycles (borate salts) are also
known."*? These involve boratiranes,“~" boratirenes,®'*%
and boratanorcaradienes®>® that were all obtained photo-
chemically by irradiation of phenylborates and were further
structurally characterized.

In the late 1960s Timms performed a series of experiments
in which boron trihalides (BF;, BCl;) were passed over solid
boron at high temperature to yield boron subhalides (halobor-
ylenes BF and BCl) followed by a low temperature co-conden-
sation of the obtained compounds with ethynes and pro-
penes.””*¥ The major products of this co-condensation of bor-
ylenes and ethynes were identified as 1,4-diboracyclohexa-

1 1 1
ll? 2 R\ R2 3
B R B B
LADB Q\/\Bj VANGN
_ | B~
X R3
A B c

Scheme 2. Synthesized uncoordinated boriranes.
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dienes and 1,4-diboracyclohexanes in the reactions of bory-
lenes with propenes. Although neither borirenes nor boriranes
could be isolated under these conditions, they were suggested
as conceivable transient intermediates that result from the
facile reaction of the borylene with the st system, in agreement
with recently computed barrier heights reported by us.>%¢”
Facile dimerization of the three-membered rings was invoked
to explain the observed six-membered rings. Indeed, low barri-
ers for borirene dimerization were computed.®¥

Here we report computational investigations of the reactions
of the three-membered rings with an additional unsaturated
hydrocarbon molecule. We obtain sufficiently low barriers for
the latter reaction to conclude that under conditions of large
excess of unsaturated hydrocarbons their bimolecular reaction
with three-membered boron heterocycles to five-membered
heterocycles (borolanes, 2,3-dihydroboroles, boroles) is at least
competitive to dimerization. We hence suggest that the co-
condensation of borylenes and small organic unsaturated hy-
drocarbons should be investigated experimentally in more
detail.

Computational Details

All stationary points on the potential energy surfaces were opti-
mized using the hybrid meta exchange-correlation density func-
tional M06-2X"®" in conjunction with the 6-311 4 G** basis set.*"
The nature of stationary points (minimum or first-order saddle
points) was confirmed by subsequent frequency analyses per-
formed at the same level of theory. Additionally, energies were fur-
ther recomputed with coupled-cluster theory using single, double,
and a perturbative estimate of triple excitations, CCSD(T),**® in
combination with the polarized triple-C def2-TZVP basis set.”” The
frozen core as well as the resolution of the identity (RI) approxima-
tions® ¥ with the corresponding auxiliary basis set” were applied
in coupled cluster computations. DFT calculations were performed
using the Gaussian 09 program.”" The energy refinement at the RI-
CCSD(T) level of theory was carried out with the Turbomole pro-
gram.”? All energy data given in the text were obtained at the
CCSD(T)/def2-TZVP//M06-2X/6-311 + G**+ZPVE level of theory
unless noted otherwise. Bader’s QTAIM analysis”* was performed
using the AIMAII package,”* and the results are provided as Sup-
porting Information. Wiberg bond indices” were calculated with
the NBO 3.1"® program as implemented in Gaussian09. Figures of
molecular structures and orbitals were prepared using the CYL-
View"”” and Chemcraft”® programs.
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Scheme 3. Reactions of boriranes and borirenes with ethene and ethyne.

Reactions of boriranes and borirenes with ethene and
ethyne

All studied reactions of boriranes and borirenes with both
ethene and ethyne under formation of heterocycles 3a-c are
strongly exothermic (Scheme 3, Table 1). The reactions are
stepwise and involve, besides weakly bound van der Waals
complexes (see Figure S1 for structures), intermediates 2a-2c¢
(see Figure 1) with boron in an unusual pentacoordinate bond-
ing arrangement (see below).

Formation of intermediates 2a and 2b on the potential
energy surface, which proceeds through transition states TS1_
2a and TS1_2b (see Figure 2), involves extremely low or even
no barriers (parent borirane) for almost all boriranes. Except for
amino substituted derivatives, intermediates 2a and 2b are
considerably stabilized with respect to reactants by 14 to
21 kcalmol™". The decreased electrophilicity of the boron cen-
ters in the amino derivatives results in almost thermoneutral
processes and somewhat higher barriers (up to 11 kcalmol™).
All of the transition states TS1_2 are of C; symmetry. The dis-
tances between boron atom of borirane and carbon atoms
from m system of ethyne are from 2.146 A for NH, substituted
borirane to 2.552 A for Cl-borirane. The distances between B
atom and C atoms of ethene vary from 2.272 A for aminoborir-
ane to 2.651 A also for chloroborirane.

Contrary to the reactions of boriranes, the formation of in-
termediates 2 c from the heteroaromatic borirenes is endother-
mic (with the exception of aminoborirene) with moderately
high barriers (Table 2). The lowest barrier for formation of inter-

Results and Discussion

To study the reactions of three membered boron

Table 1. Energies relative to separate reactants (in kcalmol™') calculated at the
CCSD(T)/def2-TZVP//M06-2X/6-311 + G** level of theory.

compounds with unsaturated hydrocarbons we have | R Borirane +ethyne Borirane + ethene
) . vdW® TS1 2b 2b  TS2.3b 3b  vdW® TS1 2a 2a  TS2 3a 3a

chosen two types of cyclic boron compounds: borir-

ane and borirene with various substituents on boron EI *1"3‘ *g'? *5'8 *1:'3 *3;': *1: *;'i *1‘7"2 *1:"1‘ *Z;'z

atom (R=H, F, Cl, Me, Ph, NH,). As model unsaturated | 197 —176 —764 513 —183  —56.0

hydrocarbons ethyne and ethene were chosen. Ph —15 —01  —138 —129 -751 —22 -12 —160 —125 —552
Me -18 —10 —141 —127 -753 —13 —07 —152 —136 —554
NH, —03 109 41 43 ~745 09 97 32 56 ~56.0

[a] van der Waals complex formed between borirane and hydrocarbon.
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Figure 1. Optimized geometries (M06-2X/6-311 + G**) of intermediates 2a
(A), 2b (B) and 2c (C). Important bond lengths and distances are given in A.

Table 2. Energies relative to separate reactants (in kcalmol™) calculated
at the CCSD(T)/def2-TZVP//M06-2X/6-311 + G** level of theory.

R vdw® TS1_2c¢ 2¢ TS2_3c¢ 3¢

F —0.4 12.5 10.6 10.3 —63.6
cl —1.1 129 9.8 10.2 —59.9
H —0.2 13.7 12.3 13.4 —51.3
Ph —-0.7 15.2 12.7 13.5 —56.0
Me —1.1 17.2 16.2 16.5 —53.7
NH, —-1.7 26.3 —65.9

[a] van der Waals complex formed between borirene and ethyne.

mediate 2c is calculated for fluoroborirene (12.5 kcalmol™),
whereas the highest barrier is found for methylborirene
(17.2 kcalmol™). The aminoborirene TS1_2c¢ does not lead to
intermediate 2 ¢ but directly to aminoborole 3 c. This process is
highly exothermic, although the reaction barrier is significantly
higher (26.3 kcal mol™") than the reaction barriers of other sub-
stituted borirenes. All of the transition states in TS1_2c are of

Chem. Eur. J. 2016, 22, 10661 - 10670 www.chemeurj.org
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Figure 2. Optimized geometries (M06-2X/6-311 4+ G**) of transition states
TS1_2a (A), TS1_2b (B) and TS1_2c (C). Important distances are given in A.

C, symmetry except aminoborirene in which the amino group
on boron atom is somewhat twisted, which is also the cause
of the difference in boron-carbon (ethyne) distances in this
system.

Intermediates 2 lie in rather shallow potential energy
minima. The barriers for collapse to products 3 through TS2_3
(Figure 3) are at most 2 kcalmol™" for 2b, 4 kcalmol™' for 2a,
and even lower (< 1 kcalmol™) for 2. Hence, these intermedi-
ates are not expected to be observable in conventional experi-
ments, and even under matrix isolation conditions it may be
challenging. The structure of the TS2_3 differs slightly from
the intermediate as the borylene unit is shifted towards two
carbon atoms from two different hydrocarbon units whereas
the other pair of carbon atoms is brought closer together so
that the distance between the atoms is decreased from about
2.6 to about 2.2-2.3 A. Representative reaction profiles are
given for the reactions of chloroborirane and chloroborirene in
Figures 4-6.
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Figure 3. Optimized geometries (M06-2X/6-311 + G**) of transition states
TS2_3a (A), TS2_3b (B) and TS2_3 ¢ (C). Important distances are given in A.

Figure 4. Schematic representation of reaction between chloroborirane and
ethene as calculated at the CCSD/def2-TZVP//M06-2X/6-311 + G** + ZPVE
level of theory.
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Figure 5. Schematic representation of reaction between chloroborirane and
ethyne as calculated at the CCSD/def2-TZVP//M06-2X/6-311 + G** + ZPVE
level of theory.
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Figure 6. Schematic representation of reaction between chloroborirene and
ethyne as calculated at the CCSD/def2-TZVP//M06-2X/6-311+ G** 4 ZPVE
level of theory.

Reactions of borylenes with 1,5-cyclooctadiene and
dibenzo[a,elcyclooctatetraene

Intermediates 2 have a unique structure but they are expected
to be not observable directly in experiments. To assess if an an-
alogue of intermediate 2 could be sufficiently stabilized for ex-
perimental detection or even isolation, 1,5-cyclooctadiene
(COD) and dibenzola,e]cyclooctatetraene (DBCOT), which are
commonly used ligands in organometallic chemistry, were se-
lected (Scheme 4).

Barriers for the formation of intermediates 5 are low, not ex-
ceeding 5 kcalmol™', and reaction energies are substantial
(Table 3; see the Supporting Information, Figure S2 for struc-
tures of TS4_5). Structures of intermediates 5 (Figure 7) resem-
ble the structure of intermediates 2. Contrary to intermediates
2, barriers for formation of cyclized products 6a and 6b are
significantly heightened to 10-16 kcalmol™". The ring closure is
endothermic for dibenzola,e]cyclooctatetraene (except for R=
NH,) and exothermic for 1,5-cyclooctadiene with the exception
of the parent system (see the Supporting Information, Fig-
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Scheme 4. Reactions of borylenes with 1,5-cyclooctadiene (top) and dibenzo[a,e]cyclooctatetraene (bottom).

Table 3. Energies relative to separate reactants (in kcalmol™") calculated
at the CCSD(T)/def2-TZVP//M06-2X/6-311 + G** level of theory for the re-
actions of borylenes with COD and DBCOT.

R Olefin TS4_ 5 5 TS5_6 6

cl CcOD 35 —65.4 —544 —67.6
DBCOT 3.9 —65.6 —51.1 —60.9

H coD not found —90.5 —78.2 —85.3
DBCOT not found —90.8 —74.3 —81.6

Me COD —0.1 —77.6 —67.7 —78.6
DBCOT 0.0 —78.7 —65.4 —73.9

NH, cop™ 5.0 —-51.8 —42.7 —729
DBCOT® 4.6 —53.9 —414 —66.1

[a] Additional borirane intermediate (—50.7) and TS (—48.3) for formation
of 5a were located. [b] Additional borirane intermediate (—56.1) and TS
(—52.1) for formation of 5b were located.

ure S3 for structures of TS5_6). Significantly heightened barri-
ers for conversion of 5 to 6, compared with the barriers for in-
termediate 2 into product 3, is most likely due to the presence
of the strained four-membered ring in product 6. The substan-
tially higher barriers for disappearance of intermediates 5
should make them observable species. It is beyond the scope
of the present paper to probe additional steric and electronic
effects for further increase of barrier heights.

Structure and bonding of pentacoordinate boron com-
pounds 2 and 5

Boranes are well known to coordinate to ; systems of organic
compounds, for example, the borane-olefin complex involved

in hydroboration.”” We have previously identified computa-
tionally borylene-olefin and borylene-alkyne van der Waals
complexes as shallow minima involved in the cycloaddition re-
action.® The pentacoordinate compounds 2 and 5 may be
considered as diolefin and dialkyne st-complexes of borylenes
reminiscent of transition-metal t-complexes. The structural pa-
rameters are in agreement with this assessment. The CC bonds
in 2aH (R=H) and 2cH (R=H) are longer by roughly 0.1 A
than in the free hydrocarbons, but they are roughly 0.1 A
shorter than in the monocyclic boron compounds. On the
other hand, the B—C distances of around 1.67-1.69 A are signif-
icantly longer than those in borirane (1.53 A) or borirene
(1.47 A). The ethylene unit in 2aH is pyramidalized as mea-
sured by the angle of the HCH plane and the CC bond (22.9°).
As expected, the pyramidalization is less than in borirane
(33.6°). Likewise, the bending of the CCH angle in 2cH is less
(30°) than that observed in borirene (41.2°). In agreement
with structural parameters that significantly deviate from those
of covalent bonds in borirane and borirene, fractional BC
bonding is supported by Wiberg bond indices (WBI) of 0.64 for
the four BC bonds in 2aH and 2cH. For comparison, the WBI
are close to 1 in borirane (0.94) and borirene (1.14). Further-
more, the significant lengthening of the CC bonds compared
to free hydrocarbons and the shorter BC distances than in
more conventional borane-olefin complexes are indicative of
a pronounced degree of back donation from the boron center
to the unsaturated hydrocarbons. This view is supported by
the analysis of the molecular orbitals of systems 2.

The HOMO of 2aH and 2cH are characterized by a bonding
interaction between a boron pg orbital and the m* orbitals of

Figure 7. Optimized geometries (M06-2X/6-311 4+ G*¥) of intermediates 5a (A) and 5b (B). Important bond lengths and distances are given in A.
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Figure 8. Frontier molecular orbitals of 2aH and 2 cH computed at M06-2X/
6-311 +G** level of theory.

the hydrocarbon moieties whereas the LUMO is the antibond-
ing combination of mt* orbitals without contribution from the
BH unit (Figure 8). The rotational barrier of an ethene unit is
22.2 kcalmol™" in agreement with operation of a strong stereo-
electronic effect such as back-donation. The electronic struc-
ture of 2 and 5 is thus related to the known (CAAC),BH® and
L,BR (L=CO, CNR)®" compounds that can be considered as

borylene complexes akin to transition-metal complexes
(Scheme 5).

R H Dipp: 2,6-diisopropylphenyl

|'3 "f‘r | Ar: 2,6-di(2,4,6-triisopropylphenyi)phenyl

B

\\/..\// o’/,C,“\CSO

2a N ’T‘

Dipp Dipp

Scheme 5.

Dimerization of borirenes and boriranes

Our analysis indicates that certain boriranes and borirenes may
react very quickly with small unsaturated hydrocarbons, in par-
ticular if there is a (locally) large excess of the latter as is likely
the case in Timms co-condensation experiments. In his experi-
ments with chloro- or fluoroborylene and alkynes and alkenes,
Timms suggested that borirene or borirane could be an inter-
mediate for the formation of 1,4-dibora-2,5-cyclohexadienes
and 1,4-dibora-2,5-cyclohexanes, although he could not detect
it directly.?”*® The facile dimerization of parent borirene was
confirmed by a computational investigation of Schleyer and
co-workers.®?¥ They studied comprehensively dimerization
pathways of parent borirene D to 1,4-diboracyclohexa-2,5-
diene F and to 2,3,4,5-tetracarba-nido-hexaborane E as well as
the disproportionation reaction of two borirene molecules to
1,3-diboretene G and ethyne by computational means
(Scheme 6).5* The nido-carborane turned out to be energeti-
cally most stable isomer at MP3/6-31G//3-21G and HF/6-31G*//
3-21G levels of theory, although the low-energy pathway for

" K H
5 A - o
A Sgy HB _ B-H H'Bﬂ

D E F G

Scheme 6.
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its formation from two borirene molecules could not be locat-
ed. Borirene dimerization to 1,4-diboracyclohexa-2,5-diene F,
which lies just a few kcalmol™" above nido-carborane E, was
analyzed in detail by symmetry and orbital interactions argu-
ments.*? From these considerations two non-planar four-
center transition states for low-energy pathways were found:
one transition state (11 kcalmol™) of C, symmetry where the
empty p orbital on boron overlaps with both & orbitals of CC
and a o orbital of a B—C bond and a second transition state
(19 kcalmol™) of C; symmetry in which the overlap of boron
acceptor orbital and CC m orbital is poor.

Following Schleyer and co-workers, we performed a compu-
tational study of the dimerization processes of chloro- and flu-
oroborirene, which are important in view of Timms experi-
ments, and of parent borirene as a reference. For this purpose
we adopted both G, and G transition state geometries provid-
ed by Schleyer and co-workers as a starting point for our
study. During the re-optimization the symmetry of both transi-
tion states could not be retained, although the resulting C, ge-
ometries resemble the previously reported structures. Thus we
were able to find three low-energy pathways. Two of them led
to 1,4-diboracyclohexadiene as expected, whereas the third
path is a boration reaction (Scheme 7) that was not considered

e T R
R _f,BQ B
2 — | Ly | — [ ] )
AN \ ?
L R R
7 TS7_8(l) 8
C R T R
J B
R . % . Il
| T
2 B AYAN, [ ] ( )
L R R
7 TS7_8(I) 8
[ 14+
R A
S 7 I S ()
A ' R =
R
7 TS7.9 9

Scheme 7. Dimerization pathways of borirenes.

previously by Schleyer and co-workers. Path | and Il differ in
the structure of the transition states (see Figure 9). Barrier
heights calculated for diboracyclohexadiene formation are in
agreement with the previous computations by Schleyer et al.
Path Il is favored, but the boration reaction is competitive
(Table 4).

Additionally, we studied dimerization reactions of boriranes
for the first time (Scheme 8, Figure 10). Two low-energy path-
ways were found for this process: one for dimerization to 1,4-
diboracyclohexane (path IV) and one for a boration reaction
(path V). Structures of transition states TS10_11 for reaction IV
resemble the transitions states TS7_8(ll) found in pathway I
for borirene dimerization to 1,4-diboracyclohexadiene. The re-
action of the parent borirane has no barrier but proceeds

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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A

Figure 9. Optimized geometries (M06-2X/6-311 4+ G**) of transition states

TS7_8(1) (A), TS7_8(II) (B), and TS7_9 (C). Important distances are given in A.
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Table 4. Energies relative to separate reactants (in kcalmol™) calculated
at the CCSD(T)/def2-TZVP//M06-2X/6-311 4+ G** level of theory for dimeri-
zation of borirenes (see Scheme 7 for pathways).

R Path | Path Il Path IlI
TS7_8(l) 8 TS7_8(l) 8 TS7_9 9
H 16.4 —55.7 10.7 —55.7 12.1 —-27.7
cl 18.5 —74.1 12.8 —74.1 16.7 —39.8
F 14.3 —81.2 10.5 —81.2 14.4 —52.6
_ . R
1
R <‘<‘B B
9 B — B — (V)
B B
A\ . R B
R i
L i R
10 TS10_11 1
r 14
R > R
2 b — AB,“? e <4 e V)
/\ " R /
R
10 T$10_12 12

Scheme 8. Dimerization pathways of boriranes.

Figure 10. Optimized geometries (M06-2X/6-311 + G*¥) of transition states
TS10_11 (A) and TS10_12 (B). Important distances are given in A.
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through a cyclic intermediate in which the distance between
boron atoms is smaller than 2 A (see the Supporting Informa-
tion, Figure S6). Both borirane dimerization pathways have ex-
tremely low barriers, but diboracyclohexane formation is signif-
icantly more exothermic than boration (V) (Table 5).

Table 5. Energies relative to separate reactants (in kcalmol™) calculated
at the CCSD(T)/def2-TZVP//M06-2X/6-311 + G** level of theory for dimeri-
zation of boriranes (see Scheme 8 for pathways).

R Path IV Path V

vdW"®  TS10_11 1 vdw'®  TS10_12 12
Hied -777 —19 —25 —38.8
cl -13 —06 -862 19 0.1 —46.3
F -1.0 -1.0 —921 14 0.5 —57.3

[a] vdW" refers to van der Waals complex formed between two borirane
molecules in path IV.[b] vdW" refers to van der Waals complex formed be-
tween two borirane molecules in path V. [c] Additional intermediate
(—65.8) and TS (—67.3) for formation of 11 were located (the Supporting
Information, Figure S6A). [d] Additional intermediate (—44.8) and TS
(—37.3) for formation of 12 were located (the Supporting Information,
Figure S6B).

Boration of unsaturated hydrocarbons by boriranes and
borirenes

As we found boration reactions involving boriranes and borir-
enes to be energetically competitive, we also investigated bo-
ration reactions of ethene and ethyne as an alternative to bor-
olane, 2,3-dihydroborole, and borole formation (Scheme 9).

+
R AN
| \\ » _-B- - = 845 — R é>
B + -~ . U ‘] L N
1a 2a TS2_13a 13a

N [t R
VAN — N—/

1b TS1_13b 13b

-3

N It N o
A s —

1c TS1_13c 13c

Scheme 9. Boration reactions.

Boration of ethyne by borirane has the lowest barriers
among all boration reactions studied here. In transition struc-
tures TS1_13 hydrocarbon is parallel to B—R bond contrary to
TS1_2 where hydrocarbon is perpendicular to B—R bond
(Figure 11). Barriers for boration reaction are much higher than
barriers for ring expansion reactions (Table 6). Due to unfavora-
ble energetics boration reactions are unlikely to occur.
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(amino)carbenes CAAC, carbon monoxide, isonitriles) stabi-
lize a borylene.

3. For most of the substituted boriranes the reaction barriers
for formation of intermediates 2a and 2b are extremely

1.388 low (below 1 kcalmol™") or there are no barriers in case of
parent borirane. The reactions of aminoborirane have
higher barriers (about 11 kcalmol™") and are slightly endo-
thermic due to the reduced Lewis acidity of boron. In case
of borirenes, formation of intermediates 2c is an endother-
mic process with barrier heights ranging from 12.9 to
28.0 kcalmol™". Formation of intermediates 2 is substantially
exothermic.

4. Barrier heights for collapse of intermediates 2 to five-mem-
bered heterocycles 3 by C—C bond formation are very low
(not exceeding 3.5 kcalmol™") and smallest for the reaction
of borirene with ethyne (below 1 kcalmol™).

1.555
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1112.431.707

Y ~
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Figure 11. Optimized geometries (M06-2X/6-311 4 G**) of transition states 5. Barriers for C—C bond formation can be Signiﬁcanﬂy in-
TS2_13a (A), TS1_13b (B), and TS1_13c (C). Important distances are given creased up to 17 keal mol ™ by using diolefins 1,5-cycloocta-
in A. ,

diene and dibenzo[a,e]cyclooctatetraene (DBCOT).
Based on barrier heights, the corresponding
(DBCOT),BR complexes should be observable ex-
perimentally.

Boration reactions of the unsaturated hydrocar-
bons by boriranes and borirenes have significantly
higher barriers and are expected not to be com-
petitive with formation of 3.

Table 6. Reaction energies (with respect to separate reactants) in kcalmol™' calculat-
ed at the CCSD(T)/def2-TZVP//M06-2X/6-311 4+ G** level of theory for boration.” 6.

R Borirane +ethene
2a TS2_13a 13a

Borirane +ethyne
vdWw® TS1_13b 13b

Borirene +ethyne
vdW TS1_13¢ 13c

H -213 07 —-319 —19.71 49 —46.1 —0.1 346 428 R

a 174 196 15 —11 152 2131 —11 313 _146 7. Two pathways for dimerization of parent, chloro-,
Me —15.2 25.1 -19.7 —09 225 —-36.5 —0.2 489 —34.9 and fluoroborirenes to 1,4-dibora-2,5-cyclohexa-
NH,®% —05M 333 140 —07 311 —141 —15 400 —-183

dienes were found with barrier heights in the
range of 10-18 kcalmol™'. An additional pathway,
with comparable barriers heights, is the ring-
opening boration of a borirene C—B bond by bor-
irene.

[a] See Scheme 9. [b] vdW refers to van der Waals complex formed between borirane
and ethyne (see Supporting Information, Figure S7A. [c] Reaction starts with inter-
mediate 2b. [d] vdW refers to van der Waals complex formed between borirene and
ethyne (see Supporting Information, Figure S7B). [e] Additional intermediate (3.5) and
TS (13.7) for formation of 13a were located (see Supporting Information, Figure S8 A).

[f] Additional intermediate (—8.7) and TS (—0.7) for formation of 13b were located
(see Supporting Information, Figure S8B). [g] Additional intermediate (—0.5) and TS
(—0.9) for formation of 13 ¢ were located (see Supporting Information, Figure S8 C). [h]

. One pathway for dimerization of boriranes (R=H,

Cl, F) was identified, and that proceeds with very
low barriers.

Reaction starts with vdW complex.

9. The facile reaction of the three membered boron

Conclusion

The computational study of the reactivity of boron-substituted
boriranes and borirenes (R=H, F, Cl, Me, Ph, and NH,) towards
unsaturated hydrocarbons (ethyne or ethene) allows us to
draw the following conclusions:

1.

The newly found reaction that leads to ring expansion of
the three-membered to five-membered heterocycles, boro-
lanes (3a), dihydroboroles (3b), or boroles (3¢) is based on

heterocycles, in particular boriranes, with unsatu-

rated hydrocarbons is relevant in the context of
the co-condensation of thermolytically generated borylenes
and small unsaturated hydrocarbons as performed by
Timms. The expected high local concentrations of hydrocar-
bon in these experiments are expected to favor formation
of five-membered heterocycle over the dimerization, al-
though this also is a low barrier process. The five-mem-
bered heterocycles are not expected to be particularly
stable and may have reacted further during processing of
the reaction mixture.

the interaction between the empty p orbital of the boron
atom and the 7t bond of the unsaturated hydrocarbon.

2. The reaction is step-wise and proceeds through the inter-
mediate 2, which can be regarded as a borylene complexed
to two unsaturated hydrocarbon molecules, similar to tran-
sition metal olefin or alkyne complexes. Intermediates 2
thus fall into the category of L,BR compounds where two
neutral two-electron donor ligands (such as cyclic (alkyl)-
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Table S1. Energies AE, and Gibbs free energies AG (298.15 K) relative to separate reactants (in kcal mol"l)
calculated at the CCSD(T)/def2-TZVP//M06-2X/6-311+G** |evel of theory. Corrections to AE;and AG are taken
from MO06-2X/6-311+G** calculations.

R vdw® TS1_2b 2b TS2_3b 3b

AG A, AG AE, AG AE, AG AE, AG AE,
F 60 -1.4 82 -0.6 -5.3 -15.0 -4.4 -14.5 717  -814
ca 57 -13 87 -0.1 -7.3 -17.0 -5.7 -159  -69.7  -79.4
H -10.4  -19.7 7.9 -17.6  -66.9 -76.4
Ph 57 -15 88 -1.0 -4.7 -13.8 2.8 129 -65.1 -75.1
Me 58 -1.8 84 -1.0 -4.2 -14.1 -2.0 -12.7  -65.2 -75.3
NH, 63 -03 201 10.9 13.5 4.1 143 43 -65.1 -74.5
R vdw*’ TS1_2a 2a TS2_3a 3a

AG  AE, AG AE, AG AE, AG AE, AG AE,
F 68 -1.4 7.9 -1.2 -3.2 -14.4 -2.2 -13.4 511 -61.9
cd 64 -15 94 -0.3 -6.0 -17.4 -3.8 -15.1  -485 -59.4
H -10.5 -21.3 7.6 -18.3 454  -56.0
Ph 53 22 80 -1.2 -5.7 -16.0 -0.9 -12.5 -44.0  -55.2
Me 7.0 -13 96 0.7 -4.2 -15.2 -1.9 4136 -44.1 -55.4
NH, 60 -09 199 9.7 13.8 3.2 16.6 56 -45.2 -56.0
R vdW* TS1_2c 2c TS2_3c 3c

AG A, AG AE, AG AE, AG AE, AG AE,
F 53 -04 216 125  20.1 10.6 20.1 10.3 -53.5 -63.6
a 48 -1.1 220 12.9 19.5 9.8 200 10.2 -49.8  -59.9
H 51 -02 225 13.7 216 12.3 22.9 13.4 -41.4  -513
Ph 52 -07 246 152  23.0 12.7 23.8 13.5 -45.3 -56.0
Me 54 -11 277 172 26.2 16.2 27.1 16.5 -43.1 -53.7
NH, 46 -17 354 263 -55.7 -65.9

“van der Waals complex formed between borirane and ethene
® van der Waals complex formed between borirane and ethyne
“van der Waals complex formed between borirene and ethyne

Table S2. Energies AE, and Gibbs free energies AG (298.15 K) relative to separate reactants (in kcal mol™)
calculated at the CCSD(T)/def2-TZVP//M06-2X/6-311+G** |evel of theory. Corrections to AEyand AG are taken
from M06-2X/6-311+G** calculations.

R TS4_5a 5a TS5_6a 6a

AG AE, AG AE, AG AE, AG AE,
cl 14.5 35 -53.2 -65.4 -42.0 -54.4 -56.0 -67.6
H -79.9 -90.5 -67.3 -78.2 -74.9 -85.3
Me 10.8 -0.1 -65.6 -77.6 -55.0 -67.7 -66.8 -78.6
NH, 16.2 5.0 -39.3 -51.8 -29.9 -42.7 -60.5 -72.9
R TS4_5b 5b TS5_6b 6b

AG AE, AG AE, AG AE, AG AE,
cl 14.3 3.9 -53.4 -65.6 -39.0 -51.1 -49.6 -60.9
H -80.1 -90.8 -63.9 -74.3 -71.5 -81.6
Me 10.5 0.0 -67.0 -78.7 -53.4 -65.4 -62.4 -73.9
NH, 154 4.6 -41.6 -53.9 -29.1 -41.4 -54.3 -66.1
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Table S3. Energies AE, and Gibbs free energies AG (298.15 K) relative to separate reactants (in kcal mol"l)
calculated at the CCSD(T)/def2-TZVP//M06-2X/6-311+G** |evel of theory. Corrections to AEyand AG are taken
from MO06-2X/6-311+G** calculations.

TS7_8(1) TS7_8(1I) 8 TS7.9 9

R
AG AE, AG AE, AG AE, AG AE, AG AE,

H 26.7 16.4 20.9 10.7 -44.9 -55.7 11.6 12.1 -18.3 -27.7
cl 294 18.5 24.0 12.8 -62.1 -74.1 11.6 16.7 -29.5 -39.8
F 25.2 14.3 214 10.5 -69.4 -81.2 11.9 14.4 -42.8 -52.6

Table S4. Energies AE, and Gibbs free energies AG (298.15 K) relative to separate reactants (in kcal mol™)
calculated at the CCSD(T)/def2-TZVP//M06-2X/6-311+G** |evel of theory. Corrections to AEyand AG are taken
from M06-2X/6-311+G** calculations.

R vdW TS10_11 11 vdW TS10_12 12
AG AE, AG AE, AG AE, AG AE, AG AE, AG AE,
H -66.6 -77.7 7.0 -19 6.5 -25 -293 -388

a 77 -13 105 -06 -744 -86.2 73 -19 11.3 0.1 -35.7 -46.3
F 83 -1.0 9.6 -10 -80.7 -921 75 -14 11.0 0.5 -47.3  -57.3

Table S5. Energies AE, and Gibbs free energies AG (298.15 K) relative to separate reactants (in kcal mol™)
calculated at the CCSD(T)/def2-TZVP//M06-2X/6-311+G** |evel of theory. Corrections to AE, and AG are taken
from M06-2X/6-311+G** calculations.

R TS2_13a 13a vdW TS1_13b 13b
AG AE, AG AE, AG AE, AG AE, AG AE,
H 11.0 0.7 -22.9 -31.9 14.2 4.9 -37.6 -46.1
cl 30.2 19.6 10.8 15 5.8 -1.1 25.0 15.2 -4.4 -13.1
Me 36.9 25.1 -9.5 -19.7 6.9 -0.9 33.3 225 -26.8 -36.5
NH, 43.8 33.3 23.5 14.0 6.1 -0.7 40.6 31.1 -5.3 -14.1
R vdW TS1_13c 13c
AG AE, AG AE, AG AE,
H 5.5 -0.1 43.5 34.6 -34.3 -42.8
cl 4.8 -1.1 40.8 31.3 -6.1 -14.6
Me 7.1 -0.2 59.9 48.9 -24.9 -34.9
NH, 3.5 -1.5 49.2 40.0 -9.4 -18.3
S2
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Figure S1. Optimized geometries (M06-2X/6-311+G**) of van der Waals complexes found in
ring expansion reaction. Important distances are given in A.
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Figure S2. Optimized geometries (M06-2X/6-311+G**) of transition states TS4_5a (A) and

TS4_5b (B). Important distances are given in A.

Figure S3. Optimized geometries (M06-2X/6-311+G**) of transition states TS5_6a (A) and

TS5_6b (B). Important distances are given in A.
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9

BORIRANE TRANSITION STATE

9
TRANSITION STATE 9

BORIRANE

Figure S4. Optimized geometries (MO06-2X/6-311+G**) of borirane intermediate and
transition state found for formation of 5a (A) and 5b (B). Important distances are given in A.
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Figure S5. Optimized geometries (M06-2X/6-311+G**) of van der Waals complexes found in
path IV (A) and V (B) for borirane dimerization. Important distances are given in A.

INTERMEDIATE TRANSITION STATE

A

Figure S6. Optimized geometries (M06-2X/6-311+G**) of additional intermediate and
transition state found for formation of 11 (A) and 12 (B). Important distances are given in A.
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Figure S7. Optimized geometries (M06-2X/6-311+G**) of van der Waals complexes found in
boration reactions. Important distances are given in A.
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Figure S8. Optimized geometries (M06-2X/6-311+G**) of intermediate and transition state
found for formation of 13a (A) and 13b (B) and 13c (C). Important distances are given in A.
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Distortion of hydrocarbon units in intermediates 2.

Table S6. Selected geometrical data for intermediates 2a and 2b computed at M06-2X/6-311+G** level of

theory.
R 2a 2b
d““ d°“ w1 a2 a3 ad d“< d°“ w1 a2 B1 B2
H 1424 158.2 1.407 1.264 161.9 152.3
F 1.429 159.2 1.406 1.274 163.8 150.5
cl 1.427 159.2 1.410 1.268 162.7 152.7
Me 1.424 1.426 157.9 158.0 157.8 157.7 1.413 1.262 160.6 152.9
Ph 1426 1.426 158.0 158.0 1.409 1.264 161.8 161.0 152.4 152.4
NH, 1.430 1.419 157.1 159.7 1.400 1.269 163.6 150.6

Table S7. Selected geometrical data for intermediate 2c

computed at M06-2X/6-311+G** level of theory.

R @ ¢S g B2 B1 B2
H 1.252 155.8

F 1.257 155.0

Cl 1.255 155.9

Me 1.249 1.258 156.7 156.7 153.8 153.8
Ph 1.253 155.9

208
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Table S8. Selected geometrical data for borirane and borirene
computed at M06-2X/6-311+G** level of theory.
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Borirane Borirene
R dBCl dClCZ a dBCl dClCZ B
H 1.526 1.545 146.4 1.471 1.349 138.8
F 1.510 1.591 142.6 1.463 1.362 136.5
cl 1.514 1.569 144.8 1.463 1.355 138.1
Me 1.530 1.552 145.2 1.476 1.349 137.9
Ph 1.528 1.554 144.8 1.475 1.349 138.1
NH, 1.528 1.565 143.3 1.484 1.345 137.8
Free acetylene d(CC)=1.197 A
Free ethylene d(CC)=1.326 A
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QTAIM analysis of intermediates 2

In addition to molecular orbital analysis, quantum theory of atoms in molecules (QTAIM)[”

was performed at the MO062X/6-311+G** level of theory to describe bonding in
intermediates 2 (Table S9). Moreover, QTAIM analysis was carried out on borirane,
borirene, borole, and dimethylborane to provide reference data. Computed molecular
graphs of intermediates 2 show that the boron atom is connected to each carbon atom of
two hydrocarbon subunits by bond paths (BP) and corresponding bond critical points (BCP)
were found. BCPs on B-C bond paths lie closer to the boron atom (see Figure S9; BCP is
situated closer to the atom with lower eIectronegativity[Z]). Bond paths in borirane and
borirene are somewhat curved outwardly (exocyclic BP) and the convex shape of molecules
is revealed. This is in agreement with molecular graphs obtained for cyclopropane

molecule!®

and is an indication of molecular strain. Comparing the three-membered boron
heterocycles with less strained borole, it is easy to recognize that the B-C bond paths of
latter are no longer convex (see Figure S10.). B-C bond paths of intermediates 2 are, on the
other hand, curved inwardly (concave or endocyclic BP). Properties at BCP can reveal the
nature of the bond type. Electron density p at BCP greater than 0.20 au is typical for
covalent bonds, and p < 0.10 au characterizes closed-shell interactions (ionic bonds, van der
Waals complexes, hydrogen bonds). In intermediates 2 the electron density at BCP(B-C)
amounts to 0.128 au in 2aH and to 0.125 au in 2cH. These values of p places B-C bonds of
intermediates 2 between covalent bonds and closed-shell interactions, although the
magnitude 10™ au is significant and suggests that these bonds have some covalent
character. These values are lower than the values of p at the BCP(B-C) of boracycles
(borirane, borirene, and borole) and acyclic dimethylborane. In all of these compounds
electron density is equal to or greater than 0.18 au which is lower than typical value for
covalent bond (>0.20 au), but could be typical for boron-carbon bonds. The values of
electron density at BCP(C-C) are heightened from 0.222 in borirane to 0.279 au in 2aH and
from 0.323 in borirene to 0.375 au in 2cH. Another useful property that can be computed at
BCP is Laplacian of the electron density ¥ ?p, which has negative sign in covalent bonds and
is positive in closed-shell interactions, but can be also positive in strongly polar bonds,
dative bonds (for dative C-B bonds see Frenking et al.[5]) or so called charge-shift bonds.!® 7!
Sign of Laplacian of electron density Vzp in BCP(B-C) in all intermediates 2 is positive and
values are smaller when boron is connected to ethene unit (0.057 au in 2aH and 0.082 au in
2bH) which still is an indication of partial covalent character of the bond. In 2cH V?%p at
BCP(B-C) is also positive and the value is higher (0.190 au). V?p at BCP(B-C) of borirane is
slightly negative (-0.059 au) but in borirene is highly positive (0.293 au). In borole and
HBMe, V?p at BCP(B-C) is negative (about -0.23 au).

The ring critical points (RCP) in borirane and borirene are close to BCPs of B-C bond
paths. The electron density value at these RCPs is smaller by only less than 0.02 au than
electron density at BCP(C-B). This indicates that the electron density is distributed basically
throughout the ring plane. Cremer and Kraka'® ® describe it as surface delocalization
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associated with 1t character of CC bonds (electron density spreads either towards ring center
and outside of the ring in cyclopropane and other strained rings). In borole the distance
between BCP(C-B) and RCP is larger and the p value of the latter is much smaller (0.044 au)
than in the case of three-membered boracycles. This indicates that electron density in
borole is distributed in the bonding region only. Narrowing the BCP1-B-BCP2 angle in
intermediates 2 (concave bond paths) brings the BCP(B-C) and RCP closer and causes almost
identical values of p at RCP and at BCP(B-C) (see Table S6), although the electron density is
still distributed throughout the ring plane (see Figure S9C-F). This stays in agreement with
the Laplacian distributions shown in Figure S9. Borirane and borirene both exhibit extended
bond ellipticities € at BCP(B-C), 0.991 and 0.781, respectively, which are larger than
ellipticities of B-C bond in borole and HBMe, (~0.3). Extended ellipticity is another
manifestation of the t character of the B-C bonds in three-membered boracycles as in case

of cyclopropane.”!

Extremely large bond ellipticities were found for B-C bonds of
intermediates 2 with the largest value of 15.7 in 2cH. The enormous values of € are
associated with the elongation of B-C bonds compared to three-membered boracycles.
Large € values were associated with facile bond rupture and were also e.g. found in QTAIM
analysis performed on cyclopropylcarbinyl cation (C4H7+).[9]

The shape of the molecular graphs (exo- or endocyclic B-C bond paths) can be
associated with the strength of o-donation from multiple CC bonds and m-back donation in

(1 o other three-membered rings.!®! The stronger the electron donation from

metallacycle
the CC bond and the weaker m-back donation, the more curved inwardly the bond paths
become until T-shape is reached and ring structure is lost as for pure o-donation without
any back donation. The situation is reversed when back donation dominates: the bond paths
are convex (like in cyclopropane) or close to being straight as in metallacycles where convex
structure is hardly reached.™™ Judging from the shape of molecular graphs, in borirane and
borirene pure boracycle structure predominates. The situation changes when two
unsaturated hydrocarbon units are connected to the boron center, like in intermediates 2.
Narrowing of the ring structure of molecular graph of 2 the back donation is still present but
donation from CC bond to boron is now dominant. Weaker back donation is present in 2cH
than in 2aH as the B-C bond paths are narrower. Delocalization indices obtained from
QTAIM calculations correlate quite well with calculated Wiberg bond orders for the non-

polar CC bonds, but are lower in case of B-C bonds.
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Figure. S9. Molecular graphs and Laplacian Vzp contour maps in the BCC plane of borirane
(A), borirene (B), 2aH (C), 2cH (D), 2bH ethene part (E), and 2bH ethyne part (F). Red
contour lines denote the region where the electronic charge is concentrated (V?p < 0) and
blue lines indicate electronic charge depletion (V?p > 0). Bond critical points (BCP) are
marked as green circles and ring critical points (RCP) as yellow circles. Hydrogen atoms and
corresponding bond paths are omitted for clarity.
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Figure $10. Molecular graphs and Laplacian V?p distribution of borole (A) and
dimethylborane (B). Red contour lines denote the region where the electronic charge is
concentrated (Vzp < 0) and blue lines indicate electronic charge depletion (Vzp > 0). Bond
critical points (BCP) are marked as green circles and ring critical points (RCP) as yellow
circles. Hydrogen atoms and corresponding bond paths are omitted for clarity.
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Table S9. Properties of electron density at bond and ring critical points obtained from AIM computations at the
MO06-2X/6-311+G** |evel of theory.

Molecule BCP p° Vi’ £ 5(A,B)? Wiberg §(c1-c3)?
2aH C1-C2 0.279 -0.660 0.328 1.327 1.226 0.172
B-C1 0.128 +0.057 6.16 0.403 0.641
B-H 0.175 -0.159 0.111 0.615 0.970
RCP 0.128 +0.093
2bH C1-C2 0.289 -0.715 0.326 1.379 1.293 0.177
C3-C4 0.368 -1.038 0.119 2.204 2.141
B-C1 0.119 +0.082 15.0 0.365 0.589
B-C3 0.134 +0.172 6.89 0.424 0.688
B-H 0.175 -0.169 0.125 0.618 0.964

RCP1 0.119 +0.103
RCP2 0.134 +0.216

2cH C1-Cc2 0.375 -1.071 0.119 2.258 2.208 0.179
B-C1 0.125 +0.190 15.7 0.395 0.639
B-H 0.175 -0.177 0.138 0.622 0.965
RCP 0.125 +0.216
borirane C1-C2 0.222 -0.341 0.592 1.202 0.992
B-C1 0.183 -0.059 0.991 0.541 0.939
B-H 0.182 -0.378 0.311 0.679 0.975
RCP 0.166 +0.032
borirene C1-C2 0.323 -0.762 0.029 2.030 1.720
B-C1 0.185 +0.293 0.781 0.572 1.143
B-H 0.181 -0.351 0.180 0.670 0.978
RCP 0.174 +0.442
borole B-C1 0.177 -0.227 0.318 0.530 0.911 0.189
B-H 0.184 -0.318 0.275 0.585 0.983
RCP 0.044 +0.252
HBMe, B-C1 0.183 -0.233 0.304 0.548 0.141
B-H 0.179 -0.276 0.329 0.552
ethyne C1-Cc2 0.410 -1.235 0.000 2.851
ethene C1-C2 0.343 -1.024 0.331 1.904

“ electron density (e bohr™).
b Laplacian of electron density (e bohr™).
Cc . . .
bond ellipticity.
? delocalization index between atoms A(boron or carbon) and B.
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Reactions of borirane and borirene with unsaturated hydrocarbons

Hydrocarbons
Ethene Ethyne
E (HF)=-78.5635539607 E(HF)=-77.3162766994
v1=838.2 v1=719.3
C 0.000000000 0.000000000 0.662818000 C 0.000000000 0.000000000 0.598461000
C  0.000000000 0.000000000 -0.662818000 C  0.000000000 0.000000000 -0.598461000
H 0.000000000 0.923212000 1.231258000 H 0.000000000 0.000000000 1.662693000
H 0.000000000 -0.923212000 1.231258000 H 0.000000000 0.000000000 -1.662693000
H 0.000000000 -0.923212000 -1.231258000
H 0.000000000 0.923212000 -1.231258000
Boriranes Borirenes
H-borirane H-borirene
E(HF)=-103.978814992 E(HF)=-102.776170082
v1=439.0 v1=674.3
C 0.000000000 0.772711000 -0.351919000 C 0.000000000 0.674509000 -0.379684000
B 0.000000000 0.000000000 0.963923000 C  0.000000000 =-0.674509000 =-0.379684000
C  0.000000000 =-0.772711000 =-0.351919000 B 0.000000000 0.000000000 0.927527000
H 0.903816000 1.273637000 -0.684460000 H 0.000000000 1.487001000 -1.091975000
H -0.903816000 1.273637000 -0.684460000 H 0.000000000 -1.487001000 -1.091975000
H 0.903816000 -1.273637000 -0.684460000 H 0.000000000 0.000000000  2.102517000
H -0.903816000 =-1.273637000 -0.684460000
H 0.000000000 0.000000000 2.141258000
F-borirane F-borirene
E (HF)=-203.291360575 E (HF)=-202.081536721
v1=235.2 v1=410.4
C 0.000000000 0.795434000 -0.944417000 C 0.000000000 0.680954000 -1.018563000
B 0.000000000 0.000000000 0.339474000 B 0.000000000 0.000000000 0.276415000
F  0.000000000 0.000000000 1.652191000 F  0.000000000 0.000000000 1.596370000
C  0.000000000 =-0.795434000 -0.944417000 C  0.000000000 =-0.680954000 =-1.018563000
H 0.904561000 1.271802000 -1.308523000 H 0.000000000 1.464892000 -1.763322000
H -0.904561000 1.271802000 -1.308523000 H 0.000000000 -1.464892000 -1.763322000
H 0.904561000 =-1.271802000 -1.308523000
H -0.904561000 =-1.271802000 -1.308523000
Cl-borirane Cl-borirene
E (HF)=-563.634529536 E (HF)=-562.425631142
v1=199.3 v1=318.9
C  0.000000000 0.784553000 -1.485424000 C  0.000000000 0.677560000 -1.572719000
B 0.000000000 0.000000000 -0.190628000 C 0.000000000 -0.677560000 -1.572719000
Cl 0.000000000 0.000000000 1.535261000 B 0.000000000 0.000000000 -0.275636000
C  0.000000000 =-0.784553000 -1.485424000 Cl 0.000000000 0.000000000 1.461118000
H 0.905654000 1.273036000 -1.830301000 H 0.000000000 1.482186000 =-2.294092000
H -0.905654000 1.273036000 -1.830301000 H 0.000000000 -1.482186000 -2.294092000
H 0.905654000 -1.273036000 -1.830301000
H -0.905654000 -1.273036000 -1.830301000
Me-borirane Me-borirene
E (HF)=-143.302550514 E(HF)=-142.096865498
v1=110.0 v1=34.6
C 1.802807740 -0.002973832 0.000000000 C -0.001557000 =-1.721016000 0.000000000
B 0.257919744 -0.026529284 0.000000000 B -0.015177000 -0.166196000 0.000000000
C -1.060369500 0.004108888 0.775988000 C -0.001557000 1.146807000 0.674616000
C -1.060369500 0.004108888 -0.775988000 C -0.001557000 1.146807000 -0.674616000
H -1.384800769 0.914771227 1.269992000 H 0.003972000 1.871556000 =-1.477216000
H -1.422587796 -0.892996830 1.268725000 H 0.003972000 1.871556000 1.477216000
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H -1.384800769 0.914771227 -1.269992000 H -0.472130000 -2.144295000 0.888629000
H -1.422587796 -0.892996830 -1.268725000 H -0.472130000 -2.144295000 -0.888629000
H 2.250377830 -0.438463327 0.894592000 H 1.040228000 -2.059128000 0.000000000
H 2.250377830 -0.438463327 -0.894592000
H 2.082102926 1.060740525 0.000000000
Ph-borirane Ph-borirene
E (HF)=-335.013246578 E (HF)=-333.804773880
v1=79.6 v1=49.3
C  0.000000000 1.205238000 0.627795000 C  0.000000000 1.202487000  0.532299000
C  0.000000000 0.000000000 -0.092551000 C  0.000000000 0.000000000 -0.187440000
c 0.000000000 -1.205238000 0.627795000 c 0.000000000 -1.202487000 0.532299000
c 0.000000000 -1.208697000 2.016714000 c 0.000000000 -1.206136000 1.922227000
C  0.000000000 0.000000000 2.708860000 C  0.000000000 0.000000000 2.617266000
C  0.000000000 1.208697000 2.016714000 C  0.000000000 1.206136000  1.922227000
B 0.000000000 0.000000000 -1.622237000 B 0.000000000 0.000000000 -1.728258000
c 0.000000000 -0.776887000 -2.938287000 c 0.000000000 -0.674473000 -3.039944000
C  0.000000000 0.776887000 -2.938287000 C  0.000000000 0.674473000 -3.039944000
H -0.904133000 -1.267384000 -3.284953000 H 0.000000000 1.478833000 -3.761947000
H 0.904133000 -1.267384000 -3.284953000 H 0.000000000 -1.478833000 -3.761947000
H -0.904133000 1.267384000 -3.284953000 H 0.000000000 -2.142313000 -0.009485000
H 0.904133000 1.267384000 -3.284953000 H 0.000000000 -2.144378000 2.464508000
H 0.000000000 -2.142208000 0.081052000 H 0.000000000 0.000000000  3.701198000
H 0.000000000 -2.145172000 2.561713000 H 0.000000000 2.144378000 2.464508000
H 0.000000000 0.000000000 3.792951000 H 0.000000000 2.142313000 -0.009485000
H 0.000000000 2.145172000 2.561713000
H 0.000000000 2.142208000 0.081052000
NH,-borirane NH,-borirene
E(HF)=-159.400241494 E (HF)=-158.180098390
v1=255.8 v1=338.3
C  0.000000000 0.782375000 -1.015535000 C  0.000000000 0.672632000 -1.097009000
c 0.000000000 -0.782375000 -1.015535000 c 0.000000000 -0.672632000 -1.097009000
B 0.000000000 0.000000000 0.297386000 B 0.000000000 0.000000000 0.225874000
N  0.000000000 0.000000000 1.677833000 N  0.000000000 0.000000000 1.621169000
H -0.904578000 -1.262390000 -1.373899000 H 0.000000000 1.473408000 -1.823426000
H -0.904578000 1.262390000 -1.373899000 H 0.000000000 -1.473408000 -1.823426000
H 0.904578000 1.262390000 -1.373899000 H 0.000000000 -0.844676000 2.166702000
H 0.904578000 -1.262390000 -1.373899000 H 0.000000000 0.844676000 2.166702000
H 0.000000000 -0.846091000 2.225132000
H 0.000000000 0.846091000 2.225132000

Van der Waals complexes
VdW R-borirane + ethene VdW R-borirane + ethyne
VdW F-borirane + ethene VdW F-borirane + ethyne
E (HF)=-281.861385026 E (HF)=-280.613413017
v1=56.0 v1=71.2
C 0.529004000 -1.517832000 0.793834000 c 0.570561000 -1.370399000 0.793782000
B -0.538879000 -0.795462000 0.000000000 B -0.530681000 -0.696708000 0.000000000
F -1.713519000 -0.196794000 0.000000000 F -1.742844000 -0.185306000 0.000000000
C 0.529004000 -1.517832000 -0.793834000 C 0.570561000 -1.370399000 -0.793782000
H 0.309242000 -2.468173000 1.270382000 H 0.388511000 -2.327280000 1.273595000
H 1.343148000 -0.981180000 1.267597000 H 1.372442000 -0.807064000 1.257056000
H 0.309242000 -2.468173000 -1.270382000 H 0.388511000 -2.327280000 -1.273595000
H 1.343148000 -0.981180000 -1.267597000 H 1.372442000 -0.807064000 -1.257056000
C 0.529004000 1.928330000 0.664035000 C 0.570561000 1.990179000 0.598959000
H -0.395327000 1.917437000  1.231309000 C 0.570561000  1.990179000 -0.598959000
C  0.529004000  1.928330000 -0.664035000 H 0.561821000 1.991315000 -1.663868000
H 1.452923000 1.943153000 -1.231783000 H 0.561821000 1.991315000 1.663868000
H 1.452923000 1.943153000 1.231783000
H -0.395327000 1.917437000 -1.231309000
Cl-borirane + ethene Cl-borirane + ethyne
E (HF)=-642.203881507 E (HF)=-640.955921981
v1=57.6 v1=63.2
C  0.952037000 -1.477624000 0.784220000 C  1.007102000 -1.327196000 0.784063000
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B -0.197044000 -0.876628000 0.000000000 B -0.157094000 -0.751042000 0.000000000
Cl -1.805269000 -0.229437000 0.000000000 Cl -1.802781000 -0.216058000 0.000000000
C 0.952037000 -1.477624000 -0.784220000 C 1.007102000 -1.327196000 -0.784063000
H 0.823981000 -2.437314000 1.275227000 H 0.892274000 -2.285772000 1.280783000
H 1.684683000 -0.839441000 1.265346000 H 1.741711000 -0.682603000 1.252965000
H 0.823981000 =-2.437314000 -1.275227000 H 0.892274000 -2.285772000 -1.280783000
H 1.684683000 -0.839441000 -1.265346000 H 1.741711000 -0.682603000 -1.252965000
C 0.952037000 2.035057000 0.663800000 C 1.007102000 2.092083000 0.598880000
H 0.031688000 1.951645000  1.232110000 C  1.007102000 2.092083000 -0.598880000
C  0.952037000 2.035057000 -0.663800000 H 0.997170000 2.093150000 -1.663765000
H 1.872598000 2.122298000 -1.230650000 H 0.997170000 2.093150000 1.663765000
H 1.872598000 2.122298000 1.230650000
H 0.031688000 1.951645000 -1.232110000
Me-borirane + ethene Me-borirane + ethyne
E (HF)=-221.871620721 E (HF)=-220.624522573
v1=24.7 v1=83.3
C -1.355182000 -0.871946000 0.830206000 C  0.658762000 -1.386210000 0.775299000
C -1.378807000 =-0.934951000 -0.719065000 B -0.480427000 -0.709617000  0.000000000
B -0.919579000 0.340851000 0.000014000 C 0.658762000 -1.386210000 -0.775299000
C -0.635130000 1.861365000 -0.079620000 H 0.471538000 =-2.332494000 1.274646000
C  1.990326000 -0.405555000 -0.650385000 H 1.440748000 -0.805512000 1.251801000
C  2.085751000 -0.081625000  0.633394000 H 0.471538000 -2.332494000 -1.274646000
H -2.310399000 -0.859633000 1.346425000 H 1.440748000 -0.805512000 -1.251801000
H -0.614429000 -1.489581000 1.326106000 C 0.658762000 1.980647000 0.598995000
H -2.353273000 -0.947328000 -1.198778000 C  0.658762000  1.980647000 -0.598995000
H -0.669502000 -1.605554000 -1.190672000 H 0.655504000 1.976258000 -1.663782000
H 2.043371000 0.950138000 0.964460000 H 0.655504000 1.976258000 1.663782000
H 2.035974000 -1.437796000 -0.979945000 C -1.931735000 -0.169767000 0.000000000
H 2.212691000 -0.836509000 1.401441000 H -2.185618000 0.406506000 -0.891206000
H 1.863277000 0.347011000 -1.421016000 H -2.582086000 -1.056074000 0.000000000
H -0.196147000 2.283597000  0.825461000 H -2.185618000 0.406506000 0.891206000
H -0.039777000 2.147064000 -0.949435000
H -1.615636000 2.340616000 -0.211295000
Ph-borirane + ethene Ph-borirane + ethyne
E (HF)=-413.582850041 E (HF)=-412.334158495
v1=17.3 v1=37.0
C -1.401676000 -2.346458000 0.776888000 C -1.265187000 -2.403332000 0.776779000
B -0.979025000 -1.098483000  0.000000000 B -0.827446000 -1.158278000  0.000000000
C -1.401676000 -2.346458000 -0.776888000 C -1.265187000 -2.403332000 -0.776779000
H -2.369704000 -2.378695000 1.267221000 H -2.230947000 -2.412831000 1.272924000
H -0.655183000 -2.966458000 1.261726000 H -0.535687000 -3.051151000 1.250252000
H -2.369704000 -2.378695000 -1.267221000 H -2.230947000 -2.412831000 -1.272924000
H -0.655183000 -2.966458000 -1.261726000 H -0.535687000 =-3.051151000 -1.250252000
C 2.109666000 -1.815970000 0.663573000 C 2.140911000 -1.911937000 0.598815000
H 1.843362000 -0.928379000 1.227707000 C 2.140911000 -1.911937000 -0.598815000
C  2.109666000 -1.815970000 -0.663573000 H 2.135581000 -1.902848000 -1.663365000
H 2.375241000 -2.700953000 -1.231836000 H 2.135581000 -1.902848000 1.663365000
H 2.375241000 -2.700953000 1.231836000 C -0.474037000 0.334407000 0.000000000
H 1.843362000 -0.928379000 -1.227707000 C -0.303656000 1.034219000 -1.203459000
C -0.563779000  0.378794000  0.000000000 C -0.303656000 1.034219000  1.203459000
C -0.361168000 1.070653000 -1.204075000 C  0.026981000 2.383764000 -1.207720000
C -0.361168000 1.070653000 1.204075000 C 0.026981000 2.383764000 1.207720000
C 0.035570000 2.402211000 -1.208074000 C 0.193625000 3.057121000 0.000000000
C  0.035570000  2.402211000  1.208074000 H -0.435483000 0.504642000 -2.141439000
C  0.235411000 3.066109000  0.000000000 H -0.435483000 0.504642000 2.141439000
H -0.518554000 0.547289000 =-2.141750000 H 0.155665000 2.912007000 -2.145194000
H -0.518554000 0.547289000 2.141750000 H 0.155665000 2.912007000 2.145194000
H 0.189753000  2.923709000 -2.145419000 H  0.452870000  4.109993000  0.000000000
H 0.189753000  2.923709000  2.145419000
H 0.546791000 4.104730000 0.000000000
NH,-borirane + ethene NH,-borirane + ethyne
E (HF)=-237.967535888 E (HF)=-236.719107747
v1=34.0 v1=54.9
C 0.615346000 -1.509403000 0.782411000 C 0.662955000 -1.318530000 0.782206000
B -0.601560000 -1.016781000 0.000000000 B -0.586013000 -0.906556000 0.000000000
C 0.615346000 -1.509403000 -0.782411000 C  0.662955000 -1.318530000 -0.782206000
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H 0.607079000 -2.481930000 1.263420000 H 0.714006000 -2.289311000 1.264548000
H 1.285834000 -0.799556000 1.255388000 H 1.297194000 -0.572987000  1.249285000
H 0.607079000 =-2.481930000 -1.263420000 H 0.714006000 -2.289311000 -1.264548000
H 1.285834000 -0.799556000 -1.255388000 H 1.297194000 -0.572987000 -1.249285000
C 0.615346000 2.121730000 0.663210000 C  0.662955000  2.192559000 0.598607000
H -0.162077000 1.616670000 1.226169000 C  0.662955000 2.192559000 -0.598607000
C  0.615346000 2.121730000 -0.663210000 H 0.660038000 2.187655000 -1.662981000
H 1.392211000 2.620980000 -1.231851000 H 0.660038000 2.187655000 1.662981000
H 1.392211000 2.620980000 1.231851000 N -1.919712000 -0.547641000 0.000000000
H -0.162077000 1.616670000 -1.226169000 H -2.442678000 -0.386395000 0.845711000
N -1.886218000 -0.505549000 0.000000000 H -2.442678000 -0.386395000 -0.845711000
H -2.401536000 -0.318753000 0.845717000
H -2.401536000 -0.318753000 -0.845717000
R-borirene + ethyne
H-borirene + ethyne F-borirene + ethyne
E (HF)=-180.094292426 E (HF)=-279.399891512
v1=23.7 v1=34.7
C -1.725692000 -0.664801000 -0.288335000 C 0.594131000 -1.559680000  0.680030000
B -1.029106000 -0.097446000 0.878021000 B -0.528118000 -0.908459000 0.000000000
H -0.476184000 -0.187439000 1.910674000 F -1.696862000 -0.294403000 0.000000000
C -1.630237000 0.676912000 -0.221296000 C 0.594131000 -1.559680000 -0.680030000
H -2.135931000 =-1.417137000 -0.946567000 H 1.239164000 =-1.935517000  1.462299000
H -1.926813000 1.540551000 -0.799912000 H 1.239164000 -1.935517000 -1.462299000
C  2.010975000 0.620131000 -0.077867000 C  0.594131000 2.127504000 -0.598569000
C  2.250691000 =-0.551396000 -0.136924000 C  0.594131000 2.127504000 0.598569000
H 2.459508000 =-1.593902000 -0.186588000 H 0.587442000 2.124540000 1.663025000
H 1.790531000 1.660081000 -0.021183000 H 0.587442000 2.124540000 -1.663025000
Cl-borirene + ethyne Me-borirene + ethyne
E (HF)=-639.745162291 E (HF)=-219.416658538
v1=28.2 vl=14.5
C 0.207669000 1.527478000  0.208201000 C -1.401182000 -1.153345000 -0.004251000
B 1.101738000 0.387162000 0.014984000 B -1.335474000 0.326546000 -0.000750000
Cl 1.413118000 -1.324788000 -0.008763000 C -2.569467000 =-0.479723000 0.004862000
C  1.490399000 1.786566000 -0.145734000 H -1.077002000 -2.186113000 -0.008998000
H -0.703282000 2.067211000  0.423577000 H -3.626030000 -0.708521000 0.010252000
H 2.111477000 2.646556000 -0.352106000 C  3.400202000 =-0.240790000  0.002073000
C -3.455902000 0.003456000 -0.104893000 C  2.221440000 -0.453398000 -0.000180000
C -2.419515000 -0.575885000 0.052115000 H 1.169670000 =-0.637046000 -0.002152000
H -1.494944000 -1.088447000 0.191037000 H  4.447694000 -0.052636000 0.004028000
H -4.380858000 0.510581000 -0.246588000 C -0.535559000 1.659417000 -0.001720000
H 0.124598000 1.706514000 -0.872820000
H -1.174116000  2.542927000 -0.004177000
H 0.119963000 1.709179000 0.872916000
Ph-borirene + ethyne NH,-borirene + ethyne
E (HF)=-411.123071585 E (HF)=-235.500854710
v1=15.5 v1=50.8
C  1.190917000 =-2.787266000  0.000547000 C  1.484037000 -1.088280000 -0.000674000
B 0.563031000 -1.451775000 -0.006944000 B 1.211168000 0.375740000 =-0.000131000
C  2.012770000 -1.717463000 -0.018433000 C  2.547997000 -0.266839000 0.001155000
H 1.273827000 -3.865285000 0.010791000 H 1.310463000 -2.156523000 -0.001470000
H 3.073028000 -1.507252000 -0.030454000 H  3.625004000 -0.358327000 0.002503000
C  3.445174000 1.685093000 -0.581530000 C -2.151688000 -0.629921000 -0.000358000
C  3.428652000 1.674024000 0.615479000 C -3.247691000 -0.146458000 0.000811000
H  3.409250000 1.661220000 1.679791000 H -4.225970000 0.272931000 0.002161000
H  3.454666000 1.691583000 -1.646014000 H -1.165519000 =-1.039469000 -0.002236000
C -0.655850000 =-0.508697000 -0.004381000 N  0.362589000  1.480575000 -0.000683000
C -0.484165000 0.882518000 -0.019218000 H 0.708389000  2.425033000 0.000515000
C -1.961670000 =-1.017072000 0.013069000 H -0.642266000 1.402615000 -0.001642000
C -1.580528000 1.737857000 -0.016927000
C -3.061272000 -0.166791000 0.015380000
C -2.869504000 1.212158000 0.000364000
H 0.521687000 1.289367000 -0.032798000
H -2.110864000 =-2.091542000 0.024672000
H -1.432636000 2.811505000 -0.028447000
H -4.065515000 =-0.574067000 0.028946000
H -3.725741000 1.877178000  0.002129000
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Transition states TS1 2

Transition states TSl 2a Transition states TS1 2b

TSl 2a R = F TSl 2b R = F

E (HF)=-281.860323688 E (HF)=-280.611954409

v1=190.01 v1=212.11

C  0.513493000 -1.441076000 0.789448000 C  0.547480000 -1.308004000  0.788744000

B -0.447700000 -0.558950000 0.000000000 B -0.433918000 -0.443092000 0.000000000

F -1.691688000 -0.087219000 0.000000000 F -1.700022000 =-0.038374000 0.000000000

C  0.513493000 -1.441076000 -0.789448000 C  0.547480000 -1.308004000 -0.788744000

H 0.122615000 -2.332775000 1.270466000 H 0.172444000 -2.206701000 1.269163000

H 1.417264000 -1.070680000 1.256431000 H  1.449308000 -0.923936000 1.249000000

H 0.122615000 =-2.332775000 -1.270466000 H 0.172444000 -2.206701000 -1.269163000

H 1.417264000 -1.070680000 -1.256431000 H 1.449308000 -0.923936000 -1.249000000

C  0.513493000 1.728038000 0.666391000 C  0.547480000  1.749057000 0.600292000

H -0.391422000 1.915687000  1.233242000 C  0.547480000 1.749057000 -0.600292000

C  0.513493000 1.728038000 -0.666391000 H 0.543385000 1.764734000 -1.665400000

H 1.421478000 1.555861000 -1.232606000 H 0.543385000 1.764734000 1.665400000

H 1.421478000 1.555861000 1.232606000

H -0.391422000 1.915687000 -1.233242000

TS1 2a R = C1 TS1 2b R = C1

E (HF)=-642.202276595 E (HF)=-640.954199148

v1=204.81 v1=222.31

C  0.922054000 -1.421926000 0.781979000 C  0.968079000 -1.300336000 0.781213000

B -0.085192000 -0.584331000 0.000000000 B -0.054088000 -0.475952000 0.000000000

Cl -1.772067000 -0.107065000 0.000000000 Cl -1.753748000 -0.052081000 0.000000000

C  0.922054000 -1.421926000 -0.781979000 C  0.968079000 -1.300336000 -0.781213000

H 0.558894000 -2.315387000 1.280608000 H 0.619016000 -2.199648000 1.279116000

H 1.801892000 =-0.999575000  1.249951000 H  1.845832000 -0.866000000 1.243074000

H 0.558894000 -2.315387000 -1.280608000 H 0.619016000 -2.199648000 -1.279116000

H 1.801892000 -0.999575000 -1.249951000 H 1.845832000 -0.866000000 -1.243074000

C  0.922054000 1.775133000 0.666280000 C  0.968079000 1.784064000 0.600151000

H 0.024393000 1.987709000 1.235791000 C  0.968079000 1.784064000 -0.600151000

C  0.922054000 1.775133000 -0.666280000 H 0.960283000 1.795849000 -1.665360000

H 1.825718000 1.578891000 -1.231770000 H 0.960283000 1.795849000 1.665360000

H 1.825718000 1.578891000 1.231770000

H 0.024393000 1.987709000 -1.235791000

TS1 2a R = Me TS1 2b R = Me

E (HF)=-221.870292979 E (HF)=-220.623004090

v1=205.41 v1=215.71

C -1.309925000 -0.793946000 0.803491000 C  0.636775000 -1.310859000 0.772641000

C -1.334009000 =-0.819969000 -0.742005000 B -0.389090000 -0.448208000 0.000000000

B -0.607216000 0.324568000 0.002509000 C  0.636775000 -1.310859000 -0.772641000

C -0.407512000 1.870418000 -0.044419000 H 0.271290000 -2.202630000 1.273614000

C  1.758475000 -0.441165000 -0.663862000 H 1.522517000 -0.898600000 1.240375000

C  1.819970000 -0.257418000 0.654686000 H 0.271290000 -2.202630000 -1.273614000

H -2.233575000 -0.549720000 1.320228000 H 1.522517000 -0.898600000 -1.240375000

H -0.766866000 -1.601871000 1.278270000 C  0.636775000 1.731687000 0.600357000

H -2.271765000 -0.571965000 -1.231646000 C 0.636775000 1.731687000 -0.600357000

H -0.826038000 -1.651267000 -1.213623000 H 0.638179000 1.744317000 -1.665250000

H 1.978322000 0.724152000 1.086064000 H 0.638179000 1.744317000 1.665250000

H 1.624480000 =-1.427497000 -1.091998000 C -1.891138000 -0.031950000 0.000000000

H 1.735770000 -1.086027000  1.347432000 H -2.190276000 0.529470000 -0.887835000

H 1.862733000 0.381623000 -1.361475000 H -2.473734000 -0.962312000 0.000000000

H 0.029117000 2.295995000 0.861155000 H -2.190276000 0.529470000 0.887835000

H 0.155917000 2.217462000 -0.913677000

H -1.414007000 2.298757000 -0.140619000

TS1 2a R = Ph TS1 2b R = Ph

E (HF)=-413.580410790 E (HF)=-412.331529056

v1=212.9i v1=219.31

C -1.332541000 -2.278129000 0.773968000 C -1.193438000 -2.354109000 0.773108000

B -0.580850000 -1.175542000 0.000000000 B -0.470557000 -1.229217000 0.000000000

C -1.332541000 =-2.278129000 -0.773968000 C -1.193438000 -2.354109000 -0.773108000
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H -2.254909000 -1.998705000 1.274628000 H -2.124147000 -2.102516000 1.272719000
H -0.834090000 -3.115563000 1.245220000 H -0.670344000 -3.180027000  1.239480000
H -2.254909000 -1.998705000 -1.274628000 H -2.124147000 -2.102516000 =-1.272719000
H -0.834090000 -3.115563000 -1.245220000 H -0.670344000 -3.180027000 -1.239480000
C  1.791242000 -1.920449000 0.666857000 C  1.814389000 -1.971981000 0.600470000
H 1.934360000 -1.006816000 1.232369000 C  1.814389000 -1.971981000 -0.600470000
C  1.791242000 -1.920449000 -0.666857000 H 1.831453000 -1.967608000 -1.665123000
H 1.670366000 -2.836285000 -1.233269000 H 1.831453000 -1.967608000 1.665123000
H 1.670366000 -2.836285000 1.233269000 C -0.259816000 0.306470000 0.000000000
H 1.934360000 -1.006816000 -1.232369000 C -0.172947000 1.024075000 -1.200278000
C -0.310287000 0.351166000 0.000000000 C -0.172947000  1.024075000  1.200278000
C -0.203812000 1.066401000 1.200739000 C  0.003140000 2.403470000 -1.205556000
C -0.203812000 1.066401000 -1.200739000 C  0.003140000 2.403470000 1.205556000
C  0.008987000 2.440652000 1.205795000 C  0.093887000  3.093794000  0.000000000
C  0.008987000  2.440652000 -1.205795000 H -0.251913000 0.487364000 -2.140837000
C 0.117633000  3.128173000  0.000000000 H -0.251913000 0.487364000 2.140837000
H -0.296756000 0.530620000 2.140591000 H 0.066598000 2.941761000 -2.144305000
H -0.296756000 0.530620000 -2.140591000 H 0.066598000 2.941761000 2.144305000
H 0.086456000 2.976976000 2.144569000 H 0.231338000 4.169097000  0.000000000
H 0.086456000 2.976976000 -2.144569000
H 0.282807000  4.199538000 0.000000000
TS1 2a R = NH, TS1 2b R = NH,
E (HF)=-237.953457904 E (HF)=-236.703611404
v1=267.61 v1=284.31
C 0.567857000 -1.341288000 0.767430000 C  0.600704000 -1.216699000 0.763017000
B -0.387853000 -0.368951000 0.000000000 B -0.369433000 -0.242703000 0.000000000
C  0.567857000 -1.341288000 -0.767430000 C  0.600704000 -1.216699000 -0.763017000
H 0.092931000 -2.186609000 1.255305000 H 0.129528000 -2.064071000 1.249624000
H  1.488203000 -1.037006000 1.248217000 H 1.515316000 -0.894860000 1.245439000
H 0.092931000 -2.186609000 -1.255305000 H 0.129528000 -2.064071000 -1.249624000
H 1.488203000 -1.037006000 -1.248217000 H 1.515316000 -0.894860000 -1.245439000
C  0.567857000  1.580312000 0.671054000 C  0.600704000 1.573575000  0.603880000
H -0.307179000 1.871098000  1.237959000 C  0.600704000 1.573575000 -0.603880000
C 0.567857000 1.580312000 -0.671054000 H 0.629682000 1.661156000 -1.664862000
H 1.463736000 1.353658000 -1.234345000 H 0.629682000 1.661156000 1.664862000
H 1.463736000 1.353658000  1.234345000 N -1.783995000 -0.086131000 0.000000000
H -0.307179000 1.871098000 -1.237959000 H -2.315409000 0.064732000 0.840866000
N -1.785440000 -0.122779000 0.000000000 H -2.315409000 0.064732000 -0.840866000
H -2.333302000 -0.083178000 0.842976000
H -2.333302000 -0.083178000 -0.842976000
Transition states TS1 2c
TSl 2c R = H TSl 2c¢c R = F
E (HF)=-180.075747610 E (HF)=-279.382671057
v1=285.91 v1=270.21
C 0.163884000 -1.336800000 0.651718000 C  0.543225000 =-1.362501000 0.660082000
B -0.699842000 -0.228394000 0.000000000 B -0.285562000 -0.265734000 0.000000000
H -1.858540000 0.027650000 0.000000000 F -1.614340000 0.070804000  0.000000000
C  0.163884000 -1.336800000 -0.651718000 C  0.543225000 =-1.362501000 -0.660082000
H 0.508341000 -1.887740000 1.514223000 H 0.900064000 -1.956336000 1.490237000
H 0.508341000 -1.887740000 -1.514223000 H 0.900064000 -1.956336000 -1.490237000
C  0.163884000 1.477707000 -0.605739000 C  0.543225000  1.483135000 -0.604569000
C 0.163884000 1.477707000 0.605739000 C  0.543225000  1.483135000 0.604569000
H 0.203924000 1.599458000 1.663885000 H 0.559672000 1.578250000 1.666377000
H 0.203924000 1.599458000 -1.663885000 H 0.559672000 1.578250000 -1.666377000
TS1 2c R = C1 TS1 2c R = Me
E (HF)=-639.726860393 E (HF)=-219.390760397
v1=267.71 v1=282.01
C  0.965594000 -1.389035000 0.661153000 C -0.638909000 1.335799000  0.649729000
B 0.097179000 -0.344085000 0.000000000 B 0.235422000 0.212577000  0.000000000
Cl -1.664483000 0.053522000 0.000000000 C -0.638909000 1.335799000 -0.649729000
C 0.965594000 -1.389035000 -0.661153000 H -0.969056000 1.891096000 1.515517000
H 1.347668000 -1.955966000  1.497857000 H -0.969056000 1.891096000 -1.515517000
H 1.347668000 -1.955966000 -1.497857000 C -0.638909000 -1.422197000 -0.607335000
C  0.965594000 1.519318000 -0.603015000 C -0.638909000 -1.422197000 0.607335000
C  0.965594000 1.519318000 0.603015000 H -0.683051000 -1.574045000 1.662054000
H 0.970366000 1.579544000 1.667362000 H -0.683051000 -1.574045000 -1.662054000
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H 0.970366000 1.579544000 -1.667362000 C 1.805636000 -0.054262000 0.000000000
H 2.140480000 -0.615611000 -0.879150000
H  2.346140000 0.896573000 0.000000000
H 2.140480000 -0.615611000 0.879150000
TS1 2c R = Ph TS1 2c R = NH,
E (HF)=-411.100482703 E (HF)=-235.457857444
v1=244.2i v1=289.31
C  2.234777000 -1.389161000 0.655793000 C -1.383141000 -0.447861000  0.653419000
B 1.331872000 -0.333216000 0.000000000 B -0.175119000 0.270300000 -0.022091000
C  2.234777000 -1.389161000 -0.655793000 C -1.339166000 -0.589322000 -0.640477000
H 2.609654000 -1.942016000 1.505633000 H -2.004561000 -0.642736000 1.516202000
H 2.609654000 -1.942016000 -1.505633000 H -1.898358000 -0.976466000 -1.480821000
C  2.234777000 1.470955000 -0.603789000 C  1.364357000 -0.746111000 -0.554525000
C  2.234777000 1.470955000  0.603789000 C  1.397209000 -0.642340000 0.656174000
H 2.253151000 1.547046000 1.666919000 H 1.550685000 -0.577808000  1.709143000
H 2.253151000 1.547046000 -1.666919000 H 1.516625000 -0.907334000 -1.598007000
C -0.224663000 -0.072071000  0.000000000 N  0.204332000 1.701002000 -0.023637000
C -0.866633000 1.172055000 0.000000000 H 0.558972000 2.083017000 -0.891145000
C -1.048568000 -1.211449000 0.000000000 H -0.513644000 2.316612000  0.332989000
C -2.256574000  1.277489000  0.000000000
C -2.433545000 -1.114417000 0.000000000
C -3.047226000 0.135920000 0.000000000
H -0.282679000 2.084753000 0.000000000
H -0.588294000 -2.194645000 0.000000000
H -2.720038000 2.257788000 0.000000000
H -3.037429000 -2.015165000 0.000000000
H -4.127927000 0.216590000 0.000000000
Intermediates 2
Intermediates 2a Intermediates 2b
2a R=H 2b R=H
E (HF)=-182.588056856 E (HF)=-181.336780235
v1=173.0 v1=164.0
C  1.330919000 0.712222000 -0.131247000 C 0.147115000 =-1.253462000 0.703585000
B 0.000000000 0.000000000 0.619372000 B -0.659714000 0.097621000 0.000000000
H 0.000000000 0.000000000 1.806107000 H -1.847826000 0.016915000 0.000000000
C  1.330919000 -0.712222000 -0.131247000 C  0.147115000 -1.253462000 -0.703585000
H 1.898013000 1.251073000 0.616123000 H -0.599550000 -1.814248000 1.249693000
H 1.155844000 1.246172000 -1.054381000 H 1.050401000 -1.012543000 1.246531000
H 1.898013000 =-1.251073000 0.616123000 H -0.599550000 -1.814248000 -1.249693000
H 1.155844000 -1.246172000 -1.054381000 H 1.050401000 -1.012543000 -1.246531000
C -1.330919000 0.712222000 -0.131247000 C  0.147115000 1.377438000 0.631870000
H -1.898013000 1.251073000 0.616123000 C 0.147115000 1.377438000 -0.631870000
C -1.330919000 =-0.712222000 -0.131247000 H 0.356972000 1.830428000 -1.584176000
H -1.155844000 -1.246172000 -1.054381000 H 0.356972000 1.830428000 1.584176000
H -1.155844000 1.246172000 -1.054381000
H -1.898013000 =-1.251073000 0.616123000
2a R=F 2b R=F
E (HF)=-281.890690305 E (HF)=-280.642945623
v1=143.7 v1=131.4
C -0.714726000  1.332174000 -0.478575000 C  0.510330000 =-1.265821000 0.702873000
B 0.000000000 0.000000000 0.234454000 B -0.242382000 0.115804000 0.000000000
F  0.000000000 0.000000000 1.631664000 F -1.635497000 -0.010099000  0.000000000
C  0.714726000  1.332174000 -0.478575000 C  0.510330000 -1.265821000 -0.702873000
H -1.244428000 1.853103000 0.309749000 H -0.289249000 -1.756272000 1.243533000
H -1.257530000 1.195310000 -1.402613000 H 1.421268000 -1.072401000 1.250723000
H  1.244428000 1.853103000 0.309749000 H -0.289249000 -1.756272000 -1.243533000
H 1.257530000 1.195310000 -1.402613000 H 1.421268000 -1.072401000 -1.250723000
C -0.714726000 -1.332174000 -0.478575000 C 0.510330000 1.383907000 0.636781000
H -1.244428000 -1.853103000 0.309749000 C 0.510330000 1.383907000 -0.636781000
C  0.714726000 -1.332174000 -0.478575000 H 0.709712000 1.876092000 -1.573679000
H 1.257530000 -1.195310000 -1.402613000 H 0.709712000 1.876092000 1.573679000
H -1.257530000 -1.195310000 -1.402613000
H 1.244428000 -1.853103000 0.309749000
2a R=Cl 2b R=Cl
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E (HF)=-642.239869801 E (HF)=-640.990987010
v1=168.7 v1=151.9
C -0.713599000 1.332700000 -0.862190000 C 0.912155000 -1.262202000 0.705006000
B 0.000000000 0.000000000 -0.142244000 B 0.158400000 0.103936000 0.000000000
Cl 0.000000000 0.000000000 1.701012000 Cl -1.692975000 0.003227000 0.000000000
C 0.713599000 1.332700000 -0.862190000 C 0.912155000 -1.262202000 -0.705006000
H -1.249313000 1.874747000 -0.093401000 H 0.136214000 -1.787422000 1.246466000
H -1.252310000 1.169768000 -1.784952000 H 1.821638000 -1.048784000 1.249071000
H 1.249313000 1.874747000 -0.093401000 H 0.136214000 -1.787422000 -1.246466000
H 1.252310000 1.169768000 -1.784952000 H 1.821638000 -1.048784000 -1.249071000
C -0.713599000 -1.332700000 -0.862190000 C 0.912155000 1.380274000 0.633778000
H -1.249313000 -1.874747000 -0.093401000 C 0.912155000 1.380274000 -0.633778000
C 0.713599000 -1.332700000 -0.862190000 H 1.090575000 1.840505000 =-1.589678000
H 1.252310000 -1.169768000 -1.784952000 H 1.090575000 1.840505000 1.589678000
H -1.252310000 -1.169768000 -1.784952000
H 1.249313000 -1.874747000 -0.093401000
2a R=Me 2b R=Me
E (HF)=-221.900948319 E(HF)=-220.649952076
v1=54.6 v1=65.0
C -1.336980000 -0.512693000 0.721606000 C 0.603035000 -1.240185000 0.706511000
C -1.320593000 -0.578149000 -0.701246000 B -0.225548000 0.087174000 0.000000000
B 0.002452000 0.217649000 0.000395000 C 0.603035000 -1.240185000 -0.706511000
C 1.301017000 -0.611919000 =-0.701793000 H -0.136387000 -1.814514000 1.249928000
C 1.318811000 -0.547083000 0.722579000 H 1.509520000 -1.007350000 1.247375000
C 0.028581000 1.819526000 -0.034118000 H -0.136387000 -1.814514000 -1.249928000
H -1.904942000 0.266041000 1.216041000 H 1.509520000 =-1.007350000 =-1.247375000
H -1.181913000 -1.411425000 1.301579000 C 0.603035000 1.366581000 0.630943000
H -1.873039000 0.150126000 -1.281262000 C 0.603035000 1.366581000 -0.630943000
H -1.154150000 -1.526747000 -1.191375000 H 0.796116000 1.816362000 -1.588525000
H 1.910473000 0.213693000 1.217170000 H 0.796116000 1.816362000 1.588525000
H 1.110477000 -1.556023000 -1.191710000 C -1.827419000 0.013044000 0.000000000
H 1.139815000 -1.441934000 1.301664000 H -2.262387000 0.499768000 -0.879065000
H 1.875671000 0.099308000 -1.281475000 H -2.194321000 -1.019418000 0.000000000
H 0.973131000 2.202954000 -0.435018000 H -2.262387000 0.499768000 0.879065000
H -0.763604000 2.240004000 -0.662448000
H -0.089201000 2.257659000 0.962691000
2a R=Ph 2b R=Ph
E(HF)=-413.612284659 E(HF)=-412.359847319
v1=14.2 v1=11.0
C 1.324756000 0.712765000 -2.059827000 C -2.116224000 0.146848000 -1.444636000
B 0.000000000 0.000000000 -1.294518000 B -1.330435000 0.023142000 0.087152000
C 1.324756000 -0.712765000 -2.059827000 C -2.116996000 -1.151202000 -0.895800000
H 1.895324000 1.245311000 -1.308983000 H -1.353096000 0.433198000 -2.157363000
H 1.151592000 1.250193000 =-2.981157000 H -3.024273000 0.733650000 -1.455367000
H 1.895324000 -1.245311000 -1.308983000 H -1.359880000 -1.863878000 -1.197828000
H 1.151592000 -1.250193000 -2.981157000 H -3.026923000 -1.565833000 -0.484763000
C -1.324756000 0.712765000 -2.059827000 C =-2.172412000 1.113829000 0.982223000
H -1.895324000 1.245311000 -1.308983000 C -2.172601000 -0.041838000 1.493686000
C -1.324756000 -0.712765000 -2.059827000 H -2.389032000 -0.731914000 2.289477000
H -1.151592000 -1.250193000 -2.981157000 H -2.392861000 2.166235000 1.004347000
H -1.151592000 1.250193000 -2.981157000 C 0.264255000 0.008621000 0.041425000
H -1.895324000 -1.245311000 -1.308983000 C 0.999210000 -1.148888000 0.324155000
C 0.000000000 0.000000000 0.298493000 C 0.992275000 1.165398000 -0.263762000
C 0.000000000 1.193763000 1.029927000 C 2.391365000 -1.157909000 0.304026000
C 0.000000000 -1.193763000 1.029927000 C 2.383897000 1.171751000 =-0.287817000
C 0.000000000 1.201558000 2.421991000 C 3.088742000 0.005926000 =-0.003698000
C 0.000000000 =-1.201558000 2.421991000 H 0.469162000 -2.065082000 0.571973000
C 0.000000000 0.000000000 3.123010000 H 0.455616000 2.084272000 -0.486277000
H 0.000000000 2.140035000 0.494945000 H 2.932406000 =-2.070211000 0.529709000
H 0.000000000 =-2.140035000 0.494945000 H 2.919551000 2.083650000 -0.527583000
H 0.000000000 2.142761000 2.960123000 H 4.172439000 0.004992000 -0.020900000
H 0.000000000 =-2.142761000 2.960123000
H 0.000000000 0.000000000 4.206841000
2a R=NH, 2b R=NH,
E (HF)=-237.968398226 E(HF)=-236.718253416
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v1=172.0 v1=124.5
C -0.536178000 1.318569000 0.714928000 C 0.573530000 -1.259668000 0.700111000
B 0.249358000 0.008115000 0.000000000 B -0.259191000 0.112913000 0.000000000
C -0.536178000 1.318569000 -0.714928000 C  0.573530000 =-1.259668000 =-0.700111000
H 0.205598000 1.900610000 1.247210000 H -0.201875000 -1.788549000 1.238133000
H -1.459890000 1.148982000 1.249620000 H 1.475475000 =-1.024058000 1.247200000
H 0.205598000 1.900610000 -1.247210000 H -0.201875000 -1.788549000 -1.238133000
H -1.459890000 1.148982000 -1.249620000 H 1.475475000 -1.024058000 =-1.247200000
C -0.536178000 -1.327438000 0.709383000 C  0.573530000 1.366453000 0.634737000
H 0.233983000 -1.870583000 1.241189000 C 0.573530000 1.366453000 =-0.634737000
C -0.536178000 -1.327438000 -0.709383000 H 0.806746000 1.841581000 =-1.572328000
H -1.455349000 -1.152281000 -1.249546000 H 0.806746000 1.841581000 1.572328000
H -1.455349000 -1.152281000 1.249546000 N -1.740589000 -0.066112000 0.000000000
H 0.233983000 -1.870583000 -1.241189000 H -2.222668000 0.279422000 0.818865000
N 1.733786000 -0.070592000 0.000000000 H -2.222668000 0.279422000 -0.818865000
H 2.218143000 0.253273000 0.824656000
H 2.218143000 0.253273000 -0.824656000
Intermediates 2c
2c R=H 2c R=F
E (HF)=-180.079968896 E (HF)=-279.387958250
v1=135.9 v1=83.9
C  1.320953000 0.626067000 -0.158739000 C -0.628460000 1.320483000 =-0.540140000
B 0.000000000 0.000000000 0.655341000 B 0.000000000 0.000000000 0.221434000
H 0.000000000 0.000000000 1.848109000 F 0.000000000 0.000000000 1.620639000
C 1.320953000 -0.626067000 -0.158739000 C 0.628460000 1.320483000 -0.540140000
H 1.730864000 1.603240000 -0.328771000 H -1.601996000 1.751946000 -0.682392000
H 1.730864000 -1.603240000 -0.328771000 H 1.601996000 1.751946000 =-0.682392000
C -1.320953000 0.626067000 -0.158739000 C -0.628460000 =-1.320483000 =-0.540140000
C -1.320953000 =-0.626067000 -0.158739000 C 0.628460000 -1.320483000 -0.540140000
H -1.730864000 -1.603240000 -0.328771000 H 1.601996000 =-1.751946000 -0.682392000
H -1.730864000 1.603240000 -0.328771000 H -1.601996000 -1.751946000 -0.682392000
2c R=C1l 2c R=Me
E (HF)=-639.736023673 E (HF)=-219.393032930
v1=119.2 v1=72.8
C -0.627452000 1.323769000 -0.950305000 C -1.262588000 =-0.726059000 0.624724000
B 0.000000000 0.000000000 -0.203441000 B 0.005396000 0.201548000 -0.001906000
Cl 0.000000000 0.000000000 1.655941000 C -1.264759000 -0.726547000 -0.624257000
C 0.627452000 1.323769000 -0.950305000 H -1.648587000 -0.899331000 1.610836000
H -1.607391000 1.742451000 -1.081620000 H -1.653267000 =-0.899702000 =-1.609383000
H 1.607391000 1.742451000 -1.081620000 C  1.353142000 -0.543771000 0.628965000
C -0.627452000 -1.323769000 -0.950305000 C 1.355225000 -0.544155000 =-0.628539000
C 0.627452000 -1.323769000 -0.950305000 H 1.806629000 -0.694910000 -1.592099000
H 1.607391000 -1.742451000 -1.081620000 H 1.801535000 -0.694652000 1.593938000
H -1.607391000 -1.742451000 -1.081620000 C -0.144445000 1.799416000 =-0.000121000
H -0.588083000 2.173890000 0.929655000
H 0.821995000 2.299175000 -0.114337000
H -0.786652000 2.154487000 =-0.813712000
2c R=Ph
E(HF)=-411.107113863
v1=46.1
C -0.626375000 1.317126000 -2.204697000
B 0.000000000 0.000000000 -1.388585000
C  0.626375000 1.317126000 -2.204697000
H -1.606209000 1.730292000 -2.353824000
H 1.606209000 1.730292000 -2.353824000
C -0.626375000 -1.317126000 -2.204697000
C  0.626375000 =-1.317126000 =-2.204697000
H 1.606209000 =-1.730292000 -2.353824000
H -1.606209000 -1.730292000 -2.353824000
C 0.000000000 0.000000000 0.201906000
C  0.000000000 1.194615000 0.937308000
C  0.000000000 =-1.194615000 0.937308000
C 0.000000000 1.200186000 2.328877000
C 0.000000000 -1.200186000 2.328877000
C 0.000000000 0.000000000 3.032476000
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H 0.000000000 2.144374000 0.411032000
H 0.000000000 -2.144374000 0.411032000
H 0.000000000 2.142240000 2.866104000
H 0.000000000 -2.142240000 2.866104000
H 0.000000000 0.000000000 4.116172000

Transition states TS2 3
Transition states TS2 3a Transition states TS2 3b
TS2 3a R=H TS2 3b R=H
E (HF)=-182.582234163 E (HF)=-181.332566994
v1=307.21 v1=287.9i
C  0.124665000 0.767866000  1.094847000 C  0.999388000  0.788148000 -0.044641000
B -0.605566000 -0.417128000 0.000000000 C  1.339434000 -0.600230000 -0.266088000
H -1.788086000 -0.292626000 0.000000000 B -0.040210000 -0.467074000 0.588238000
C  0.124665000 -0.655712000 1.409892000 C -1.447407000 -0.564854000 -0.187759000
H -0.675004000  1.391975000  1.472191000 C -1.180305000 0.668450000 -0.035973000
H 1.072931000 1.275190000 1.011420000 H 0.032632000 -0.586862000 1.771935000
H -0.573099000 -0.998336000 2.163375000 H 1.414858000 1.315734000 0.805070000
H 1.087146000 -1.152619000 1.421397000 H 0.772437000 1.419110000 -0.892750000
C  0.124665000 0.767866000 -1.094847000 H 2.125854000 -1.027201000  0.342043000
H -0.675004000  1.391975000 -1.472191000 H 1.274385000 -0.972867000 -1.280320000
C  0.124665000 -0.655712000 -1.409892000 H -2.221231000 =-1.267672000 -0.439652000
H 1.087146000 -1.152619000 -1.421397000 H -1.464544000 1.706053000 -0.040751000
H 1.072931000 1.275190000 -1.011420000
H -0.573099000 -0.998336000 -2.163375000
TS2 3a R=F TS2 3b R=F
E (HF)=-281.888076538 E (HF)=-280.641289514
v1=248.11 v1=210.81
C  0.471275000 0.808425000  1.145342000 C  1.037551000 -0.809794000 -0.582067000
B -0.228876000 -0.305108000 0.000000000 C  1.327942000 -0.335817000 0.739789000
F -1.617389000 =-0.221816000 0.000000000 B -0.063228000 0.314881000 0.156853000
C  0.471275000 -0.616705000 1.415636000 C -1.470230000 -0.228703000 0.668266000
H -0.358748000 1.408131000  1.499353000 C -1.249852000 -0.656699000 -0.510347000
H 1.407387000  1.335539000 1.046665000 F  0.075725000 1.613356000 -0.325806000
H -0.276103000 -1.001643000 2.098560000 H 1.442386000 -0.282825000 -1.438157000
H 1.422607000 -1.131408000 1.423467000 H 0.788020000 -1.848030000 -0.748443000
C  0.471275000 0.808425000 -1.145342000 H 2.046128000 0.466343000 0.848463000
H -0.358748000 1.408131000 -1.499353000 H 1.245632000 -1.025844000 1.567722000
C  0.471275000 -0.616705000 -1.415636000 H -2.196260000 -0.091169000 1.450792000
H 1.422607000 -1.131408000 -1.423467000 H -1.563767000 -1.127006000 -1.426235000
H 1.407387000  1.335539000 -1.046665000
H -0.276103000 -1.001643000 -2.098560000
TS2 3a R=Cl TS2 3b R=Cl
E (HF)=-642.234960304 E (HF)=-640.987759438
v1=298.8i v1=267.41
C -0.851439000 -0.564037000 1.413315000 C -1.063952000 1.043325000 0.672773000
B -0.147287000 -0.309269000 0.000000000 B -0.107050000 -0.062836000 -0.276663000
Cl 1.689090000 =-0.220461000 0.000000000 Cl 1.699453000 -0.030847000 0.099708000
C -0.851439000 0.861601000 1.110545000 C -0.759036000  1.362439000 -0.702095000
H -0.133691000 -0.922076000 2.140402000 H -0.416835000  1.408284000 1.461473000
H -1.809911000 -1.067753000 1.422512000 H -2.087119000 0.852415000 0.965929000
H -0.033280000 1.474464000 1.468193000 H 0.021387000 2.087465000 -0.889825000
H -1.794902000 1.377071000 1.018632000 H -1.569547000 1.337485000 -1.418303000
C -0.851439000 -0.564037000 -1.413315000 C -1.052031000 -1.168304000 0.575792000
H -0.133691000 -0.922076000 -2.140402000 C -0.810176000 -1.438539000 -0.644896000
C -0.851439000 0.861601000 -1.110545000 H -0.813579000 -2.199729000 -1.404687000
H -1.794902000 1.377071000 -1.018632000 H -1.378588000 -1.440866000 1.564248000
H -1.809911000 -1.067753000 -1.422512000
H -0.033280000 1.474464000 -1.468193000
TS2 3a R=Me TS2 3b R=Me
E (HF)=-221.897308834 E (HF)=-220.647443105
v1=285.81 v1=254.2i
C -0.552527000 0.601407000 -1.399813000 C -0.813558000 -1.011493000 0.639851000
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C -0.552527000 -0.822978000 -1.115538000 C -1.183492000 -0.732159000 -0.725230000
B 0.206511000 0.320652000 0.000000000 B -0.008920000 0.290264000 -0.207296000
C -0.552527000 =-0.822978000 1.115538000 C  1.503218000 -0.081415000 -0.651694000
C -0.552527000 0.601407000  1.399813000 C  1.342058000 -0.464992000 0.547067000
C  1.802991000 0.272579000  0.000000000 C -0.433137000 1.775746000 0.206241000
H 0.149070000 0.966119000 -2.140754000 H -1.362859000 -0.551993000 1.453316000
H -1.509367000 1.108108000 -1.389910000 H -0.359116000 -1.960939000 0.886360000
H  0.243543000 -1.444425000 -1.506738000 H -2.099915000 -0.182964000 =-0.900311000
H -1.497678000 -1.333163000 -1.014037000 H -0.926207000 -1.466295000 -1.477381000
H 0.149070000 0.966119000 2.140754000 H 2.219935000 0.127847000 -1.426102000
H -1.497678000 -1.333163000 1.014037000 H 1.711213000 -0.805358000  1.498636000
H -1.509367000 1.108108000  1.389910000 H -0.433961000 2.438377000 -0.665603000
H 0.243543000 -1.444425000 1.506738000 H -1.442803000 1.819739000 0.629128000
H 2.214695000 -0.231109000 0.881224000 H 0.247781000 2.216138000  0.941029000
H 2.214695000 -0.231109000 -0.881224000
H 2.209616000 1.289067000 0.000000000
TS2 3a R=Ph TS2 3b R=Ph
E (HF)=-413.605917986 E (HF)=-412.358186877
v1=308.81 v1=286.21
C -2.048604000 -0.964380000 1.086497000 C  2.216905000 -1.041496000 0.713068000
B -1.297641000 0.220300000 0.000000000 B 1.311181000 0.062774000 -0.309932000
C -2.048604000 0.462083000  1.399988000 C  2.126823000 -1.290813000 -0.707291000
H -1.245920000 -1.580429000 1.473769000 H 1.494044000 -1.490982000  1.385283000
H -2.994475000 -1.476985000 1.009604000 H 3.181819000 -0.842926000 1.159796000
H -1.356222000 0.796792000 2.162904000 H 1.452557000 -2.065697000 -1.048068000
H -3.009440000 0.962214000 1.402543000 H 3.030478000 -1.175655000 -1.291334000
C -2.048604000 -0.964380000 -1.086497000 C  2.173410000 1.143755000  0.721463000
H -1.245920000 -1.580429000 -1.473769000 C  2.073505000 1.471816000 -0.502407000
C -2.048604000 0.462083000 -1.399988000 H 2.170368000 2.279850000 -1.206213000
H -3.009440000 0.962214000 -1.402543000 H 2.379080000 1.370171000 1.753351000
H -2.994475000 -1.476985000 -1.009604000 C -0.271551000 0.012743000 -0.153418000
H -1.356222000 0.796792000 -2.162904000 C -0.987301000 -1.187578000 -0.048410000
C  0.293988000 0.157444000 0.000000000 C -1.017494000 1.198319000 -0.119834000
C 1.005144000 1.365541000 0.000000000 C -2.371762000 -1.207828000 0.087957000
C  1.044630000 -1.022813000 0.000000000 C -2.403576000 1.191108000 0.005238000
C  2.395336000 1.395878000  0.000000000 C -3.087544000 -0.015010000 0.112375000
C  2.437656000 =-1.006216000 0.000000000 H -0.459622000 -2.137267000 -0.070479000
C  3.117960000 0.205774000  0.000000000 H -0.503223000 2.152252000 -0.192175000
H 0.453299000 2.301425000 0.000000000 H -2.892978000 -2.155030000 0.171829000
H 0.535729000 -1.983622000 0.000000000 H -2.950372000 2.127387000  0.021535000
H 2.917250000  2.346270000 0.000000000 H -4.166547000 -0.026080000 0.213702000
H 2.990702000 -1.938857000 0.000000000
H 4.201541000 0.224019000 0.000000000
TS2 3a R=NH, TS2 3b R=NH,
E (HF)=-237.963155884 E (HF)=-236.716959603
v1=297.51 v1=197.31
C  1.134979000 =-0.702536000 -0.629663000 C 1.037477000 0.844850000 0.639489000
B 0.005430000 0.313151000  0.232994000 C  1.327134000 0.445348000 -0.696169000
C  1.376379000 -0.368331000 0.767856000 B -0.061105000 -0.297050000 -0.146974000
H 1.559474000 -0.070661000 -1.402139000 C -1.442049000 0.355188000 -0.696582000
H 1.047158000 =-1.736453000 -0.923398000 C -1.274299000 0.631229000 0.533992000
H 2.116758000 0.391583000  0.985701000 N  0.131919000 -1.714445000 0.261991000
H 1.327324000 -1.178879000  1.484592000 H  1.452821000 0.283392000 1.466405000
C -1.116033000 -0.758982000 -0.649331000 H 0.738726000 1.861889000 0.851890000
H -1.454874000 -0.168163000 -1.490265000 H 2.073240000 -0.323687000 -0.850147000
C -1.421726000 -0.309536000 0.689786000 H 1.208167000 1.164337000 -1.494914000
H -1.434504000 -1.049345000 1.479247000 H -2.128684000  0.324097000 -1.525061000
H -0.999306000 -1.815730000 -0.836277000 H -1.632508000 0.996832000 1.482086000
H -2.141496000 0.493076000 0.793960000 H -0.639482000 -2.136158000 0.761137000
N -0.053761000 1.710385000 -0.282976000 H 0.420221000 -2.344037000 -0.474845000
H 0.766393000 2.039198000 -0.776587000
H -0.279348000 2.393231000 0.429138000
Transition states TS2 3c
TS2 3c R=H TS2 3c R=F
E (HF)=-180.077742530 E (HF)=-279.387661349
v1=238.61 v1=124.51
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C 0.159787000 0.668667000 1.128520000 C 0.538088000 0.709569000 1.206323000
C 0.159787000 -0.564329000  1.403030000 C 0.538088000 -0.537701000  1.391243000
B -0.646933000 -0.328465000 0.000000000 B -0.219075000 =-0.164469000 0.000000000
C 0.159787000 -0.564329000 -1.403030000 C 0.538088000 -0.537701000 -1.391243000
C 0.159787000 0.668667000 -1.128520000 C 0.538088000 0.709569000 -1.206323000
H -1.839335000 -0.372440000 0.000000000 F -1.613674000 -0.214992000 0.000000000
H 0.290715000 1.712098000  1.352338000 H 0.672379000  1.739846000  1.481101000
H  0.328844000 -1.330743000 2.136753000 H 0.679790000 -1.392417000 2.026709000
H 0.328844000 -1.330743000 -2.136753000 H 0.679790000 -1.392417000 -2.026709000
H 0.290715000 1.712098000 -1.352338000 H 0.672379000  1.739846000 -1.481101000
TS2 3c R=Cl TS2 3c R=Me
E (HF)=-639.734449254 E (HF)=-219.391915307
v1=196.51 v1=190.11
C 0.945534000 0.810300000 1.140216000 C 1.121958000  0.849134000  0.534324000
B 0.203001000 -0.175781000  0.000000000 C 1.371311000 0.526670000 -0.658077000
Cl -1.644482000 -0.295906000 0.000000000 B 0.004633000 -0.244447000 -0.154851000
C 0.945534000 -0.425911000 1.407728000 C -1.408631000 0.427645000 -0.659008000
H 1.052121000 1.856696000 1.363438000 C -1.183338000 0.761194000 0.536891000
H 1.072066000 -1.208380000 2.133238000 C  0.072243000 -1.802817000 0.212637000
C  0.945534000 0.810300000 -1.140216000 H  1.345366000 1.262889000 1.501290000
C  0.945534000 -0.425911000 -1.407728000 H 2.065028000 0.486496000 -1.477468000
H 1.072066000 -1.208380000 -2.133238000 H -2.103485000  0.349005000 -1.474965000
H 1.052121000 1.856696000 -1.363438000 H -1.446017000 1.157586000 1.501462000
H -0.846935000 =-2.328992000 =-0.061661000
H 0.897130000 -2.307135000 -0.300825000
H 0.224486000 -1.968568000 1.285810000
TS2 3c R=Ph
E (HF)=-411.104790622
v1=138.71
C  0.639347000 -2.298907000 1.122311000
B -0.249407000 -1.366271000 0.000000000
C -0.584024000 =-2.140677000  1.399526000
H 1.661361000 -2.548739000 1.347268000
H -1.360428000 -2.194168000 2.140919000
C  0.639347000 =-2.298907000 -1.122311000
C -0.584024000 -2.140677000 -1.399526000
H -1.360428000 -2.194168000 -2.140919000
H 1.661361000 -2.548739000 -1.347268000
C -0.109156000 0.216436000 0.000000000
C -0.055465000  0.947153000 1.195091000
C -0.055465000  0.947153000 -1.195091000
C 0.045748000  2.334872000 1.201121000
C 0.045748000  2.334872000 -1.201121000
C 0.097161000  3.035155000  0.000000000
H -0.090139000  0.420032000 2.144088000
H -0.090139000 0.420032000 -2.144088000
H 0.086127000 2.871143000 2.142758000
H 0.086127000 2.871143000 -2.142758000
H 0.177885000  4.115984000  0.000000000
Products 3
Products 3a Products 3b
3a R=H 3b R=H
E (HF)=-182.638685304 E (HF)=-181.422867192
v1=209.1 v1l=122.7
C 0.000000000 0.768351000 -0.960519000 C 1.180002000 0.268796000 0.000000000
B 0.000000000 0.000000000  1.376393000 B -0.983599000 =-0.925477000  0.000000000
C  0.499619000 1.160573000  0.445831000 H -1.809708000 -1.781590000 0.000000000
H -1.025855000 1.129247000 -1.093046000 C 0.576612000 -1.151032000 0.000000000
H 0.598493000 1.189733000 =-1.771004000 H 1.812525000 0.460541000 0.873508000
H 0.275488000 2.184689000  0.749907000 H 1.812525000 0.460541000 -0.873508000
H 1.600327000 1.073910000 0.477734000 H 0.894500000 -1.736404000 0.869688000
C 0.000000000 -0.768351000 -0.960519000 H 0.894500000 -1.736404000 -0.869688000
H -0.598493000 -1.189733000 -1.771004000 C 0.000000000 1.200349000 0.000000000
C -0.499619000 -1.160573000  0.445831000 C -1.207932000 0.600335000 0.000000000
H -0.275488000 -2.184689000 0.749907000 H -2.129323000 1.171452000 0.000000000
H 1.025855000 -1.129247000 -1.093046000 H 0.150877000 2.278559000 0.000000000
S28

227




Publication 111

H -1.600327000 -1.073910000 0.477734000

H 0.000000000 0.000000000 2.567110000

3a R=F 3b R=F

E (HF)=-281.961117093 E (HF)=-280.743928869

v1=119.0 v1=98.2

C -0.310872000 0.705167000 -1.419885000 C -0.583156000 -1.530341000 0.000000000

B 0.000000000  0.000000000  0.879443000 B 0.000000000  0.841387000  0.000000000

C  0.000000000 1.284150000 -0.023275000 F -0.078735000 2.173054000  0.000000000

H -1.395887000 0.617253000 -1.541510000 C -1.236717000 -0.132408000  0.000000000

H 0.057050000  1.324373000 -2.239896000 H -0.866345000 -2.125664000 0.873781000

H -0.656010000 2.096207000  0.295071000 H -0.866345000 -2.125664000 -0.873781000

H 1.023498000 1.687580000 =-0.007319000 H -1.875756000  0.027295000  0.873386000

C  0.310872000 -0.705167000 -1.419885000 H -1.875756000  0.027295000 -0.873386000

H -0.057050000 -1.324373000 -2.239896000 C  0.907206000 -1.290719000  0.000000000

C  0.000000000 -1.284150000 -0.023275000 C  1.290802000 -0.002113000  0.000000000

H 0.656010000 =-2.096207000  0.295071000 H  2.330840000 0.300880000  0.000000000

H 1.395887000 -0.617253000 -1.541510000 H 1.593166000 -2.135074000  0.000000000

H -1.023498000 -1.687580000 -0.007319000

F  0.000000000 0.000000000  2.212001000

3a R=F 3b R=Cl

E (HF)=-642.300836682 E (HF)=-641.084073857

v1=104.2 v1=82.9

C 0.000000000 0.769532000 -1.886359000 C -0.456292000 -2.034507000  0.000000000

B 0.000000000  0.000000000  0.417589000 B 0.000000000 0.366060000  0.000000000

C 0.515777000  1.169295000 -0.486737000 Cl -0.191685000  2.121109000  0.000000000

H -1.027016000 1.129229000 -2.009035000 C -1.179949000 -0.670504000  0.000000000

H 0.591128000  1.189404000 -2.702265000 H -0.709624000 -2.643228000  0.873932000

H  0.254841000 2.179354000 -0.166568000 H -0.709624000 -2.643228000 -0.873932000

H 1.615329000 1.112825000 -0.465536000 H -1.827038000 -0.542039000 0.872771000

C 0.000000000 -0.769532000 -1.886359000 H -1.827038000 -0.542039000 -0.872771000

H -0.591128000 -1.189404000 -2.702265000 C 1.015850000 -1.716105000  0.000000000

C -0.515777000 -1.169295000 -0.486737000 C  1.326547000 -0.405570000  0.000000000

H -0.254841000 -2.179354000 -0.166568000 H  2.345521000 -0.038895000  0.000000000

H 1.027016000 -1.129229000 -2.009035000 H 1.749508000 -2.519603000  0.000000000

H -1.615329000 -1.112825000 -0.465536000

Cl 0.000000000  0.000000000  2.180942000

3a R=Me 3b R=Me

E (HF)=-221.960874606 E (HF)=-220.744307166

v1=93.1 v1=83.2

C  1.499313000 -0.734461000  0.253087000 C -1.598979000 -0.634500000  0.017428000

B -0.838202000 0.005034000 -0.028687000 B 0.792419000  0.030949000 -0.025660000

C  0.101491000 -1.257323000 -0.133797000 C -0.173630000 -1.223628000 -0.019417000

H 1.604628000 -0.754087000  1.343593000 H -2.209828000 -0.945980000 -0.836643000

H  2.320212000 -1.323910000 -0.161328000 H -2.157829000 -0.937302000 0.909561000

H -0.217809000 -2.157746000  0.396438000 H -0.009768000 -1.841797000 -0.909290000

H  0.096231000 -1.522178000 -1.205082000 H 0.025614000 -1.883826000 0.831525000

C 1.514704000 0.725160000 -0.228868000 C -1.410790000  0.859038000  0.006794000

H  2.324129000 1.307351000 0.217150000 C -0.130880000 1.276094000 =-0.016270000

C  0.107560000  1.262001000  0.103278000 H 0.126142000 2.330442000 -0.025208000

H -0.184170000 2.157052000 -0.451154000 H -2.275076000  1.520950000  0.018444000

H 1.662652000 0.743200000 -1.314325000 C  2.358318000 -0.005506000  0.005812000

H 0.067978000  1.542786000  1.169350000 H 2.666504000 0.057737000  1.058657000

C -2.402850000 0.002802000  0.001133000 H 2.786000000 -0.930266000 -0.387666000

H -2.855856000 0.916673000 -0.389251000 H  2.821914000 0.846305000 -0.497158000

H -2.851523000 -0.863725000 -0.489844000

H -2.696760000 -0.059662000 1.058892000

3a R=Ph 3b R=Ph

E (HF)=-413.671373967 E (HF)=-412.454846430

v1=57.8 v1=55.1

C -0.308715000 0.703473000 -3.245052000 C -0.504798000 -3.381872000  0.000000000

B 0.000000000 0.000000000 -0.905816000 B 0.085417000 -0.975345000  0.000000000

C  0.007027000 1.268896000 -1.845204000 C -1.142834000 -1.976132000  0.000000000

H -1.394579000  0.619042000 -3.365312000 H -0.793617000 -3.976180000  0.873532000
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H 0.059395000 1.327182000 -4.062589000 H -0.793617000 -3.976180000 -0.873532000
H -0.620240000 2.112812000 -1.548449000 H -1.787428000 -1.822623000 0.872246000
H 1.044575000 1.641976000 -1.831369000 H -1.787428000 -1.822623000 -0.872246000
C 0.308715000 -0.703473000 -3.245052000 C 0.981099000 -3.146837000 0.000000000
H -0.059395000 -1.327182000 -4.062589000 C  1.359434000 -1.854513000 0.000000000
C -0.007027000 -1.268896000 -1.845204000 H 2.407532000 -1.573445000 0.000000000
H 0.620240000 -2.112812000 -1.548449000 H 1.670429000 =-3.989233000 0.000000000
H 1.394579000 -0.619042000 =-3.365312000 C 0.000000000 0.578081000  0.000000000
H -1.044575000 -1.641976000 -1.831369000 C 1.156445000 1.373021000 0.000000000
C  0.000000000 0.000000000  0.649992000 C -1.240170000  1.234571000 0.000000000
C  0.000000000 1.200673000  1.376599000 C 1.081620000 2.760922000  0.000000000
C  0.000000000 -1.200673000 1.376599000 C -1.326519000 2.621360000 0.000000000
C 0.002640000 1.206396000 2.766343000 C -0.162320000 3.385587000  0.000000000
C -0.002640000 -1.206396000 2.766343000 H 2.129711000  0.893234000 0.000000000
C 0.000000000 0.000000000  3.461302000 H -2.152078000  0.645260000  0.000000000
H -0.000566000  2.144298000  0.840292000 H 1.987148000  3.356666000  0.000000000
H 0.000566000 =-2.144298000  0.840292000 H -2.294544000  3.108805000  0.000000000
H 0.004864000 2.144359000  3.309277000 H -0.224942000  4.467912000 0.000000000
H -0.004864000 -2.144359000  3.309277000
H 0.000000000 0.000000000  4.545392000
3a R=Ph 3b R=NH,
E (HF)=-238.059349744 E (HF)=-236.840362193
v1=103.9 v1=60.6
C -0.321928000 0.698410000 -1.461074000 C -0.584632000 -1.578327000  0.000000000
B 0.000000000 0.000000000 0.864539000 B 0.000000000 0.825698000  0.000000000
C 0.000000000 1.283680000 -0.069851000 C -1.236623000 -0.174484000 0.000000000
H -1.407227000 0.589875000 -1.568305000 H -0.872618000 =-2.172291000  0.873763000
H 0.023884000  1.321702000 -2.288962000 H -0.872618000 -2.172291000 -0.873763000
H -0.662420000 2.099747000  0.228924000 H -1.878187000 =-0.032157000 0.874626000
H 1.019157000 1.694963000 -0.078387000 H -1.878187000 -0.032157000 -0.874626000
C 0.321928000 -0.698410000 -1.461074000 C 0.906160000 -1.341339000 0.000000000
H -0.023884000 -1.321702000 -2.288962000 C  1.284792000 -0.054099000  0.000000000
C 0.000000000 -1.283680000 -0.069851000 H 2.331362000 0.233875000 0.000000000
H 0.662420000 -2.099747000  0.228924000 H 1.593349000 -2.185107000 0.000000000
H 1.407227000 -0.589875000 -1.568305000 N -0.065794000 2.224635000 0.000000000
H -1.019157000 -1.694963000 -0.078387000 H 0.752130000 2.812082000  0.000000000
N  0.000000000 0.000000000 2.262256000 H -0.932864000 2.736611000  0.000000000
H 0.029022000 -0.843096000 2.813033000
H -0.029022000 0.843096000 2.813033000
Products 3c
3c R=H 3c R=F
E (HF)=-180.175879750 E (HF)=-279.499882371
v1=214.8 v1=151.1
C 0.000000000 0.758140000 -0.896612000 C 0.000000000 1.263469000 -0.151948000
B 0.000000000 0.000000000 1.316268000 B 0.000000000 0.000000000  0.792388000
H 0.000000000 0.000000000 2.502981000 C  0.000000000 -1.263469000 -0.151948000
C  0.000000000  1.251891000 0.347791000 C  0.000000000 -0.757693000 -1.390579000
H 0.000000000 1.330887000 -1.818820000 C  0.000000000 0.757693000 -1.390579000
H 0.000000000 2.310718000 0.569586000 F  0.000000000 0.000000000 2.114514000
C 0.000000000 -0.758140000 -0.896612000 H 0.000000000  1.325232000 =-2.315174000
C 0.000000000 -1.251891000 0.347791000 H 0.000000000 2.320726000 0.074050000
H 0.000000000 -2.310718000 0.569586000 H 0.000000000 -2.320726000 0.074050000
H 0.000000000 -1.330887000 -1.818820000 H 0.000000000 -1.325232000 -2.315174000
3c R=C1l 3c R=Me
E (HF)=-639.838875864 E (HF)=-219.500044661
v1=117.0 v1=101.2
C 0.000000000 0.757467000 -1.875289000 C 0.014015000 -1.484013000 0.756426000
B 0.000000000 0.000000000  0.308835000 B 0.019536000 0.740767000  0.000000000
Cl 0.000000000 0.000000000 2.055847000 C 0.014015000 -0.239775000  1.250481000
C 0.000000000 1.258074000 -0.633522000 H 0.013770000 -2.406072000  1.329540000
H 0.000000000 1.329314000 =-2.797104000 H 0.014209000 -0.020310000 2.310864000
H 0.000000000 2.312746000 =-0.396810000 C 0.014015000 -1.484013000 -0.756426000
C  0.000000000 -0.757467000 -1.875289000 C 0.014015000 -0.239775000 -1.250481000
C 0.000000000 -1.258074000 -0.633522000 H 0.014209000 -0.020310000 -2.310864000
H 0.000000000 =-2.312746000 =-0.396810000 H 0.013770000 -2.406072000 -1.329540000
H 0.000000000 -1.329314000 =-2.797104000 C -0.030677000 2.294797000 0.000000000
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H -1.099815000 2.559434000 0.000000000
H 0.396944000 2.753082000 0.893597000
H 0.396944000 2.753082000 -0.893597000
3c R=Ph 3c R=NH,
E (HF)=-411.211809831 E (HF)=-235.603132351
v1=58.6 v1=142.5
C 0.000000000 -0.754789000 -3.267497000 C 0.000000000 0.752079000 -1.441398000
B 0.000000000 0.000000000 -1.047858000 B 0.000000000 0.000000000 0.769847000
C  0.000000000 =-1.251206000 -2.023135000 C  0.000000000 1.254918000 -0.198853000
H 0.000000000 =-1.328166000 -4.189272000 H 0.000000000 1.324564000 -2.363567000
H 0.000000000 -2.313632000 -1.814489000 H 0.000000000 2.317466000 0.010951000
C 0.000000000 0.754789000 -3.267497000 C 0.000000000 -0.752079000 -1.441398000
C  0.000000000 1.251206000 -2.023135000 C  0.000000000 -1.254918000 -0.198853000
H 0.000000000 2.313632000 -1.814489000 H 0.000000000 -2.317466000 0.010951000
H 0.000000000 1.328166000 -4.189272000 H 0.000000000 -1.324564000 -2.363567000
C 0.000000000 0.000000000 0.493563000 N 0.000000000 0.000000000 2.160087000
C  0.000000000 =-1.203511000 1.218926000 H 0.000000000 -0.844934000 2.709195000
C  0.000000000 1.203511000 1.218926000 H 0.000000000 0.844934000 2.709195000
C 0.000000000 -1.208100000 2.607561000
C 0.000000000 1.208100000 2.607561000
C  0.000000000 0.000000000  3.300664000
H 0.000000000 =-2.145675000 0.681176000
H 0.000000000 2.145675000 0.681176000
H 0.000000000 =-2.144954000 3.152015000
H 0.000000000 2.144954000  3.152015000
H 0.000000000 0.000000000  4.384804000

Reactions of borylenes with 1,5-cyclooctadiene and
dibenzo[a, e]cyclooctatetraene

Olefins
COD DBCOT
E (HF)=-311.960569339 E(HF)=-616.785101971
v1=65.7 v1=48.7
C 0.659971000  1.382459000 0.675896000 C  3.372286000 0.696233000 -1.211982000
C 1.563998000 0.599268000 -0.244578000 C  3.372286000 -0.696233000 -1.211982000
C -0.659971000 1.799674000  0.007722000 C  2.480504000 1.380056000 -0.400479000
C -1.554295000 0.706033000 -0.513304000 H 4.070693000 -1.244644000 -1.832711000
C 0.659971000 -1.799674000  0.007722000 H  2.488001000 2.464694000 -0.382394000
C -0.659971000 -1.382459000 0.675896000 C  2.480504000 -1.380056000 -0.400479000
C -1.563998000 -0.599268000 -0.244578000 C  1.554404000 0.700796000  0.400287000
C  1.554295000 -0.706033000 -0.513304000 H 2.488001000 -2.464694000 -0.382394000
H -2.303336000 1.057279000 -1.220165000 C 0.666206000 1.513966000 1.264262000
H -2.305524000 =-1.194147000 -0.772919000 C  1.554404000 -0.700796000  0.400287000
H 2.305524000 1.194147000 -0.772919000 C  0.666206000 -1.513966000 1.264262000
H 2.303336000 -1.057279000 -1.220165000 H 4.070693000  1.244644000 -1.832711000
H -1.234985000 2.420608000 0.706014000 C -1.554404000 0.700796000  0.400287000
H -0.422535000 2.455871000 -0.837578000 C -1.554404000 -0.700796000  0.400287000
H 1.182211000  2.297523000 0.967613000 C -2.480504000  1.380056000 -0.400479000
H 0.468953000 0.845294000 1.602621000 C -0.666206000 -1.513966000 1.264262000
H -0.468953000 -0.845294000 1.602621000 H -2.488001000 2.464694000 -0.382394000
H -1.182211000 -2.297523000 0.967613000 C -2.480504000 -1.380056000 -0.400479000
H 1.234985000 -2.420608000 0.706014000 C -3.372286000 0.696233000 -1.211982000
H  0.422535000 -2.455871000 -0.837578000 H -2.488001000 -2.464694000 -0.382394000
H -4.070693000 1.244644000 -1.832711000
C -3.372286000 -0.696233000 -1.211982000
H -4.070693000 -1.244644000 -1.832711000
C -0.666206000 1.513966000 1.264262000
H 1.172925000 -2.234034000  1.902583000
H -1.172925000 =-2.234034000 1.902583000
H 1.172925000  2.234034000  1.902583000
H -1.172925000  2.234034000  1.902583000
Borylenes
BH BC1l
E (HF)=-25.2804987331 E (HF)=-484.975872642
v1=2477.6 v1=821.8
B 0.000000000 0.000000000 0.205109000 B 0.000000000 0.000000000 -1.334447000
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H 0.000000000 0.000000000 -1.025543000 Cl 0.000000000 0.000000000 0.392484000
BMe BNH,
E (HF)=-64.6200612489 E (HF)=-80.7288821899
v1=556.0 v1=439.2
B 0.000000000 0.000000000 -1.068658000 B 0.000000000 0.000000000 -0.962635000
C  0.000000000 0.000000000 0.468326000 N  0.000000000 0.000000000 0.413434000
H 0.000000000 1.030434000  0.844444000 H 0.000000000 -0.853464000 0.959569000
H 0.892382000 -0.515217000  0.844444000 H 0.000000000 0.853464000 0.959569000
H -0.892382000 -0.515217000  0.844444000
Transition states TS4 5
Transition states TS4 5a Transition states TS4 5b
TS4 5a R=Cl TS4 5b R=Cl
E (HF)=-796.935734462 E (HF)=-1101.75676074
v1=308.9i v1=312.9i
C -0.505601000  1.028400000 1.563139000 C  3.711788000 -1.015303000 -0.947083000
C -2.198359000 -0.217413000 -0.651087000 C  3.762312000 -1.319599000  0.409833000
C -1.690380000 =-1.518799000 0.002528000 C  2.673824000 -0.236859000 -1.438594000
C -0.062641000 1.943611000 0.404483000 H 4.572941000 -1.918875000 0.806470000
C -1.147346000 0.515186000 -1.443590000 H 2.640905000 0.015080000 -2.493323000
C -0.372821000 -1.418455000 0.739898000 C  2.772555000 -0.842150000 1.256366000
C -0.280607000  1.428700000 -0.995306000 C 1.662530000 0.233028000 -0.596841000
C 0.057540000 -0.367683000 1.505617000 H 2.812045000 -1.063393000 2.317448000
H -0.156146000  1.488409000 2.490736000 C  0.588214000 1.059019000 -1.223542000
H -3.015941000 -0.485113000 -1.324521000 C  1.709759000 -0.078777000 0.766008000
H -1.571771000 -2.283956000 -0.767411000 C  0.698233000 0.428518000 1.718739000
H 1.010101000 2.131781000 0.513889000 H  4.483154000 -1.373793000 -1.617993000
H -1.094093000 0.269623000 -2.500478000 C -1.421858000 -0.423416000 -0.671422000
H 0.046823000 -2.389915000 0.996556000 C -1.334653000 -0.688175000 0.704894000
H 0.387714000 1.865270000 -1.734682000 C -2.259765000 -1.226271000 -1.460111000
H 0.940139000 -0.544258000 2.112728000 C -0.612099000 0.183766000 1.670069000
H -0.545747000 2.922893000 0.511964000 H -2.352447000 -1.000106000 -2.517017000
H -2.633616000 0.440731000 0.098414000 C -2.048913000 -1.764686000 1.236317000
H -1.592250000 1.000597000  1.637543000 C -2.947662000 -2.303031000 -0.923182000
H -2.448608000 -1.878740000 0.706790000 H -1.989472000 -1.950863000  2.303414000
B 0.987988000 -1.168060000 -0.687414000 H -3.575855000 -2.915728000 -1.558711000
Cl 2.525573000 =-0.297547000 -0.356385000 C -2.834568000 -2.581896000  0.435040000
H -3.371202000 -3.415241000 0.872163000
C -0.716280000 0.663892000 -1.362464000
H 1.079622000 1.021220000 2.546370000
H -1.235290000 0.605473000  2.455532000
H 0.958856000 1.714638000 -2.008064000
H -1.307280000 1.191874000 -2.106265000
B 0.225340000 2.629327000 0.011350000
Cl -1.427246000  3.259690000 0.205827000
TS4 5a R=Me TS4 5b R=Me
E (HF)=-376.586937583 E (HF)=-681.409805615
v1=171.9i v1=178.31
C -0.137485000 1.077237000 1.516300000 C  3.593984000 -1.196414000 -0.884584000
C -1.941709000 -0.056144000 -0.657942000 C  3.597630000 -1.437340000  0.486032000
C -1.603387000 =-1.369471000 0.076896000 C  2.628618000 -0.364056000 -1.431158000
C  0.369062000 1.918749000  0.328242000 H 4.352582000 -2.076300000 0.928196000
C -0.803143000 0.509437000 -1.467900000 H 2.634338000 -0.157025000 -2.496010000
C -0.316504000 =-1.391577000 0.861821000 C  2.636621000 -0.840106000 1.287799000
C 0.142508000 1.356088000 -1.051810000 C  1.638470000 0.221035000 -0.635490000
C  0.293042000 -0.369162000 1.491976000 H 2.647060000 -1.005134000 2.359874000
H 0.255219000  1.532439000  2.429442000 C  0.660874000 1.101243000 -1.322454000
H -2.772122000 -0.267656000 -1.336327000 C  1.642640000 -0.021315000 0.742271000
H -1.537330000 -2.173326000 -0.658877000 C 0.682345000 0.612155000 1.673488000
H 1.447043000 2.071187000 0.450531000 H 4.346806000 -1.644248000 -1.522107000
H -0.764837000 0.201160000 -2.508569000 C -1.499104000 -0.077355000 -0.678487000
H 0.064273000 -2.390198000 1.059337000 C -1.478098000 -0.289285000 0.708981000
H 0.862051000 1.689605000 =-1.797465000 C -2.402551000 -0.810878000 -1.459634000
H 1.187748000 -0.606246000 2.062983000 C -0.646990000 0.496142000 1.655600000
H -0.067396000  2.923595000  0.390775000 H -2.432325000 -0.626982000 -2.528396000
H -2.315101000 0.691212000 0.040481000 C -2.349538000 -1.233683000 1.263981000
H -1.221312000 1.144833000 1.597446000 C -3.241386000 -1.761821000 -0.900155000
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H -2.432640000 -1.618025000 0.750415000 H -2.341106000 -1.377978000  2.339169000
B 1.281634000 -1.413909000 =-0.912327000 H -3.920579000 -2.323755000 -1.529976000
C  2.642553000 -0.724498000 -0.528162000 C -3.213393000 -1.977469000 0.474436000
H 2.622378000  0.297249000 =-0.149349000 H -3.871000000 =-2.708914000 0.928544000
H 3.112437000 -1.364944000 0.231802000 C -0.672937000 0.926617000 -1.383290000
H 3.281803000 -0.765303000 -1.417517000 H 1.132396000 1.164346000  2.494550000
H -1.200988000  0.969022000 2.464110000
H 1.103594000 1.796963000 -2.028757000
H -1.220374000 1.546552000 -2.090217000
B 0.285950000 3.013777000 0.162753000
C -1.229040000  3.422847000 0.250840000
H -1.466169000  3.948952000 =-0.685065000
H -1.974455000 2.641250000 0.406777000
H -1.308391000 4.162465000 1.056475000
TS4 5a R=NH, TS4 5b R=NH,
E (HF)=-392.687825123 E(HF)=-697.511625921
v1=290.61 v1=268.21
C 0.106680000 0.926999000 1.567723000 C  3.538209000 -1.187547000 -1.047960000
C 0.287725000  1.892734000  0.381808000 C  3.528924000 -1.645483000 0.266036000
C -0.347883000  1.524450000 -0.932276000 C  2.603880000 -0.245684000 -1.451287000
C -1.303291000 0.637540000 -1.207036000 H 4.260119000 -2.371946000 0.599940000
C -2.051937000 -0.258385000 -0.253736000 H 2.621543000 0.127473000 -2.469708000
C -1.327849000 -1.579832000  0.054236000 C  2.585325000 -1.151254000 1.153771000
C 0.069127000 -1.485800000  0.619383000 C  1.630982000  0.240413000 -0.570964000
C 0.619618000 -0.475987000  1.345574000 H 2.584883000 -1.486233000 2.185608000
B 1.367072000 -1.175596000 =-1.053554000 C 0.678819000 1.238395000 -1.127789000
N  2.529412000 -0.419768000 -0.863225000 C 1.621021000 -0.222428000 0.749255000
H 0.658486000  1.349175000 2.411939000 C 0.686209000  0.289090000 1.774209000
H -3.012103000 -0.514622000 =-0.709080000 H 4.277166000 =-1.553060000 =-1.751037000
H -1.268992000 -2.180651000 -0.856174000 C -1.555129000 0.078590000 -0.636577000
H 1.360951000 2.018279000 0.195052000 C -1.521549000 -0.346843000 0.703189000
H -1.559071000  0.513915000 =-2.255966000 C -2.539213000 -0.457215000 -1.483920000
H 0.541876000 =-2.458402000  0.729439000 C -0.643542000  0.243948000 1.744829000
H 0.068161000 2.063785000 -1.780878000 H -2.582573000 -0.108663000 -2.510435000
H 1.573138000 -0.701035000 1.819281000 C -2.444021000 -1.307448000 1.132864000
H -0.066280000 2.886371000 0.684221000 C -3.432690000 -1.422227000 -1.048834000
H -2.295083000 0.264750000 0.669061000 H -2.420450000 -1.616335000 2.172816000
H -0.936556000 0.914858000  1.881393000 H -4.169929000 -1.825337000 -1.732928000
H -1.932668000 -2.143785000 0.774787000 C -3.380618000 -1.859278000 0.271670000
H 3.178674000 -0.405738000 =-1.637576000 H -4.075475000 =-2.608211000 0.632173000
H 2.835099000 0.119141000 -0.069212000 C -0.668038000 1.088358000 -1.237185000
H 1.157387000 0.706356000 2.660648000
H -1.173945000 0.626075000 2.614462000
H 1.136886000 1.911146000 -1.845033000
H -1.165564000 1.764280000 -1.930121000
B 0.556149000 2.952311000 0.257536000
N -0.713053000 3.469235000 0.510372000
H -0.754294000 4.318356000 1.057608000
H -1.616548000 3.069583000 0.307876000
Intermediates 5
Intermediates 5a Intermediates 5b
5a R=H 5b R=H
E (HF)=-337.408267586 E (HF)=-642.230513456
v1=182.1 v1=50.5
C 1.208141000 -0.947985000 -0.827371000 C -0.696427000 2.768209000 -1.672941000
C -1.208141000 0.947985000 -0.827371000 C 0.696427000 2.768209000 -1.672941000
C 0.000000000 1.858696000 -0.567444000 C -1.404779000 2.114538000 -0.665909000
C  0.000000000 -1.858696000 -0.567444000 H 1.232941000  3.281467000 -2.462355000
C -1.400908000 0.097309000  0.425840000 H -2.489094000 2.110537000 -0.667201000
C 0.828092000 1.210976000  0.533327000 C  1.404779000 2.114538000 -0.665909000
C -0.828092000 -1.210976000  0.533327000 C -0.695239000 1.480129000 0.345719000
C  1.400908000 -0.097309000  0.425840000 H 2.489094000 2.110537000 -0.667201000
H 2.109568000 -1.527704000 -1.035429000 C -1.252656000 0.720453000 1.505973000
H -2.109568000 1.527704000 -1.035429000 C  0.695239000 1.480129000 0.345719000
H -0.346042000 2.826295000 -0.196963000 C  1.252656000 0.720453000 1.505973000
H 0.346042000 -2.826295000 =-0.196963000 H -1.232941000 3.281467000 -2.462355000
H -2.265084000 0.309220000 1.044930000 C -0.695239000 -1.480129000 0.345719000
H 1.298402000  1.883399000 1.243288000 C 0.695239000 -1.480129000 0.345719000
H -1.298402000 -1.883399000 1.243288000 C -1.404779000 -2.114538000 -0.665909000
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H 2.265084000 -0.309220000 1.044930000 C 1.252656000 -0.720453000 1.505973000
H -0.591884000 -2.056641000 -1.468875000 H -2.489094000 -2.110537000 -0.667201000
H -1.051409000 0.305164000 -1.697194000 C 1.404779000 =-2.114538000 =-0.665909000
H 1.051409000 -0.305164000 -1.697194000 C -0.696427000 -2.768209000 -1.672941000
H 0.591884000 2.056641000 -1.468875000 H  2.489094000 -2.110537000 -0.667201000
B 0.000000000 0.000000000 1.377252000 H -1.232941000 -3.281467000 =-2.462355000
H 0.000000000 0.000000000 2.561992000 C 0.696427000 -2.768209000 -1.672941000
H 1.232941000 -3.281467000 =-2.462355000
C -1.252656000 =-0.720453000 1.505973000
H 1.964345000 1.222255000 2.153409000
H 1.964345000 =-1.222255000 2.153409000
H -1.964345000 1.222255000 2.153409000
H -1.964345000 -1.222255000 2.153409000
B 0.000000000 0.000000000 2.402297000
H 0.000000000 0.000000000 3.584902000
5a R=Cl 5b R=C1l
E(HF)=-797.059962023 E(HF)=-1101.88110700
v1=161.2 v1=50.0
C 0.866531000 1.283797000 -1.450504000 C -0.696583000 2.788380000 -2.186503000
C -0.866531000 -1.283797000 -1.450504000 C 0.696583000 2.788380000 =-2.186503000
C -1.854481000 -0.134526000 =-1.197798000 C -1.405817000 2.129981000 -1.183808000
C  1.854481000 0.134526000 -1.197798000 H 1.232635000 3.306243000 -2.973083000
C 0.000000000 -1.407201000 -0.198656000 H -2.489954000 2.127573000 -1.184366000
C -1.264866000 0.735335000 -0.096942000 C 1.405817000 2.129981000 -1.183808000
C 1.264866000 =-0.735335000 -0.096942000 C -0.695315000 1.487927000 =-0.177770000
C  0.000000000 1.407201000 -0.198656000 H  2.489954000 2.127573000 -1.184366000
H 1.385212000 2.223606000 -1.646830000 C -1.250143000 0.722332000 0.979319000
H -1.385212000 -2.223606000 -1.646830000 C 0.695315000 1.487927000 -0.177770000
H -2.800222000 -0.537937000 -0.830032000 C 1.250143000 0.722332000 0.979319000
H 2.800222000 0.537937000 -0.830032000 H -1.232635000 3.306243000 -2.973083000
H -0.148523000 -2.269195000 0.442433000 C -0.695315000 =-1.487927000 =-0.177770000
H -1.958578000 1.140399000 0.633172000 C 0.695315000 -1.487927000 -0.177770000
H 1.958578000 -1.140399000 0.633172000 C -1.405817000 -2.129981000 -1.183808000
H 0.148523000 2.269195000 0.442433000 C 1.250143000 =-0.722332000 0.979319000
H 2.083388000 -0.441012000 -2.101449000 H -2.489954000 =-2.127573000 -1.184366000
H -0.236472000 -1.092036000 -2.322696000 C 1.405817000 -2.129981000 -1.183808000
H 0.236472000 1.092036000 -2.322696000 C -0.696583000 -2.788380000 -2.186503000
H -2.083388000 0.441012000 -2.101449000 H  2.489954000 -2.127573000 -1.184366000
B 0.000000000 0.000000000 0.725404000 H -1.232635000 =-3.306243000 =-2.973083000
Cl 0.000000000 0.000000000 2.550034000 C 0.696583000 -2.788380000 -2.186503000
H 1.232635000 -3.306243000 =-2.973083000
C -1.250143000 =-0.722332000 0.979319000
H 1.947338000 1.217868000 1.648353000
H 1.947338000 =-1.217868000 1.648353000
H -1.947338000 1.217868000 1.648353000
H -1.947338000 =-1.217868000 1.648353000
B 0.000000000 0.000000000 1.854820000
Cl 0.000000000 0.000000000 3.671328000
5a R=Me 5b R=Me
E (HF)=-376.721555824 E (HF)=-681.544486297
v1=63.2 v1=50.1
C 1.162252000 1.196441000 -0.986146000 C 2.761147000 -1.967826000 -0.690071000
C 1.179599000 -1.161477000 1.004339000 C 2.110011000 -0.962472000 -1.402911000
C  0.956306000 =-1.798274000 =-0.375075000 o} 1.479961000 0.054571000 -0.697049000
C  0.889489000 1.826288000 0.387111000 o} 1.481634000 0.062843000 0.693519000
C -0.092453000 -0.388200000 1.344705000 C 2.114724000 -0.947049000 1.407189000
C -0.157274000 -1.016163000 -1.055709000 C 2.763500000 -1.960005000 0.702943000
C -0.214157000 1.009956000 1.043415000 C  0.728195000 1.231250000 1.239319000
C -0.075433000 0.380327000 -1.350410000 B 0.012924000 2.142071000 -0.002972000
H 1.352123000 1.957113000 -1.746067000 C 0.724284000 1.216549000 -1.254253000
H 1.379690000 -1.917895000 1.765823000 C -0.713344000 1.224796000 -1.253314000
H 0.613094000 -2.827992000 -0.252361000 C -1.481651000 0.070888000 -0.696939000
H 0.518112000 2.845251000 0.256533000 C -2.122335000 -0.939412000 -1.402932000
H -0.713351000 -0.773953000 2.146176000 C -2.783667000 -1.937996000 -0.689968000
H -0.859762000 -1.591694000 -1.651223000 C -2.785736000 -1.930243000 0.703083000
H -0.936990000 1.564574000 1.634437000 C -2.126488000 -0.924108000 1.407360000
H -0.706633000 0.753443000 -2.150063000 C -1.483092000 0.079093000 0.693472000
H 1.786077000 1.892612000 1.014453000 C -0.717016000 1.239432000 1.238388000
H 2.043122000 -0.490996000 1.005770000 H -3.301181000 -2.727155000 -1.222778000
H 2.046171000 0.553574000 -0.969410000 H -2.124206000 -0.919921000 2.491662000
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H 1.866865000 -1.836916000 -0.984360000 H -2.116692000 -0.946612000 -2.487207000
B -1.048350000 -0.018848000 -0.006422000 H -3.304935000 -2.713648000 1.242715000
C -2.644134000 -0.035888000 -0.015766000 H 2.112857000 -0.942646000 2.491496000
H -3.059690000 -0.973053000 -0.399430000 H 2.104313000 -0.969528000 =-2.487195000
H -3.041841000 0.086246000 0.997555000 H 3.275090000 -2.748433000 1.242542000
H -3.070402000 0.775870000 -0.614508000 H 3.270799000 -2.762069000 -1.222920000
H -1.211550000 1.883983000 -1.958405000
H 1.229224000 1.869283000 =-1.960676000
H -1.211498000 1.890528000 1.953447000
H 1.229140000 1.875929000 1.955814000
C 0.030728000 3.733736000 -0.005615000
H 0.965446000 4.145564000 -0.398487000
H -0.788147000 4.164786000 -0.589952000
H -0.078417000 4.125311000 1.011485000
5a R=NH, 5b R=NH,
E (HF)=-392.788830870 E(HF)=-697.613103471
v1=176.0 v1=50.6
C 1.176471000 1.172890000 -0.980390000 C -1.935250000 -0.690101000 2.791425000
C 1.130312000 -1.200787000 0.998123000 C -1.924415000 0.703180000 2.799357000
C 0.889469000 -1.814736000 -0.389759000 C -0.940483000 -1.401940000 2.123944000
C 0.922007000 1.799126000 0.399607000 H -2.704937000 1.242465000 3.323250000
C -0.117535000 -0.395284000 1.350267000 H -0.948936000 -2.486167000 2.114999000
C -0.201938000 -0.998022000 -1.064571000 C -0.919432000 1.407536000 2.139304000
C -0.204047000 1.009303000 1.050619000 C 0.068893000 -0.696020000 1.481038000
C -0.079326000 0.391727000 -1.351535000 H -0.912468000 2.491863000 2.141811000
H 1.383673000 1.935133000 -1.734126000 C 1.221240000 -1.256528000 0.715665000
H 1.309750000 -1.972615000 1.749296000 C 0.079605000 0.695034000 1.486946000
H 0.521710000 -2.837533000 -0.280450000 C 1.239493000 1.242411000 0.724334000
H 0.580598000 2.829779000 0.277517000 H -2.723784000 -1.223545000 3.309227000
H -0.743892000 -0.761496000 2.156362000 C 0.068893000 -0.696020000 -1.481038000
H -0.939277000 -1.542059000 -1.645750000 C 0.079605000 0.695034000 -1.486946000
H -0.906130000 1.577137000 1.654031000 C -0.940483000 -1.401940000 -2.123944000
H -0.724473000 0.794587000 -2.123782000 C 1.239493000 1.242411000 =-0.724334000
H 1.821450000 1.834966000 1.025096000 H -0.948936000 -2.486167000 -2.114999000
H 2.013610000 -0.556600000 1.006865000 C -0.919432000 1.407536000 -2.139304000
H 2.045465000 0.509936000 -0.968825000 C -1.935250000 -0.690101000 =-2.791425000
H 1.799479000 -1.867769000 -0.998286000 H -0.912468000 2.491863000 =-2.141811000
B -1.072204000 0.011595000 0.005563000 H -2.723784000 -1.223545000 -3.309227000
N -2.544973000 0.017004000 -0.091358000 C -1.924415000 0.703180000 =-2.799357000
H -3.032148000 0.870096000 0.138718000 H -2.704937000 1.242465000 -3.323250000
H -3.046468000 -0.775863000 0.280859000 C 1.221240000 -1.256528000 =-0.715665000
H 1.880888000 1.969451000 1.213803000
H 1.880888000 1.969451000 -1.213803000
H 1.897022000 -1.944556000 1.214293000
H 1.897022000 -1.944556000 -1.214293000
B 2.154030000 0.008484000 0.000000000
N 3.619198000 -0.082049000 0.000000000
H 4.122041000 0.195023000 0.829251000
H 4.122041000 0.195023000 -0.829251000

Transition states TS5 6

Transition states TS5 6a

Transition states TS5 6b

TS5 6a R=H TS5 6b R=H
E (HF)=-337.386271833 E(HF)=-337.386271833
v1=362.51 v1=362.51
c 1.155533000 0.861496000 -0.965456000
C -1.361088000 -0.983782000 -0.684568000
C -1.847621000 0.458369000 -0.545623000
c 1.617889000 -0.607858000 -0.727067000
C -0.527985000 -1.026083000 0.601794000
C -0.890404000 0.877247000 0.571912000
c 0.962920000 -1.086510000 0.569076000
c 0.503279000 1.368006000 0.330549000
H 2.011015000 1.491458000 -1.215203000
H -2.150239000 -1.737400000 -0.694424000
H -2.876647000 0.505414000 -0.185225000
H 2.700505000 -0.630609000 -0.580566000
H -0.986010000 -1.555357000 1.431446000
H -1.368554000 1.359126000 1.420326000
H 1.411814000 -1.929784000 1.082728000
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H 0.688379000 2.396543000 0.620434000
H 1.406712000 -1.248809000 -1.589337000
H -0.740472000 -1.141913000 -1.566700000
H 0.471865000 0.928221000 -1.818724000
H -1.775749000 1.078511000 -1.442069000
B 0.609930000 0.207439000 1.409409000
H 0.482586000 0.282093000 2.586565000
TS5 6a R=Cl TS5 6b R=H
E (HF)=-797.039888507
v1=378.61
C -1.169128000 1.396955000 0.981931000
C -1.750138000 -1.052566000 -0.899619000
C -1.582718000 -1.605591000 0.514699000
C -0.982340000 1.832917000 -0.503937000
C -0.312088000 -0.565816000 -1.102994000
C -0.224232000 -0.977869000 0.827161000
C 0.033442000 0.882604000 -1.139594000
C -0.040854000 0.415229000 1.337004000
H -1.119639000 2.265762000 1.639758000
H -2.045284000 -1.789283000 -1.648172000
H -1.491005000 -2.692709000 0.516499000
H -0.559677000 2.839523000 -0.538208000
H 0.323008000 -1.199873000 -1.714790000
H 0.529948000 -1.667324000 1.198149000
H 0.579544000 1.220101000 =-2.013576000
H 0.430065000 0.501812000 2.309835000
H -1.934684000 1.874721000 -1.041241000
H -2.457747000 -0.224803000 -0.951691000
H -2.155731000 0.950115000 1.142346000
H -2.362437000 -1.331507000 1.228764000
B 0.868017000 0.273944000 0.050982000
Cl 2.593641000 -0.239496000 -0.027676000
TS5 6a R=Me TS5 6b R=H
E (HF)=-376.703624786
v1=372.81
C -0.586210000 1.509613000 0.992607000
C -1.657761000 -0.753463000 -0.894576000
C -1.596384000 -1.336281000 0.515981000
C -0.324044000 1.911099000 -0.489427000
C -0.152754000 -0.565533000 -1.109132000
C -0.135496000 -1.001944000 0.821556000
C 0.474594000 0.779013000 -1.134174000
C 0.327336000 0.321866000 1.326817000
H -0.360053000 2.345533000 1.656944000
H -2.101933000 -1.412797000 -1.642288000
H -1.731266000 -2.419324000 0.511011000
H 0.293763000 2.812159000 -0.518642000
H 0.323454000 -1.308121000 -1.742429000
H 0.450915000 -1.835675000 1.199693000
H 1.065288000 1.011473000 -2.014915000
H 0.803536000 0.307165000 2.301960000
H -1.251289000 2.152681000 -1.019651000
H -2.185812000 0.199440000 -0.939024000
H -1.642227000 1.270214000 1.158328000
H -2.300119000 -0.913907000 1.237365000
B 1.205892000 -0.015743000 0.037536000
C 2.600739000 -0.756292000 -0.053436000
H 2.743712000 -1.273127000 -1.007661000
H 3.406253000 -0.019083000 0.027813000
H 2.756204000 -1.486393000 0.746513000
TS5 6a R=Me TS5 6b R=H
E (HF)=-392.770861092
v1=391.11i
C -0.475758000 1.516290000 1.024997000
C -1.676356000 -0.592914000 -0.920818000
C -1.658624000 -1.265209000 0.449313000
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C -0.129900000 1.948956000 -0.427183000

C -0.175738000 -0.495911000 -1.188764000

C -0.205584000 -1.027526000 0.856621000

C  0.560252000 0.769113000 -1.108525000

C  0.333977000 0.254581000  1.346876000

H -0.218981000 2.310557000 1.727897000

H -2.192014000 -1.164682000 -1.694998000

H -1.834690000 -2.339243000 0.360334000

H 0.582547000 2.776686000 -0.397545000

H 0.244180000 -1.247408000 -1.850946000

H 0.301940000 -1.896925000 1.270712000

H 1.244767000 0.986293000 -1.923858000

H 0.867515000 0.217492000 2.291405000

H -1.008640000 2.309913000 -0.972501000

H -2.129278000  0.399072000 -0.893518000

H -1.550383000  1.342914000  1.145490000

H -2.376789000 -0.870909000 1.174868000

B 1.173653000 -0.173001000 0.041714000

N  2.464356000 -0.852673000 -0.033153000

H 2.625744000 -1.673241000 0.531545000

H 2.891708000 -0.961083000 -0.940489000

Products 6

Products 6a Products 6b

6a R=H 6b R=H

E (HF)=-337.394991966 E (HF)=-642.214931022

v1=104.4 v1=42.7

C -1.408525000 =-0.850245000 -0.796088000 C 1.785788000 -2.718273000 0.704707000

C  1.894967000 0.527570000 -0.459337000 C 1.785788000 -2.718273000 -0.704707000

C 1.561513000 -0.985572000 -0.390538000 C  0.798005000 -2.068377000  1.410022000

C -1.047879000 0.612290000 -1.198642000 H 2.571910000 -3.243193000 -1.234960000

C  0.783005000 0.835631000 0.570581000 H 0.785020000 =-2.081129000 2.493751000

C  0.589165000 =-0.733333000 0.793716000 C  0.798005000 -2.068377000 -1.410022000

C -0.616983000 1.320030000 0.104199000 C -0.193926000 -1.356510000 0.708152000

C -0.937705000 =-0.999721000  0.659939000 H 0.785020000 -2.081129000 -2.493751000

H -2.491689000 -0.996770000 -0.836118000 C -1.466829000 -0.759327000 1.219392000

H 2.882269000 0.760381000 -0.057719000 C -0.193926000 -1.356510000 -0.708152000

H 2.401397000 -1.641473000 -0.158863000 C -1.466829000 -0.759327000 -1.219392000

H -1.913581000 1.119409000 -1.629091000 H 2.571910000 -3.243193000 1.234960000

H 1.118884000 1.412023000  1.434292000 C -0.458080000 1.630775000 0.694888000

H 0.970765000 -1.100973000 1.746048000 C -0.458080000 1.630775000 -0.694888000

H -0.711109000 2.403399000 0.092659000 C  0.477775000  2.332284000  1.434339000

H -1.268152000 -1.909188000 1.156285000 C -1.663849000 0.702513000 -0.787674000

H -0.264857000 0.637637000 -1.961949000 H  0.489385000  2.343495000 2.518281000

H 1.801652000 1.006076000 -1.434964000 C  0.477775000  2.332284000 -1.434339000

H -0.972313000 -1.590669000 -1.470701000 C  1.432298000  3.043540000 0.698559000

H 1.074723000 =-1.362957000 -1.289289000 H  0.489385000  2.343495000 -2.518281000

B -1.212968000 0.431555000 1.264838000 H 2.195031000 3.609483000 1.221420000

H -1.468495000 0.745431000 2.382233000 C  1.432298000  3.043540000 -0.698559000
H 2.195031000 3.609483000 -1.221420000
C -1.663849000 0.702513000 0.787674000
H -1.675785000 -0.997911000 -2.258088000
H -2.552186000 1.131660000 -1.255352000
H -1.675785000 -0.997911000 2.258088000
H -2.552186000 1.131660000 1.255352000
B -1.959027000 -1.682209000 0.000000000
H -2.365793000 -2.793278000 0.000000000

6a R=Cl 6b R=C1l

E (HF)=-797.056733639 E (HF)=-1101.86869758

vl=42.7 v1=33.1

C -0.564953000 1.448057000 1.062948000 C  2.985404000 -0.836706000 0.699827000

C -2.310414000 -0.410086000 -0.817076000 C  2.985404000 -0.836706000 -0.699827000

C -2.249845000 -1.034514000 0.602373000 C  1.793781000 -0.836608000 1.410222000

C -0.377836000 1.854372000 -0.434888000 H 3.928881000 -0.843108000 -1.232830000

C -0.776171000 -0.605441000 -0.976787000 H 1.792803000 -0.855031000 2.494022000

C -0.703320000 -1.046603000  0.539443000 C  1.793781000 -0.836608000 -1.410222000

C  0.195765000  0.599908000 -1.124573000 C  0.590632000 -0.800926000 0.705683000

C 0.129080000 0.072782000 1.220692000 H 1.792803000 -0.855031000 -2.494022000

H -0.098360000 2.181636000 1.722767000 C -0.829973000 -0.900884000 1.212252000

H -2.917375000 -0.953733000 -1.541402000 C  0.590632000 -0.800926000 -0.705683000
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H -2.655708000 -2.046353000 0.636038000 C -0.829973000 -0.900884000 -1.212252000
H 0.342076000 2.673404000 -0.518288000 H 3.928881000 -0.843108000 1.232830000
H -0.520568000 -1.396738000 -1.682163000 C -0.953075000 1.698592000 0.694874000
H -0.248869000 -2.020862000 0.732439000 C -0.953075000 1.698592000 -0.694874000
H 0.561265000 0.765886000 -2.135259000 C -0.402023000 2.730252000 1.434890000
H 0.442102000 -0.166274000  2.234460000 C -1.643813000 0.346372000 -0.791531000
H -1.303583000 2.205787000 -0.893840000 H -0.392990000 2.743187000 2.518705000
H -2.633354000 0.630824000 -0.821060000 C -0.402023000 2.730252000 -1.434890000
H -1.620862000 1.405426000  1.340269000 C 0.156819000  3.779789000 0.698847000
H -2.704004000 -0.459973000 1.410613000 H -0.392990000 2.743187000 -2.518705000
B 1.154824000 0.103459000 0.023724000 H 0.606086000 4.617038000 1.220796000
Cl 2.795840000 -0.506305000 -0.060940000 C 0.156819000 3.779789000 -0.698847000
H 0.606086000 4.617038000 -1.220796000
C -1.643813000 0.346372000 0.791531000
H -0.917731000 -1.210624000 =-2.249724000
H -2.629687000 0.347742000 -1.260224000
H -0.917731000 -1.210624000 2.249724000
H -2.629687000 0.347742000 1.260224000
B -1.047363000 =-1.908670000 0.000000000
Cl -1.171232000 -3.659625000 0.000000000
6a R=Me 6b R=Me
E (HF)=-376.718314461 E (HF)=-681.534923605
v1=56.6 v1=41.7
C -0.105100000 1.824352000 -0.445537000 C -0.820021000 3.497288000 0.698579000
C 2.018185000 -0.879624000 0.610947000 C -0.047880000 2.591472000 1.434064000
C  2.023398000 -0.260247000 -0.811655000 C 0.710594000 1.700546000 0.694996000
C 0.117730000 1.448270000 1.051848000 C 0.710594000 1.700546000 -0.694996000
C 0.479017000 -1.029024000 0.551375000 C -0.047880000 2.591472000 -1.434064000
C 0.513433000 -0.593574000 -0.973549000 C -0.820021000 3.497288000 -0.698579000
C -0.449882000 0.021720000 1.216547000 C 1.669176000 0.519875000 -0.788972000
C -0.559278000  0.520956000 -1.122930000 B 1.461182000 -1.867626000 0.000000000
H -0.899888000 2.571133000 -0.533916000 C 1.669176000 0.519875000 0.788972000
H 2.512853000 -1.851334000 0.649914000 C 1.137155000 -0.861281000 1.212790000
H 2.680110000 -0.747404000 -1.533279000 C -0.255248000 -1.109403000 0.706742000
H -0.414182000 2.140369000 1.708018000 C -1.400988000 -1.507922000 1.409244000
H 0.117142000 =-2.039303000 0.756904000 C =-2.535709000 -1.859117000 0.702254000
H 0.332575000 -1.408183000 -1.676000000 C -2.535709000 -1.859117000 -0.702254000
H -0.729846000 -0.240430000 2.235906000 C -1.400988000 -1.507922000 -1.409244000
H -0.925052000 0.645905000 -2.141035000 C -0.255248000 -1.109403000 -0.706742000
H 1.173513000 1.509982000 1.330225000 C 1.137155000 -0.861281000 -1.212790000
H 2.418563000 -0.261324000 1.415409000 H -3.436102000 -2.142988000 1.234547000
H 0.783173000 2.265164000 -0.903923000 H -1.393521000 -1.524922000 -2.493200000
H 2.245970000 0.806606000 -0.818662000 H -1.393521000 -1.524922000  2.493200000
B -1.463790000 -0.135929000 0.005163000 H -3.436102000 -2.142988000 -1.234547000
C -2.789681000 -0.948811000 -0.101297000 H -0.059018000 2.602955000 -2.518029000
H -3.608462000 -0.226361000 0.027067000 H -0.059018000 2.602955000 2.518029000
H -2.941645000 -1.410190000 -1.079779000 H -1.436773000  4.219304000 -1.221627000
H -2.912808000 -1.699098000 0.682841000 H -1.436773000 4.219304000 1.221627000
H 1.281182000 -1.139248000 2.253879000
H 2.632166000 0.730655000 1.258718000
H 1.281182000 -1.139248000 -2.253879000
H 2.632166000 0.730655000 -1.258718000
C 1.748224000 -3.406063000 0.000000000
H 2.833578000 -3.560044000 0.000000000
H 1.355184000 -3.907229000 0.887435000
H 1.355184000 -3.907229000 -0.887435000
6a R=NH, 6b R=NH,
E (HF)=-392.817877985 E (HF)=-697.629811574
v1=80.4 v1=38.1
C -0.355975000 1.752974000 -0.179001000 C 3.020418000 -0.535369000 0.695925000
C 2.148884000 -0.728297000 0.539253000 C 3.020418000 -0.535369000 -0.695925000
C  2.096380000 0.127798000 =-0.754210000 C  1.845799000 -0.788093000 1.406628000
C -0.122070000 1.160749000 1.248977000 H 3.940984000 -0.335448000 -1.231932000
C 0.654630000 =-1.094961000 0.359905000 H 1.846968000 -0.783204000 2.491366000
C 0.663553000 -0.405687000 -1.051276000 C 1.845799000 -0.788093000 -1.406628000
C -0.455206000 -0.349158000 1.136549000 C 0.679567000 -1.048453000 0.703856000
C -0.577616000 0.522900000 =-1.085971000 H 1.846968000 -0.783204000 -2.491366000
H -1.254140000 2.377839000 -0.187063000 C -0.718219000 -1.340393000 1.200579000
H 2.794038000 -1.602489000 0.438279000 C 0.679567000 -1.048453000 -0.703856000
H 2.846063000 -0.116163000 -1.507903000 C -0.718219000 -1.340393000 -1.200579000
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H -0.780690000 1.638790000 1.977203000 H 3.940984000 -0.335448000 1.231932000
H 0.451821000 -2.169017000 0.362002000 C -1.065451000 1.257537000 0.695020000
H 0.646400000 -1.106736000 -1.887623000 C -1.065451000 1.257537000 =-0.695020000
H -0.705087000 -0.811681000 2.091694000 C -0.592734000 2.327862000 1.434454000
H -0.918468000 0.780091000 -2.088901000 C -1.639809000 -0.145768000 =-0.795743000
H 0.900981000 1.332152000 1.593972000 H -0.578316000  2.337945000 2.518286000
H 2.422922000 -0.209605000 1.459234000 C -0.592734000 2.327862000 -1.434454000
H 0.468091000 2.388941000 -0.508810000 C -0.117417000 3.417748000 0.698952000
H 2.144392000 1.200272000 -0.565598000 H -0.578316000  2.337945000 -2.518286000
B -1.490973000 -0.307949000 -0.076620000 H 0.267004000 4.286590000 1.221113000
N -2.763487000 -0.850352000 =-0.218600000 C -0.117417000 3.417748000 -0.698952000
H -3.301112000 -0.775236000 -1.067529000 H 0.267004000 4.286590000 -1.221113000
H -3.231424000 -1.352860000 0.518989000 C -1.639809000 -0.145768000 0.795743000
H -0.785291000 -1.625148000 =-2.249367000
H -2.621746000 -0.226680000 -1.266241000
H -0.785291000 -1.625148000 2.249367000
H -2.621746000 -0.226680000 1.266241000
B -1.124353000 -2.325969000 0.000000000
N -1.674224000 -3.599545000 0.000000000
H -1.871857000 -4.111146000 -0.845378000
H -1.871857000 -4.111146000 0.845378000
Borirane-COD R=NH, Borirane-DBCOT R=NH,
E (HF)=-392.787703684 E (HF)=-697.619586066
v1=63.3 v1=43.8
C -0.117110000 1.122121000 1.476992000 C  1.951306000 0.299883000 3.093575000
C -0.456005000 1.981645000 0.245675000 C 1.550639000 =-1.031553000 3.138594000
C -0.718281000 1.276810000 -1.064714000 C 1.260274000 1.190539000 2.283550000
C -1.287689000 0.088957000 -1.269079000 H 2.078263000 -1.739508000 3.766953000
C -1.822285000 -0.831779000 -0.212128000 H 1.562857000 2.231606000 2.239656000
C -0.801956000 =-1.892797000 0.239996000 C  0.469598000 -1.454104000 2.377698000
C 0.586654000 -1.381447000 0.604674000 C 0.176916000 0.770267000 1.508922000
C 0.918031000 0.020673000 1.243833000 H 0.155972000 -2.491844000 2.419756000
B 1.498549000 -0.387483000 -0.125134000 C -0.527506000 1.770852000 0.667284000
N  2.386510000 -0.115959000 -1.153680000 C -0.240127000 =-0.569613000 1.557504000
H 0.293200000 1.806155000  2.226150000 C -1.417048000 =-1.070914000 0.800054000
H -2.699592000 -1.353349000 -0.605857000 H 2.793035000 0.640723000 3.684372000
H -0.690064000 -2.634057000 -0.559701000 C 0.176916000 0.770267000 -1.508922000
H 0.390504000 2.654909000 0.074921000 C -0.240127000 =-0.569613000 =-1.557504000
H -1.349380000 -0.269179000 =-2.294730000 C  1.260274000 1.190539000 =-2.283550000
H 1.152012000 =-2.157541000 1.120675000 C -1.417048000 -1.070914000 -0.800054000
H -0.379505000 1.816907000 -1.946025000 H 1.562857000 2.231606000 -2.239656000
H 1.583454000 -0.095803000 2.095897000 C  0.469598000 =-1.454104000 =-2.377698000
H -1.306280000 2.634224000 0.481740000 C  1.951306000 0.299883000 -3.093575000
H -2.169670000 -0.257031000 0.644848000 H 0.155972000 -2.491844000 -2.419756000
H -1.019338000 0.710779000 1.934074000 H 2.793035000 0.640723000 -3.684372000
H -1.234899000 -2.426734000 1.093241000 C 1.550639000 =-1.031553000 =-3.138594000
H 2.518936000 -0.731273000 =-1.940200000 H 2.078263000 =-1.739508000 =-3.766953000
H 2.904139000 0.746020000 -1.215086000 C -0.527506000 1.770852000 -0.667284000
H -1.773277000 -2.025025000 1.181911000
H =-1.773277000 =-2.025025000 =-1.181911000
H -1.035723000 2.580042000 1.188134000
H -1.035723000 2.580042000 -1.188134000
B -2.452790000 -0.261876000 0.000000000
N -3.672441000 0.387569000 0.000000000
H -4.139924000 0.670061000 0.846644000
H -4.139924000 0.670061000 -0.846644000
TS-BORIRANE 5a R=NH, TS-BORIRANE 5b R=NH,
E (HF)=-392.782201251 E (HF)=-697.609974798
v1=188.41 v1=232.11
C -1.393010000 1.069642000 0.849700000 C 1.974747000 0.599415000 2.819281000
C -0.900277000 -1.161132000 -1.199100000 C 1.847978000 -0.786804000 2.867199000
C -0.896427000 -1.851033000 0.182996000 C  1.047624000 1.361570000 2.113520000
C -0.850430000 1.831879000 -0.381225000 H 2.571592000 =-1.373378000 3.421199000
C  0.370531000 -0.332833000 -1.366421000 H 1.140837000  2.441293000 2.071949000
C -0.076904000 -1.053023000 1.171622000 C 0.800249000 -1.424063000 2.208116000
C 0.383944000 1.142832000 -0.935349000 C -0.002490000 0.720235000 1.467087000
C -0.288491000 0.251763000 1.465304000 H 0.704454000 -2.503888000 2.244188000
H -1.789241000 1.767287000 1.591068000 C -1.066571000 1.406661000 0.682959000
H -0.963408000 -1.920607000 -1.981896000 C -0.135289000 -0.669133000 1.505536000
H -0.440929000 -2.838841000 0.089586000 C -1.315193000 -1.191058000 0.770628000
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H -0.559453000 2.841108000 -0.075005000 H 2.794912000 1.087051000  3.332598000
H  0.923282000 -0.520240000 -2.281798000 C -0.002490000  0.720235000 -1.467087000
H 0.697180000 -1.576535000 1.723199000 C -0.135289000 -0.669133000 -1.505536000
H 0.976735000 1.773219000 -1.594047000 C  1.047624000 1.361570000 -2.113520000
H 0.335154000 0.720323000 2.220778000 C -1.315193000 -1.191058000 -0.770628000
H -1.640646000 1.951390000 -1.132047000 H 1.140837000 2.441293000 -2.071949000
H -1.791641000 -0.538179000 -1.321053000 C  0.800249000 -1.424063000 -2.208116000
H -2.216486000 0.410976000 0.569423000 C  1.974747000  0.599415000 -2.819281000
H -1.912390000 -2.005888000 0.564083000 H 0.704454000 -2.503888000 -2.244188000
B 1.223183000 0.100766000 -0.109904000 H 2.794912000 1.087051000 -3.332598000
N  2.567349000 0.009557000  0.353728000 C  1.847978000 -0.786804000 -2.867199000
H 3.081277000 0.805031000  0.692250000 H 2.571592000 -1.373378000 =-3.421199000
H 3.119587000 -0.828354000 0.283728000 C -1.066571000 1.406661000 -0.682959000
H -1.807864000 -2.056094000 1.204478000
H -1.807864000 -2.056094000 -1.204478000
H -1.805303000 2.004339000 1.210432000
H -1.805303000 2.004339000 -1.210432000
B -2.235047000 -0.143091000 0.000000000
N -3.636632000 0.155062000 0.000000000
H -4.189128000 0.114753000 0.840107000
H -4.189128000 0.114753000 -0.840107000
Dimerization of borirenes and boriranes
Dimerization of borirenes
Transition states TS7 8 (I) Transition states TS7 8 (II)
TS7 8(I) R=H TS7 8(II) R=H
E (HF)=-205.528943322 E (HF)=-205.537602923
v1=335.41 v1=348.81
B 0.852659000 0.810359000 -0.341043000 C  1.450184000 0.713094000 0.259860000
B -0.602112000 -0.472086000 0.514380000 C  1.657345000 -0.585707000 0.426697000
C 2.097011000 0.213087000 0.175984000 B 0.874071000 -0.209165000 -0.808214000
C -1.885335000 -0.469806000 -0.309762000 H 1.735157000 1.664030000 0.687759000
C  1.193256000 -0.688600000 -0.258956000 H 2.212763000 -1.255639000 1.066850000
C -1.593277000 0.681373000 0.255508000 H 0.818838000 -0.397533000 -1.971846000
H 0.378474000 1.691547000 -0.956300000 B -1.019799000 0.785342000 -0.418376000
H -0.217749000 -1.018590000  1.498987000 C -1.773681000 0.099072000 0.658114000
H  3.144891000 0.201227000  0.433803000 C -1.234400000 -0.710918000 -0.258324000
H -2.675729000 -0.932805000 -0.881017000 H -0.914454000 1.732163000 -1.105537000
H 1.215053000 =-1.732870000 -0.542171000 H -2.457725000 0.033766000  1.490541000
H -1.967609000 1.683802000 0.403374000 H -1.262620000 -1.750912000 -0.552904000
TS7 8(I) R=Cl TS7 8(II) R=Cl
E (HF)=-1124.82455119 E (HF)=-1124.83354646
v1=347.61 v1=360.81
B 1.010254000 0.703077000 0.011831000 C -0.867875000 0.736722000 1.589778000
B -0.838397000 -0.512403000 0.159638000 C -1.691594000  1.420403000 0.799811000
C  0.481939000 2.056182000  0.144423000 B -1.043398000 0.207949000  0.190310000
C -0.665424000 -1.811877000 0.906996000 H -0.538202000 0.702870000 2.618786000
C -0.131441000 1.149676000 0.941887000 H -2.395338000 2.239019000 0.850546000
C -0.089481000 -1.758218000 -0.279624000 Cl -1.541127000 -1.299855000 -0.629501000
Cl 2.454616000 -0.205633000 -0.300000000 B 1.191378000  0.392491000 -0.230387000
Cl -2.325136000 0.308457000 -0.510374000 C  1.430376000 1.685968000 -0.869665000
H 0.534523000 3.133119000 0.108494000 C  0.282267000 1.082552000 -1.233818000
H -0.864592000 -2.512995000 1.703863000 Cl 1.877796000 -1.007391000 0.525001000
H -0.757771000 1.217382000 1.822764000 H 2.017731000 2.527730000 -1.202547000
H 0.453852000 -2.353457000 -0.998202000 H -0.466514000 1.197485000 -2.006544000
TS7 8(I) R=F TS7 8(II) R=H
E (HF)=-404.142150783 E (HF)=-404.148402412
v1=400.9i v1=355.61
B 1.075885000 0.036225000 0.102883000 C  1.258700000 -0.087949000 1.217120000
B -1.075885000 -0.036225000 -0.102883000 C  1.793423000 -0.977561000  0.372795000
C  1.348753000 -1.130204000 0.977982000 B 0.984036000 0.119938000 -0.252829000
C -1.348753000 1.130204000 -0.977982000 H 1.300430000 0.151532000 2.271322000
C  0.690394000 -1.410921000 -0.160567000 H 2.487170000 -1.805954000 0.414379000
C -0.690394000 1.410921000 0.160567000 F  1.063121000 1.056022000 -1.219945000
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F  1.713233000 1.081454000 -0.443667000 B -1.198116000 0.151173000 0.208977000
F -1.713233000 -1.081454000 0.443667000 C -1.789837000 -1.170047000 -0.003126000
H  1.840966000 -1.695620000 1.755792000 C -0.822421000 -0.832279000 -0.884121000
H -1.840966000 1.695620000 =-1.755792000 F -1.329139000 1.376816000 0.670639000
H 0.378069000 -2.292146000 -0.704650000 H -2.517721000 -1.962779000 0.080130000
H -0.378069000 2.292146000 0.704650000 H -0.444505000 -1.226876000 -1.818826000
Transition states TS7 9
TS7 9 R=H TS7 9 R=Cl
E (HF)=-205.535934339 E(HF)=-1124.82612449
v1=373.71 v1=342.21
B -1.231369000 0.885400000 0.014432000 B -0.973564000 0.496016000 0.029766000
B 0.738555000 0.364102000 =-0.453575000 B 1.162878000 =-0.077945000 =-0.066516000
C -2.167066000 -0.260029000 -0.244550000 C -1.094778000  1.839760000  0.637125000
C 1.765202000 -0.704411000 -0.340205000 C  2.483216000 0.369581000 -0.600199000
C -1.164983000 -0.525296000  0.583944000 C -0.053739000 1.705110000 -0.188281000
C 1.987543000  0.423971000 0.346024000 C 1.803488000 -0.510147000 -1.339084000
H -1.166414000 2.038568000  0.245314000 Cl -1.911779000 -0.752760000 -0.759120000
H 0.006322000 0.924042000 =-1.234758000 Cl 0.492410000 -0.853104000  1.439461000
H -3.076647000 -0.712652000 -0.608816000 H -1.639162000 2.638741000 1.116222000
H 2.239715000 -1.656973000 -0.527942000 H  3.428888000  0.893080000 -0.594820000
H -0.796433000 -1.294108000  1.248234000 H 0.652681000  2.333449000 =-0.711417000
H 2.733351000  0.848206000  1.002406000 H 1.911189000 =-1.081771000 =-2.249390000
TS7 9 R=F
E (HF)=-404.140756697
v1=352.61
B -1.260612000 -0.102825000 -0.120477000
B 0.879839000 -0.109037000 0.218260000
C -1.693248000 1.261096000 0.207101000
C 2.211264000 0.569775000  0.136818000
C -0.503335000 1.210606000 -0.425476000
C 2.012509000 -0.467082000 -0.685895000
F -1.604357000 -1.294881000 -0.553301000
F  0.103139000 -0.767934000 1.185370000
H -2.426482000  2.027993000  0.404018000
H 3.000800000 1.261041000 0.397834000
H 0.104831000 1.926836000 -0.961397000
H 2.572524000 -1.037606000 -1.413286000

Products 8 and 9
Products 8 Products 9
8 R=H 9 R=H
E (HF)=-205.635987169 E (HF)=-205.595708958
v1=96.1 v1=38.5
C 0.000000000  1.354031000 0.673780000 B 1.960590000 1.159684000 0.000250000
C 0.000000000 1.354031000 -0.673780000 B -0.732139000 -0.304231000 0.000015000
B 0.000000000 0.000000000 =-1.466062000 C 1.851525000 -0.373110000 -0.000088000
H 0.000000000 2.304292000 1.205897000 C -1.942238000 0.206753000 0.671830000
H 0.000000000 2.304292000 =-1.205897000 C 0.648701000 -0.989834000 -0.000146000
H 0.000000000 0.000000000 -2.657192000 C -1.941944000 0.207397000 -0.671857000
B 0.000000000 0.000000000 1.466062000 H 3.011145000 1.720089000  0.000472000
C 0.000000000 -1.354031000 0.673780000 H 0.956227000  1.806523000  0.000304000
C 0.000000000 -1.354031000 -0.673780000 H 2.739587000 =-1.001972000 =-0.000223000
H 0.000000000 0.000000000 2.657192000 H -2.585988000  0.486002000  1.493995000
H 0.000000000 -2.304292000 1.205897000 H 0.625910000 -2.082554000 -0.000314000
H 0.000000000 =-2.304292000 =-1.205897000 H -2.585398000  0.487409000 -1.493995000
8 R=Cl 9 R=Cl
E (HF)=-1124.96470128 E (HF)=-1124.91493951
v1=52.5 v1=32.6
C 0.000000000  1.359969000  0.672873000 B -0.032904000  1.131400000  0.000000000
C  0.000000000  1.359969000 -0.672873000 B -0.713110000 =-2.019165000 0.000000000
B 0.000000000 0.000000000 =-1.435219000 C -1.430723000 0.505925000 0.000000000
H 0.000000000 2.299228000  1.222293000 C -0.032904000 -3.144453000 0.670310000
H 0.000000000 2.299228000 =-1.222293000 C -1.675729000 -0.819097000  0.000000000
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Cl 0.000000000 0.000000000 =-3.197026000 C -0.032904000 -3.144453000 -0.670310000
B 0.000000000 0.000000000 1.435219000 Cl 0.165185000 2.880030000 0.000000000
C 0.000000000 -1.359969000 0.672873000 Cl 1.429610000 0.146938000 0.000000000
C 0.000000000 -1.359969000 -0.672873000 H -2.279529000 1.185368000 0.000000000
Cl 0.000000000 0.000000000 3.197026000 H 0.329120000 -3.736446000 1.498565000
H 0.000000000 =-2.299228000 1.222293000 H -2.726595000 -1.119645000 0.000000000
H 0.000000000 =-2.299228000 -1.222293000 H 0.329120000 -3.736446000 -1.498565000
8 R=F 9 R=F

E (HF)=-404.285653593 E (HF)=-404.244549328

v1=64.6 v1=30.1

C 0.000000000 1.365259000 0.671965000 B -1.520515000 -0.181531000 -0.000123000
C 0.000000000 1.365259000 -0.671965000 B 1.497194000 0.406911000 0.000141000
B 0.000000000 0.000000000 -1.434004000 C -0.952904000 1.244902000 -0.000160000
H 0.000000000 2.302888000 1.225169000 C 2.512913000 -0.423571000 -0.671397000
H 0.000000000 2.302888000 -1.225169000 C 0.374127000 1.463489000 0.000003000
F 0.000000000 0.000000000 =-2.768330000 C 2.512633000 -0.423878000 0.671714000
B 0.000000000 0.000000000 1.434004000 F -2.820390000 -0.444100000 0.000406000
C 0.000000000 -1.365259000 0.671965000 F -0.706774000 -1.237316000 -0.000552000
C 0.000000000 -1.365259000 -0.671965000 H -1.633502000 2.090879000 -0.000215000
F 0.000000000 0.000000000 2.768330000 H 3.048992000 -0.874837000 -1.494094000
H 0.000000000 =-2.302888000 1.225169000 H 0.716791000 2.499925000 0.000168000
H 0.000000000 =-2.302888000 =-1.225169000 H 3.048185000 -0.875779000 1.494406000

Dimerization of boriranes

Van der Waals complexes for path IV

VDW (IV) R=Cl VDW (IV) R=F

E(HF)=-1127.27422461 E (HF)=-406.588257423

v1=32.4 v1=36.7

C -1.190438000 1.310184000 0.977812000 c 1.010507000 1.341638000 -0.576286000
C -0.057324000 2.209225000 1.582761000 C -0.252042000 2.179861000 -1.052243000
B 0.057324000 1.647181000 0.179049000 B -0.252042000 1.439568000 0.266411000
H -2.124030000 1.799200000 0.715815000 H 1.883691000 1.912828000 -0.273657000
H -0.277660000 3.261795000 1.730115000 H -0.141790000 3.259577000 -1.074914000
Cl 0.895297000 1.622254000 -1.327085000 F -0.818149000 1.264367000 1.435595000
B -0.057324000 -1.647181000 0.179049000 B 0.252042000 -1.439568000 0.266411000
c 0.057324000 -2.209225000 1.582761000 c 0.252042000 -2.179861000 -1.052243000
c 1.190438000 -1.310184000 0.977812000 C -1.010507000 -1.341638000 -0.576286000
Cl -0.895297000 -1.622254000 -1.327085000 F 0.818149000 -1.264367000 1.435595000
H 0.277660000 -3.261795000 1.730115000 H 0.141790000 -3.259577000 -1.074914000
H 2.124030000 -1.799200000 0.715815000 H -1.883691000 -1.912828000 -0.273657000
H 0.505249000 1.774806000 2.402898000 H -0.759857000 1.790037000 -1.927507000
H -1.345591000 0.346475000 1.452930000 H 1.271253000 0.496517000 -1.205160000
H 0.505249000 -1.774806000 2.402898000 H 0.759857000 -1.790037000 -1.927507000
H 1.345591000 -0.346475000 1.452930000 H -1.271253000 -0.496517000 -1.205160000

Van der Waals complexes for path V

VDW (V) R=H VDW (V) R=F
E(HF)=-207.964787347 E(HF)=-406.589282535
v1=63.7 v1=40.1

1.491165000 0.868849000 0.108720000
-1.300930000 0.317331000 0.802517000
2.665142000 -0.077450000 -0.089566000
-2.037275000 -0.793350000 0.048225000
1.224626000 -0.635102000 -0.089034000
-1.967719000 0.637024000 -0.538378000
1.077872000 1.960798000 0.248598000
-0.860622000 0.708296000 1.822769000
.289264000 -0.343540000 0.757598000
-2.996826000 -1.130563000 0.429383000
0.822483000 -0.976818000 -1.039280000
-1.362597000 0.762021000 -1.429919000
3.205612000 -0.071684000 -1.030877000
0.945788000 -1.277600000 0.740122000
-2.881910000 1.222008000 -0.559516000
-1.498884000 -1.570544000 -0.482540000

.508638000 0.384001000 -0.198804000
.393669000 -0.056809000 0.496559000
.462802000 -0.703377000 0.223287000
.379273000 -0.846698000 -0.333533000
.261298000 -1.001315000 -0.775309000
.091600000 0.692710000 -0.608898000
.199940000 1.658576000 -0.215574000
.543607000 -0.029892000 1.508987000
.358108000 -1.158714000 1.202695000
.367165000 -1.080741000 0.050269000
.540153000 -1.194643000 -1.807521000
.561233000 0.924916000 -1.526722000
.467798000 -0.771753000 -0.179644000
.512778000 -1.694391000 -0.406481000
.908967000 1.374876000 -0.399340000
.042671000 -1.541586000 -1.096029000
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E (HF)=-1127.27589246
v1=39.8
B -1.596259000 -0.095214000 0.271203000
B 1.694855000 0.028714000 -0.057621000
C -2.132066000 =-1.486577000  0.520654000
C  2.472879000  0.189095000  1.232695000
C -1.045650000 -0.862330000 1.465739000
C  1.769525000  1.412235000 0.546657000
Cl -1.719191000  1.393946000 -0.591260000
Cl 1.163902000 -1.001861000 -1.348004000
H -1.789796000 -2.312207000 -0.094826000
H 3.558103000 0.176532000 1.212673000
H -1.370060000 -0.568112000 2.460044000
H 0.900372000 1.820086000 1.052837000
H -3.130175000 -1.630270000 0.921705000
H -0.080691000 -1.357371000 1.463942000
H 2.413741000 2.169300000 0.111217000
H 2.057306000 -0.145436000 2.177528000
Transition states TS10 11 Transition states TS10 12
TS10 11 R=Cl TS10 12 R=H
E (HF)=-1127.27269503 E (HF)=-207.964339055
v1=189.71 v1=141.31
C -1.220687000 1.089275000  0.919575000 B 1.390914000 0.871441000 0.064057000
C -0.118362000 1.983837000 1.585278000 B -1.093114000 0.248316000 0.758766000
B 0.118362000 1.357001000  0.223971000 C  2.580659000 -0.068469000 0.005604000
H -2.081550000 1.582068000 0.474465000 C -1.979919000 =-0.791539000 0.058363000
H -0.290415000 3.053802000 1.646906000 C 1.160019000 =-0.635337000 -0.221153000
Cl 0.889917000 1.582643000 -1.308943000 C -1.946462000 0.672924000 -0.442691000
B -0.118362000 -1.357001000 0.223971000 H 0.977573000 1.970703000 0.074809000
C 0.118362000 -1.983837000 1.585278000 H -0.604786000 0.577485000  1.783419000
C 1.220687000 -1.089275000  0.919575000 H 3.063083000 -0.396541000 0.920030000
Cl -0.889917000 -1.582643000 -1.308943000 H -2.881969000 -1.130471000 0.558621000
H 0.290415000 -3.053802000 1.646906000 H 0.868807000 -0.912611000 -1.231731000
H 2.081550000 -1.582068000 0.474465000 H -1.490743000 0.832194000 -1.413842000
H 0.300989000 1.566258000 2.493659000 H 3.260901000 -0.003059000 -0.838083000
H -1.504667000 0.211021000  1.488020000 H 0.821318000 -1.348805000 0.520497000
H -0.300989000 -1.566258000 2.493659000 H -2.829146000 1.283779000 -0.280799000
H 1.504667000 -0.211021000 1.488020000 H -1.559820000 -1.536937000 -0.607783000
TS10 11 R=F TS10 12 R=C1l
E (HF)=-406.588127817 E(HF)=-1127.27162707
v1=110.31 v1=226.41
C 0.147653000 1.623650000 -0.562010000 B -1.293811000 -0.202894000 0.234926000
C -1.361437000 1.623518000 -1.054828000 B 1.304106000 0.048167000 0.015081000
B -0.966132000 0.959914000  0.245322000 C -1.787641000 -1.534148000 0.729714000
H 0.540335000 2.566419000 -0.190154000 C  2.372582000  0.295505000  1.072943000
H -1.886559000 2.573463000 -1.036757000 C -0.555663000 -0.857090000 1.431647000
F -1.361437000 0.564168000 1.432464000 C 1.556048000 1.480362000 0.454920000
B 0.966132000 -0.959914000  0.245322000 Cl -1.762802000  1.284353000 -0.497880000
C  1.361437000 -1.623518000 -1.054828000 Cl 0.969446000 -0.938259000 -1.414845000
C -0.147653000 =-1.623650000 -0.562010000 H -1.525051000 -2.448197000 0.210825000
F 1.361437000 -0.564168000 1.432464000 H 3.416843000 0.205758000 0.790386000
H 1.886559000 -2.573463000 -1.036757000 H -0.716544000 -0.358233000 2.385378000
H -0.540335000 -2.566419000 -0.190154000 H 0.877456000  1.982942000  1.134266000
H -1.538803000 1.061136000 -1.964092000 H -2.729569000 -1.584690000 1.265975000
H 0.844799000 1.125814000 -1.226763000 H 0.329274000 -1.479144000 1.435345000
H 1.538803000 -1.061136000 -1.964092000 H 2.076384000 2.155605000 -0.216954000
H -0.844799000 -1.125814000 -1.226763000 H 2.194826000 0.108222000 2.125723000
TS10 12 R=Cl
E (HF)=-406.585404182
v1=202.21
B 1.340329000 0.331197000 -0.144447000
B -1.047850000 -0.035103000 0.381061000
C  2.312038000 -0.786532000 0.067567000
C -2.215307000 -0.825622000 -0.196043000
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C  0.861894000 -1.099529000 -0.509339000
C -1.851979000 0.616832000 -0.732688000
F  1.171826000 1.607102000 -0.354592000
F -0.458236000 0.260852000 1.560774000
H 2.465454000 -1.206781000 1.054481000
H -3.134706000 -0.911198000  0.374997000
H 0.789028000 -1.310088000 =-1.574279000
H -1.492755000 0.653809000 -1.754548000
H 3.158014000 -0.911025000 -0.600266000
H 0.321758000 -1.821483000 0.088579000
H -2.548342000 1.414950000 -0.495026000
H -2.083040000 -1.631139000 -0.909629000
Products 11 and 12
Products 11 Products 12
11 R=H 12 R=H
E (HF)=-208.081791360 E (HF)=-208.020210764
v1=130.5 v1=60.5
C  1.328487000 0.248206000 0.729447000 B 2.069395000 0.932808000 -0.565735000
C  1.328487000 -0.248206000 -0.729447000 B -0.713688000 -0.293931000 -0.050090000
B 0.000000000 0.000000000 -1.518310000 C  1.851293000 -0.135173000  0.543040000
H 1.401334000 1.352076000 0.732172000 C -1.671244000 0.692647000 0.620984000
H 2.216343000 0.076659000 -1.279492000 C 0.679741000 -0.966945000 -0.072293000
H 0.000000000 0.000000000 =-2.713715000 C -2.153572000 -0.199775000 -0.553936000
B 0.000000000 0.000000000 1.518310000 H  2.893937000 0.789914000 -1.414869000
C -1.328487000 -0.248206000 0.729447000 H 1.309268000 1.851078000 -0.650601000
C -1.328487000 0.248206000 -0.729447000 H 1.501124000 0.282794000  1.489421000
H 0.000000000 0.000000000 2.713715000 H -1.575054000 1.756169000 0.425523000
H -2.216343000 0.076659000  1.279492000 H 0.931782000 -1.365339000 -1.061167000
H -1.401334000 1.352076000 -0.732172000 H -2.868651000 -0.981748000 -0.318189000
H 1.401334000 =-1.352076000 -0.732172000 H 2.711515000 -0.780691000 0.726575000
H 2.216343000 =-0.076659000 1.279492000 H 0.529418000 -1.866303000 0.547922000
H -1.401334000 -1.352076000 0.732172000 H -2.367661000 0.296737000 -1.495333000
H -2.216343000 -0.076659000 -1.279492000 H -2.081524000 0.478482000 1.603074000
11 R=C1l 12 R=Cl
E(HF)=-1127.40926478 E (HF)=-1127.34605552
v1=44.7 v1=28.3
C -0.276477000  1.333534000 0.720718000 B 1.173446000 0.137985000 -0.101123000
C  0.276477000  1.333534000 -0.720718000 B -1.995018000 0.427200000 -0.065179000
B 0.000000000 0.000000000 ~-1.487342000 C  0.377438000 1.472397000 -0.194775000
H -1.375658000 1.411243000 0.685461000 C -3.269030000 -0.412899000 -0.015011000
H -0.047948000 2.209214000 -1.288347000 C -1.019152000 1.364065000 -0.823088000
Cl 0.000000000 0.000000000 =-3.262071000 C -2.444176000 -0.164885000 1.276157000
B 0.000000000 0.000000000  1.487342000 Cl 2.833185000 0.111980000 0.474397000
C  0.276477000 -1.333534000 0.720718000 Cl 0.444585000 -1.404211000 -0.550970000
C -0.276477000 -1.333534000 -0.720718000 H 1.007246000 2.207593000 -0.710323000
Cl 0.000000000 0.000000000  3.262071000 H -3.257843000 -1.423018000 -0.412376000
H -0.047948000 -2.209214000 1.288347000 H -1.508834000 2.349583000 -0.809194000
H -1.375658000 -1.411243000 -0.685461000 H -2.891453000 0.482210000 2.025006000
H 1.375658000 1.411243000 -0.685461000 H 0.300155000  1.844259000 0.836696000
H 0.047948000 2.209214000 1.288347000 H -0.954762000 1.092622000 -1.880860000
H 1.375658000 -1.411243000 0.685461000 H -1.934186000 -1.020627000 1.706171000
H 0.047948000 -2.209214000 -1.288347000 H -4.245040000 0.057311000 -0.081571000
11 R=F 12 R=F
E (HF)=-406.730746513 E (HF)=-406.675525766
v1=43.9 v1=30.1
C -0.278335000  1.340494000 0.719683000 B -1.579868000 -0.128136000 0.064280000
C  0.278335000  1.340494000 -0.719683000 B 1.481322000  0.331549000 0.000442000
B 0.000000000 0.000000000 -1.481113000 C -0.931520000 1.223127000 -0.353659000
H -1.375590000 1.430504000 0.683025000 C 2.868617000 -0.275707000 0.188406000
H -0.056333000 2.205702000 -1.298645000 C  0.447479000  1.449798000  0.284369000
F  0.000000000 0.000000000 -2.821849000 C  1.820724000 -0.978519000 -0.717359000
B 0.000000000 0.000000000 1.481113000 F -2.663789000 -0.612480000 -0.527185000
C  0.278335000 -1.340494000 0.719683000 F -1.089237000 -0.858732000 1.061611000
C -0.278335000 -1.340494000 -0.719683000 H -1.633388000 2.029005000 -0.103670000
F  0.000000000 0.000000000 2.821849000 H 3.122360000 -0.771270000 1.120126000
H -0.056333000 -2.205702000 1.298645000 H 0.884026000 2.402297000 -0.042120000
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H -1.375590000 -1.430504000 -0.683025000 H 2.020402000 -0.985629000 -1.784568000
H 1.375590000 1.430504000 =-0.683025000 H -0.860524000  1.237403000 -1.446443000
H 0.056333000 2.205702000  1.298645000 H 0.362552000 1.554194000  1.373474000
H 1.375590000 -1.430504000 0.683025000 H 1.412658000 -1.917726000 -0.355866000
H 0.056333000 -2.205702000 -1.298645000 H 3.730084000 0.163381000 -0.304912000

Intermediates and transition states
Path IV Path V
Intermediate IV R=H Intermediate V R=H
E (HF)=-208.066460074 E (HF)=-208.034859225
v1=117.7 v1=130.0
C  0.470503000  1.321399000 0.114575000 B -1.087851000 0.837702000 =-0.489079000
C -0.964495000 1.274673000 -0.548715000 B 0.460260000 0.117598000 =-0.074050000
B -0.964495000 0.198164000  0.543813000 C -2.119150000 -0.270649000 -0.283486000
H 0.532830000 2.048585000 0.917381000 C 1.693557000 -0.784187000 -0.362284000
H -1.529869000 2.190912000 -0.421994000 C -0.966308000 -0.291103000 0.787225000
H -1.338715000 0.439576000 1.645543000 C  1.883752000 0.604782000  0.273545000
B 0.964495000 -0.198164000  0.543813000 H -1.197271000  1.974449000 -0.186230000
C 0.964495000 -1.274673000 -0.548715000 H -0.104539000 0.531122000 -1.253196000
C -0.470503000 -1.321399000 0.114575000 H -2.098385000 -1.175382000 -0.879428000
H 1.338715000 -0.439576000 1.645543000 H 2.070200000 -0.910228000 -1.370750000
H 1.529869000 -2.190912000 -0.421994000 H -1.168713000 0.235038000 1.712731000
H -0.532830000 -2.048585000 0.917381000 H 2.188703000 0.628238000 1.314396000
H -0.888001000 0.980731000 -1.592625000 H -3.102475000 -0.009399000 0.087188000
H 1.198448000 1.557525000 -0.662527000 H -0.658229000 -1.316392000 0.959549000
H 0.888001000 -0.980731000 -1.592625000 H 2.376249000 1.355761000 -0.333235000
H -1.198448000 -1.557525000 -0.662527000 H 1.881306000 -1.642765000 0.274620000
TS R=H TS R=H
E (HF)=-208.066086049 E (HF)=-208.017673064
v1=139.51 v1=224.41
C 0.302647000 1.393605000 0.146579000 B -1.415802000 1.139517000 =-0.283691000
C -1.086567000 1.087970000 -0.553980000 B 0.559509000 -0.156918000 0.216699000
B -1.086567000 -0.026178000 0.506237000 C -2.013071000 -0.266488000 -0.358872000
H 0.177392000 2.067303000 0.990733000 C 1.716016000 -0.414633000 -0.758759000
H -1.780879000 1.919007000 -0.477605000 C -0.860745000 -0.628378000 0.684291000
H -1.555730000 0.158734000 1.584750000 C 1.930971000  0.453580000 0.507811000
B 1.086567000 0.026178000 0.506237000 H -1.745238000 1.931762000  0.539320000
C 1.086567000 =-1.087970000 -0.553980000 H -0.462694000 1.375472000 -0.977453000
C -0.302647000 -1.393605000 0.146579000 H -1.838013000 -0.834737000 -1.269581000
H 1.555730000 -0.158734000 1.584750000 H 1.771767000 0.094562000 -1.714093000
H 1.780879000 -1.919007000 -0.477605000 H -1.133480000 -0.310815000 1.689980000
H -0.177392000 -2.067303000 0.990733000 H  2.546829000 0.039619000  1.300132000
H -0.918822000 0.808994000 -1.592468000 H -2.991947000 -0.470490000 0.066346000
H 0.951073000 1.876586000 -0.592187000 H -0.794516000 -1.722806000 0.675805000
H 0.918822000 -0.808994000 -1.592468000 H 2.101734000 1.512525000  0.347309000
H -0.951073000 -1.876586000 -0.592187000 H 2.187997000 -1.392578000 -0.769633000

Boration reactions
R-borirane + ethene

Transition states TS2 13a Products 1l3a
TS2 13a R=H 13a R=H
E (HF)=-182.551263483 E (HF)=-182.602666261
v1=458.21 v1=47.6
C -1.436098000 0.580511000 -0.473547000 C  1.492739000 0.768688000  0.000000000
B -0.081875000 -0.173358000 -0.256735000 B 0.000000000 0.431299000 0.000000000
H 0.290282000 -0.840882000 -1.218795000 H -0.100327000 -2.317542000 0.878927000
C -1.360375000 -0.616945000 0.508707000 C  0.429912000 1.900050000 0.000000000
H -2.009109000  0.427347000 -1.380184000 H 2.080462000 0.643361000 -0.904227000
H -1.589137000 1.557049000 -0.027755000 H 2.080462000 0.643361000 0.904227000
H -1.911431000 -1.501863000 0.209513000 H 0.344761000 2.494794000 -0.904292000
H -1.495780000 -0.365308000 1.555795000 H 0.344761000 2.494794000 0.904292000
C  1.212493000 0.621884000 0.521078000 C -1.136361000 -0.618885000 0.000000000
H 1.323264000 1.647928000 0.199266000 H -1.780735000 -0.398833000 0.862250000
C 1.689589000 -0.406610000 -0.303447000 C -0.706689000 -2.089266000 0.000000000
H 1.890787000 -1.391374000 0.099348000 H -0.100327000 -2.317542000 -0.878927000
H 1.118188000 0.441919000 1.582797000 H -1.780735000 -0.398833000 -0.862250000
H 2.158659000 -0.181059000 -1.253060000 H -1.565930000 -2.763575000 0.000000000
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TS2 13a R=Cl

13a R=Cl

E(HF)=-642.175390336

E(HF)=-642.205757683

v1=384.31 v1=40.3
C -1.838596000 -0.140281000 -0.697903000 C =-2.571433000 -0.111711000 -0.539406000
B -0.469547000 0.197147000 -0.063485000 B -1.192451000 0.343996000 -0.071368000
Cl 0.929412000 -1.202362000 -0.056777000 Cl 1.869289000 -0.719886000 -0.233135000
C -1.695023000 -0.052052000 0.846682000 C -1.895632000 -0.780752000 0.686965000
H -2.000385000 -1.130181000 =-1.110983000 H -2.661790000 -0.706477000 -1.443203000
H -2.431274000 0.631711000 -1.176520000 H -3.448551000 0.497119000 -0.343996000
H -1.796405000 -0.985673000 1.388036000 H -1.544694000 -1.801085000 0.568153000
H -2.203939000 0.779980000 1.323318000 H -2.347793000 -0.596966000 1.656619000
c 0.387231000 1.625400000 -0.220098000 c 0.028795000 1.292952000 -0.194830000
H 0.397623000 1.995038000 -1.240204000 H 0.252437000 1.534729000 -1.237826000
c 1.557228000 0.940641000 0.202859000 C 1.278818000 0.809567000 0.520704000
H 1.767944000 0.841662000 1.261140000 H 1.077729000 0.573258000 1.563780000
H -0.045854000 2.300616000 0.512062000 H -0.291664000 2.243027000 0.262244000
H 2.394974000 0.779018000 -0.463447000 H 2.105387000 1.514136000 0.453762000
TS2 13a R=Me 13a R=Me
E(HF)=-221.838116974 E(HF)=-221.906989245
v1=496.11 v1=48.4
C -1.561197000 -0.025165000 0.726199000 C 2.322742000 -0.212369000 -0.411617000
B -0.174817000 -0.147232000 0.027922000 B 0.843895000 -0.303503000 -0.029560000
C -1.481890000 -0.180009000 -0.816614000 c 1.673184000 0.881571000 0.476202000
H -1.952146000 -0.873101000 1.277148000 H 3.052688000 -0.863607000 0.059042000
H -1.838101000 -1.123952000 -1.215854000 H 1.984505000 0.924353000 1.515541000
C 1.631399000 -0.142494000 -0.177443000 Cc -1.721287000 -0.335806000 0.474793000
c 0.902104000 -1.337676000 0.188277000 C -0.491351000 -1.085624000 -0.049194000
H 0.808739000 -2.093811000 -0.580916000 H -0.292879000 -1.980980000 0.561644000
H 2.355024000 0.266469000 0.517318000 H -2.573786000 -1.017577000 0.550254000
C 0.598949000 1.516706000 0.066565000 C -2.087268000 0.841982000 -0.425141000
H 1.330521000 1.984606000 -0.590017000 H -2.962387000 1.378436000 -0.053201000
H -0.367860000 1.912753000 -0.244454000 H -1.257670000 1.552425000 -0.483552000
H 0.794161000 1.799230000 1.098555000 H -2.308855000 0.500233000 -1.440219000
H 1.895823000 -0.018061000 -1.219595000 H -1.516355000 0.029020000 1.485757000
H 1.054533000 -1.709537000 1.194529000 H -0.677351000 -1.487221000 -1.053390000
H -1.922984000 0.929107000 1.096266000 H 2.606098000 0.078159000 -1.418642000
H -1.819815000 0.674290000 -1.394492000 H 1.550395000 1.865748000 0.034305000
TS2 13a R=NH, 13a R=NH,
E(HF)=-237.917228652 E(HF)=-237.949437077
v1=502.41i v1=57.4
C 1.626323000 -0.209720000 -0.698256000 C 1.947793000 0.215555000 -0.675012000
B 0.229708000 0.111387000 -0.076151000 B 0.671515000 -0.403060000 -0.103615000
C 1.472975000 -0.115793000 0.838343000 C 1.705046000 0.195001000 0.857984000
H 2.170430000 0.596290000 -1.183374000 H 1.898139000 1.183385000 -1.162896000
H 1.872798000 -1.189889000 -1.090733000 H 2.742085000 -0.417255000 -1.058603000
H 1.946305000 0.734503000 1.321119000 H 1.511280000 1.150169000 1.333655000
H 1.627922000 -1.044549000 1.377116000 H 2.344117000 -0.456780000 1.445990000
C -0.966845000 -1.237357000 -0.157307000 C -0.675706000 -1.177868000 -0.251164000
H -1.031286000 -1.632364000 -1.162880000 H -0.927081000 -1.403186000 -1.292242000
C -1.801465000 -0.187244000 0.200587000 C -1.713232000 -0.223499000 0.348356000
H -1.966636000 0.058707000 1.242123000 H -1.569076000 -0.170598000 1.429706000
H -0.607512000 -1.908280000 0.610791000 H -0.664438000 =-2.123452000 0.299550000
H -2.506818000 0.244170000 -0.497021000 H -2.739580000 -0.561791000 0.158802000
N -0.531446000 1.439465000 -0.130466000 N -1.419587000 1.111143000 -0.197434000
H -0.603663000 1.907019000 -1.025123000 H -1.634663000 1.145223000 -1.188957000
H -0.315878000 2.101889000 0.601784000 H -1.964666000 1.836455000 0.254127000
Intermediate R=NH, TS-INT 13a R=NH,
E(HF)=-237.966507110 E(HF)=-237.949392198
v1=100.2 v1=91.71
C -1.780619000 0.023432000 -0.681445000 C -1.909930000 -0.196838000 -0.677043000
B -0.337630000 0.152889000 -0.102218000 B -0.619740000 0.392799000 -0.100924000
C -1.573892000 0.009228000 0.848038000 C -1.690066000 -0.145749000 0.858528000
H -2.132040000 -0.907471000 -1.117384000 H -1.895793000 -1.179603000 -1.135405000
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H -2.276327000 0.893580000 -1.098426000 H -2.670990000 0.458165000 -1.090048000

H -1.806087000 =-0.928269000  1.345997000 H -1.544330000 -1.096941000 1.357868000

H -1.934518000  0.874044000 1.395116000 H -2.311553000  0.544524000 1.420764000

C 0.923263000 1.169718000 -0.151879000 C 0.720824000 1.188412000 -0.246142000

H 1.171361000 1.552799000 -1.144545000 H 0.967591000  1.423491000 -1.285951000

C 1.787861000 =-0.042803000 0.217554000 C  1.727531000 0.185907000  0.326375000

H  1.943328000 -0.124534000  1.292337000 H 1.630313000 0.158729000  1.413554000

H 0.970710000  1.984494000 0.568655000 H 0.728270000  2.123020000 0.320936000

H 2.736088000 -0.197685000 -0.300463000 H 2.766667000 0.436339000 0.082196000

N  0.758405000 -1.081131000 -0.168759000 N 1.297424000 -1.129776000 -0.180922000

H 0.904661000 -1.434494000 -1.110394000 H 1.496266000 -1.214641000 -1.172710000

H 0.662465000 -1.866442000 0.467906000 H 1.760133000 -1.899041000 0.289560000

R-borirane + ethyne

Van der Waals complexes

VDW R=C1l VDW R=Me

E (HF)=-640.955425527 E (HF)=-220.623208641

v1=54.2 v1=70.1

C -1.236891000 1.090085000  0.785085000 C -1.030731000 =-1.171579000 0.776140000

B 0.037449000 0.861769000  0.000000000 B -0.958587000  0.147260000  0.000000000

C -1.236891000 1.090085000 -0.785085000 C -1.030731000 -1.171579000 -0.776140000

H -1.411854000 2.044764000 1.270946000 H -1.954134000 -1.463363000 1.267098000

H -1.725536000 0.256821000 -1.278113000 H -0.148671000 -1.557224000 -1.276518000

C -0.040209000 -2.392354000 0.000000000 C  2.179513000 0.809877000  0.000000000

C -1.236891000 -2.343878000  0.000000000 C  2.229146000 -0.386599000 0.000000000

H -2.301143000 -2.306870000 0.000000000 H 2.275345000 -1.450511000 0.000000000

H 1.023762000 =-2.437410000 0.000000000 H  2.138400000 1.873670000  0.000000000

Cl 1.757071000 0.656979000  0.000000000 C -1.030731000 1.692904000 0.000000000

H -1.411854000 2.044764000 -1.270946000 H -0.606321000 2.150270000 -0.895554000

H -1.725536000 0.256821000  1.278113000 H -2.101361000  1.943037000  0.000000000
H -0.606321000 2.150270000  0.895554000
H -1.954134000 -1.463363000 -1.267098000
H -0.148671000 =-1.557224000 1.276518000

VDW R=NH,

E (HF)=-236.719757963

v1=55.9

C -1.154158000 -0.859718000  0.782732000

B -1.154158000  0.451514000  0.000000000

C -1.154158000 -0.859718000 -0.782732000

H -2.058944000 -1.217035000 1.263324000

H -0.243215000 =-1.209520000 1.257258000

H -2.058944000 =-1.217035000 -1.263324000

H -0.243215000 -1.209520000 -1.257258000

C  2.781471000 -0.838274000  0.000000000

H  3.359465000 -1.732204000 0.000000000

C  2.131424000 0.167676000  0.000000000

H 1.540460000 1.055471000  0.000000000

N -1.120427000  1.835454000 0.000000000

H -1.154656000  2.382148000  0.846398000

H -1.154656000  2.382148000 -0.846398000

Transition states TS1 13b Products 13b

TS1 13b R=H 13b R=H

E (HF)=-181.294376595 E (HF)=-181.377538101

v1=451.51 v1=68.5

C 0.161331000 1.310475000  0.783871000 C  0.696225000 1.702626000  0.000000000

B 0.325456000 -0.023044000 0.000000000 B 0.000000000 0.344184000  0.000000000

H  1.413493000 -0.592825000  0.000000000 H -0.182140000 -2.336781000  0.000000000

C 0.161331000 1.310475000 -0.783871000 C  1.530361000 0.392199000  0.000000000

H 1.011476000 1.789147000 1.257198000 H  0.722439000 2.302269000  0.904574000

H -0.783273000 1.580856000  1.244850000 H 0.722439000 2.302269000 -0.904574000

H 1.011476000 1.789147000 -1.257198000 H 2.084926000 0.164498000  0.904905000

H -0.783273000 1.580856000 -1.244850000 H 2.084926000 0.164498000 -0.904905000

C -0.890350000 =-1.178950000 0.000000000 C -1.261481000 -0.523470000 0.000000000

H -1.954765000 -1.063378000  0.000000000 H -2.255230000 -0.082274000  0.000000000

C 0.161331000 -1.834696000 0.000000000 C -1.157229000 -1.858406000  0.000000000

H 0.895732000 -2.612406000 0.000000000 H -2.024623000 -2.513094000 0.000000000
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TS1 13b R=Cl

13b R=Cl

E(HF)=-640.931143148

E(HF)=-640.979523529

v1=385.31 v1=55.4
C 0.700409000 1.574139000 0.774138000 C -1.521699000 1.295109000 0.000000000
B -0.001924000 0.427005000 0.000000000 B 0.000000000 1.219011000 0.000000000
C 0.700409000 1.574139000 -0.774138000 C -0.671169000 2.591334000 0.000000000
H 1.645450000 1.364073000 1.262652000 H -2.073130000 1.060057000 0.905123000
H 0.133547000 2.364142000 -1.253864000 H -0.684223000 3.191207000 -0.904741000
C -1.646482000 -1.001374000 0.000000000 C 1.312590000 -0.958955000 0.000000000
C -1.638086000 0.249724000 0.000000000 C 1.277324000 0.376518000 0.000000000
H -2.340773000 1.065683000 0.000000000 H 2.255609000 0.851383000 0.000000000
H -1.812057000 -2.057294000 0.000000000 H 2.229300000 -1.537282000 0.000000000
Cl 0.700409000 -1.351742000 0.000000000 Cl -0.079557000 -1.984454000 0.000000000
H 1.645450000 1.364073000 -1.262652000 H -0.684223000 3.191207000 0.904741000
H 0.133547000 2.364142000 1.253864000 H -2.073130000 1.060057000 -0.905123000
TS1 13b R=Me 13b R=Me
E(HF)=-220.592333344 E(HF)=-220.686790671
v1=474.71 v1=71.8
C -0.109426000 1.476624000 0.781892000 C 0.609712000 2.250111000 0.000000000
B -0.109426000 0.128876000 0.000000000 B 0.000000000 0.846733000 0.000000000
C -0.109426000 1.476624000 -0.781892000 C 1.525555000 0.999821000 0.000000000
H 0.789849000 1.853026000 1.259278000 H 0.596913000 2.850451000 0.904371000
H -1.016262000 1.846405000 -1.247891000 H 2.094196000 0.805970000 =-0.904732000
C -0.301484000 -1.697042000 0.000000000 C -1.212707000 -1.384840000 0.000000000
C -1.307087000 -0.935003000 0.000000000 C -1.243356000 -0.039058000 0.000000000
H -2.380686000 -0.932444000 0.000000000 H -2.226761000 0.425251000 0.000000000
H 0.212222000 -2.639146000 0.000000000 H -2.160384000 -1.924729000 0.000000000
C 1.442407000 -0.700629000 0.000000000 c 0.003424000 -2.253386000 0.000000000
H 1.764009000 -1.230568000 -0.896262000 H -0.005471000 -2.907995000 -0.876749000
H 1.950490000 0.266037000 0.000000000 H 0.920108000 -1.666929000 0.000000000
H 1.764009000 -1.230568000 0.896262000 H -0.005471000 -2.907995000 0.876749000
H 0.789849000 1.853026000 -1.259278000 H 2.094196000 0.805970000 0.904732000
H -1.016262000 1.846405000 1.247891000 H 0.596913000 2.850451000 -0.904371000
TS1 13b R=NH, 13b R=NH,
E (HF)=-236.669914813 E (HF)=-236.749427555
v1=548.11 v1=100.2
C -0.737477000 1.305770000 0.775569000 C 0.767205000 2.158767000 0.000000000
B 0.052973000 0.205308000 0.000000000 B 0.000000000 0.834908000 0.000000000
C -0.737477000 1.305770000 -0.775569000 C 1.548386000 0.818540000 0.000000000
H -0.178141000 2.097854000 1.265545000 H 0.825046000 2.755207000 0.904776000
H -1.699570000 1.122434000 1.241509000 H 0.825046000 2.755207000 -0.904776000
H -0.178141000 2.097854000 -1.265545000 H 2.102202000 0.584163000 0.905000000
H -1.699570000 1.122434000 -1.241509000 H 2.102202000 0.584163000 -0.905000000
C -0.737477000 -1.366328000 0.000000000 C -1.261938000 0.032828000 0.000000000
H -1.803050000 -1.470653000 0.000000000 H -2.245319000 0.487818000 0.000000000
C 0.385013000 -1.881203000 0.000000000 C -1.238467000 -1.333763000 0.000000000
H 1.282444000 -2.456998000 0.000000000 H -2.164691000 -1.904807000 0.000000000
N 1.553870000 -0.035672000 0.000000000 N -0.131718000 -2.104256000 0.000000000
H 2.049288000 0.263091000 0.829209000 H 0.774241000 -1.658992000 0.000000000
H 2.049288000 0.263091000 -0.829209000 H -0.187811000 -3.105735000 0.000000000
Intermediate R=NH, TS-INT 13a R=NH,
E(HF)=-236.737708216 E(HF)=-236.722760980
v1=187.5 v1=143.9i
C 0.615465000 1.513401000 0.767858000 C 0.640765000 1.656623000 0.771597000
B -0.044911000 0.319669000 0.000000000 B -0.203996000 0.629600000 0.000000000
C 0.615465000 1.513401000 -0.767858000 C 0.640765000 1.656623000 -0.771597000
H 1.584199000 1.399818000 1.245153000 H 1.556077000 1.339498000 1.258443000
H -0.014146000 2.246150000 1.260076000 H 0.148704000 2.483451000 1.274375000
H 1.584199000 1.399818000 -1.245153000 H 1.556077000 1.339498000 -1.258443000
H -0.014146000 2.246150000 -1.260076000 H 0.148704000 2.483451000 -1.274375000
C -1.420975000 -0.465960000 0.000000000 C -1.337463000 -0.420561000 0.000000000
H -2.487661000 -0.290508000 0.000000000 H -2.407493000 -0.247412000 0.000000000
C -0.800855000 -1.643660000 0.000000000 C -0.807661000 -1.638384000 0.000000000
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H -1.072556000 -2.692094000 0.000000000 H -1.347944000 -2.581615000 0.000000000
N  0.615465000 -1.210520000 0.000000000 N  0.640765000 -1.620042000 0.000000000
H 1.140907000 -1.468564000 0.831765000 H 1.031031000 -2.075194000 0.819226000
H 1.140907000 -1.468564000 -0.831765000 H 1.031031000 -2.075194000 -0.819226000
R-borirene + ethyne
Van der Waals complexes
VDW R=H VDW R=C1l
E (HF)=-180.094340519 E (HF)=-639.745162317
v1=38.4 v1=28.0
C -1.555931000 0.608216000 0.405261000 C -1.490989000 1.786242000 -0.145695000
B -1.099035000 0.055654000 -0.880915000 B -1.101531000 0.387052000 0.015009000
C -1.847950000 -0.681654000  0.148200000 Cl -1.412450000 -1.324999000 -0.008511000
H -1.706799000 1.332057000 1.193692000 C -0.208037000 1.527849000 0.207927000
H -2.349457000 -1.511045000 0.625957000 H -2.112562000 2.645878000 -0.352049000
C  2.390623000 -0.543463000 0.151193000 H 0.702744000 2.067950000  0.423084000
C  1.975140000 0.571793000  0.020051000 C  2.419266000 -0.576063000 0.050993000
H 1.596283000 1.559639000 -0.099982000 C  3.455429000 0.004187000 -0.104127000
H 2.760199000 -1.534927000 0.266290000 H 4.380204000 0.512123000 -0.244080000
H -0.576340000 0.146655000 -1.929606000 H 1.494917000 -1.089521000 0.188090000
VDW R=Me VDW R=NH,
E (HF)=-219.415446825 E (HF)=-235.499511203
v1=43.9 v1=11.8
C  1.630047000 -0.800219000 -0.637384000 C -1.871136000 -0.906936000 0.672909000
B 1.035184000  0.392924000 0.001243000 B -1.382910000 0.316703000 -0.002268000
C 1.592119000 -0.777586000 0.710621000 C -1.845275000 -0.919435000 -0.672945000
H 1.969507000 -1.465032000 -1.420383000 H -2.144880000 -1.577876000 1.474882000
H 1.884891000 -1.413922000 1.534855000 H -2.088902000 -1.605227000 -1.472065000
C -2.526727000 0.025103000 0.078544000 C  2.369553000 0.050292000  0.002453000
C -1.991232000 -1.032744000 -0.088457000 C  3.447086000 -0.473020000 0.004632000
H -1.511596000 -1.971393000 -0.236408000 H 4.403616000 -0.939109000 0.007879000
H -2.999566000 0.967217000  0.227280000 H 1.409054000 0.518821000 0.000805000
C  0.407375000 1.814278000 -0.048227000 N -0.830759000 1.604244000 -0.004097000
H -0.145579000 2.057928000 0.860289000 H -0.739142000 2.149504000 0.837177000
H 1.208787000 2.553459000 -0.152474000 H -0.711252000 2.135259000 -0.850952000
H -0.251857000 1.934137000 -0.909952000
Transition states TS1 13c Products 13c
TS1 13c R=H 13c R=H
E (HF)=-180.042995822 E (HF)=-180.169630211
v1=674.61 v1=90.5
C  0.173921000 1.431245000 0.663614000 C 1.407532000 0.853616000 0.000000000
B 0.339202000 0.052366000 0.000000000 B 0.000000000 0.408481000 0.000000000
H 1.408073000 -0.590558000 0.000000000 H 0.311662000 -2.300106000 0.000000000
C  0.173921000 1.431245000 -0.663614000 C  0.456501000 1.810258000  0.000000000
H 0.102229000 2.149713000 1.469458000 H 2.486959000 0.794171000 0.000000000
H 0.102229000 2.149713000 -1.469458000 H 0.402227000 2.890042000 0.000000000
C  0.173921000 =-1.772207000  0.000000000 C -0.730388000 -1.994062000 0.000000000
C -0.897956000 -1.153717000 0.000000000 C -1.067807000 -0.701768000  0.000000000
H -1.961206000 -1.039189000 0.000000000 H -2.124759000 -0.446284000 0.000000000
H 0.909831000 -2.550909000 0.000000000 H -1.471118000 -2.788494000 0.000000000
TS1 13c R=Cl 13c R=C1l
E (HF)=-639.694987632 E (HF)=-639.772742163
v1=475.81 v1=43.4
C  0.729503000 1.694198000 0.664332000 C -0.661152000 2.613348000 0.000000000
B 0.053543000 0.513785000 0.000000000 B 0.000000000 1.297583000 0.000000000
Cl 0.729503000 -1.303133000 0.000000000 Cl -0.197386000 -1.903410000 0.000000000
C 0.729503000 1.694198000 -0.664332000 C -1.453317000 1.520988000  0.000000000
H 1.112684000 2.275518000 1.490967000 H -0.768170000 3.689096000 0.000000000
H 1.112684000 2.275518000 -1.490967000 H -2.506420000 1.278374000  0.000000000
C -1.633327000 -0.984973000 0.000000000 C  1.240941000 -0.932290000 0.000000000
C -1.623452000 0.262322000 0.000000000 C  1.249521000 0.398624000 0.000000000
H -2.321047000 1.081553000 0.000000000 H 2.240864000 0.844327000 0.000000000
H -1.786967000 -2.042735000 0.000000000 H 2.133338000 -1.545758000 0.000000000
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TS1 13c R=Me

13c R=Me

E(HF)=-219.34268688

E(HF)=-219.478342423

v1=588.91 v1=61.3
C -0.227918000 1.578007000 0.662469000 C -1.438280000 1.267800000 0.000000000
B -0.086067000 0.190070000 0.000000000 B 0.000000000 0.926502000 0.000000000
C -0.227918000 1.578007000 -0.662469000 C -0.562840000 2.292510000 0.000000000
H -0.320533000 2.286172000 1.475560000 H -2.510605000 1.126620000 0.000000000
H -0.320533000 2.286172000 -1.475560000 H -0.590374000 3.373204000 0.000000000
C -0.227918000 -1.664219000 0.000000000 C 1.079301000 =-1.386500000 0.000000000
C -1.263067000 -0.959245000 0.000000000 C 1.187918000 -0.050300000 0.000000000
H -2.335422000 -0.944164000 0.000000000 H 2.195024000 0.359162000 0.000000000
H 0.371441000 -2.554839000 0.000000000 H 1.991808000 -1.982617000 0.000000000
C 1.507815000 -0.572385000 0.000000000 C -0.191875000 -2.176774000 0.000000000
H 1.845177000 -1.098495000 -0.894194000 H -0.230994000 -2.828762000 0.877665000
H 1.979059000 0.412300000 0.000000000 H -1.069210000 -1.531775000 0.000000000
H 1.845177000 -1.098495000 0.894194000 H -0.230994000 -2.828762000 -0.877665000
TS1 13c R=NH, 13c R=NH,
E (HF)=-235.434363949 E (HF)=-235.535740303
v1=601.41 v1=117.8
C -0.769821000 1.446862000 0.665396000 C -2.307023000 0.264165000 0.008788000
B 0.027042000 0.331842000 0.000000000 B -0.830385000 0.362240000 -0.000726000
C -0.769821000 1.446862000 -0.665396000 C -1.627886000 -0.896706000 -0.015022000
H -1.166885000 2.045408000 1.474791000 H -3.336813000 0.592577000 0.025833000
H -1.166885000 2.045408000 -1.474791000 H -1.863686000 -1.953009000 -0.026398000
C 0.351541000 -1.861468000 0.000000000 C 1.681656000 0.448440000 -0.007115000
C -0.769821000 -1.342291000 0.000000000 C 0.494514000 1.099154000 -0.007384000
H -1.832551000 -1.467556000 0.000000000 H 0.540549000 2.181170000 -0.013645000
H 1.222028000 =-2.478777000 0.000000000 H 2.617970000 1.001192000 -0.025049000
N 1.503181000 -0.058949000 0.000000000 N 1.853238000 -0.904730000 0.060968000
H 2.017177000 0.234578000 0.823347000 H 1.037323000 -1.486551000 =-0.055736000
H 2.017177000 0.234578000 -0.823347000 H 2.736351000 -1.303786000 -0.203754000
Intermediate R=NH, TS-INT 13c R=NH,
E(HF)=-235.502720015 E (HF)=-235.502578591
v1=117.8 v1=188.71
C 0.651115000 1.631745000 0.662656000 C 0.655714000 1.653783000 0.664572000
B -0.038420000 0.444243000 0.000000000 B -0.066690000 0.502094000 0.000000000
C 0.651115000 1.631745000 -0.662656000 C 0.655714000 1.653783000 -0.664572000
H 0.963741000 2.268040000 1.480181000 H 0.998992000 2.275258000 1.480925000
H 0.963741000 2.268040000 -1.480181000 H 0.998992000 2.275258000 -1.480925000
C -0.769808000 -1.587661000 0.000000000 C -0.774914000 -1.583268000 0.000000000
C -1.381159000 -0.407917000 0.000000000 C -1.366437000 -0.394756000 0.000000000
H -2.448720000 -0.232351000 0.000000000 H -2.432847000 -0.209784000 0.000000000
H -1.088002000 -2.623293000 0.000000000 H -1.146790000 -2.601579000 0.000000000
N 0.651115000 -1.216809000 0.000000000 N 0.655714000 -1.288398000 0.000000000
H 1.167980000 -1.495729000 0.829818000 H 1.152325000 -1.604044000 0.828253000
H 1.167980000 -1.495729000 -0.829818000 H 1.152325000 -1.604044000 -0.828253000
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ABSTRACT: Borylenes, RB, are elusive reactive intermedi-
ates. Still not much is known about their excited states from
spectroscopic experiments, and existing knowledge is limited
to diatomic borylenes only. The electronic structure and
geometry of borylenes with diverse substituents on boron
(where R = H, F, Cl, CH,, CF;, tBu, NH,, Ph, and SiMe,)
were studied by means of computational chemistry. For this
purpose, geometries of borylenes in their lowest singlet and
triplet states were optimized at the B3LYP/def2-TZVP level of
theory. Additionally, the influence of substitution on the
energies of frontier molecular orbitals, HOMO—-LUMO
energy gaps, singlet—triplet energy splittings, and excitation
energies was investigated. Two lowest vertical singlet—singlet

B e

!
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excitations were computed using EOM-CCSD and TD-DFT (using hybrid B3LYP, and long-range separated CAM-B3LYP and
®B97X functionals) in combination with the aug-cc-pVTZ basis set. The electronic transitions involve excitations from
nonbonding sp boron orbital (HOMO) mainly to empty p(B) orbitals and partially to the orbitals of the substituent, and are of n
— ¥ type. The results can facilitate prospective identification of borylenes, e.g., in UV—vis matrix isolation or time-resolved

spectroscopy experiments.

B INTRODUCTION

Boron prefers the coordination numbers three, four, or even
higher in its molecular compounds. Thus, monovalent boron
compounds, borylenes BR, are exceptional and fascinating. The
low coordination number makes borylenes, which may be
considered the boron analogues of carbenes CR,, highly
reactive and rather rare. There are a number of instances where
borylenes were invoked as transient reactive intermediates.' "

Direct spectroscopic investigation of borylenes is scarce.
Besides the diatomic borylenes (BH, BF, BCI, BBr, and BI) that
were investigated by microwave spectroscopy,”” " only a few
larger borylenes were identified by direct spectroscopic
techniques. These include aminoborylene, H,NB,” and
ethynylborylene,” which formed during co-condensation of
boron atoms with ammonia and acetylene, respectively, and
phenylborylene.” This was obtained by exhaustive denitroge-
nation of diazidophenylborane. These borylenes were observed
by infrared spectroscopy under inert gas matrix isolation
conditions and identified by comparison with computed
vibrational spectra.

Optical spectroscopy, which probes the manifold of
electronically excited states, is another important technique
for identification of reactive intermediates. Particularly transient
absorption and UV/vis matrix isolation spectroscopy demon-
strated their usefulness in studying reactive species like
carbenes””™** and nitrenes.**™** Existing knowledge, of either
experimental or computational nature, on the excited states is
only available for diatomic borylenes (BH, BF, BCl, BBr, and
BI). Most investigations have been performed on the excited
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states of parent borylene (BH),””**7°° including the

experimental determination of the singlet—triplet energy
splitting®” that was confirmed by sophisticated computa-

. 52,57,6
tions.” """

® A number of studies concerning the electronically
excited states of chloroborylene (BCL),~#! fluoroborylene
(BE),*"®7 and bromoborylene (BBr)*>?*™*° are available.
Iodoborylene (BI) is the least studied ha.loborylene.mo_105
Investigations on diatomic borylenes until 1975 are summar-
ized in the book authored by Huber and Herzberg.'”® The
singlet—triplet energy separation of methylborylene (CH;B)
was previously calculated by Schleyer et al.'”’

Knowledge of the energies of energetically low-lying
electronically excited states of larger borylenes with respect to
the ground state will be extremely important in identifying
borylenes as reactive intermediates in future matrix isolation or
time-resolved spectroscopy experiments. We here investigate by
computational means the lowest energy excited states of
borylenes using equation of motion (EOM) coupled cluster
theory with single and double excitations (CCSD).'”*™""" In
addition, computationally economic time-dependent density
functional (TD-DFT)""*~"'® methods are employed and their
performance in comparison to that of EOM-CCSD is
evaluated.
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B COMPUTATIONAL DETAILS

Ground state geometries of singlet borylenes were optimized
using density functional theory using the hybrid GGA B3LYP
functional''”""® in combination with the def2-TZVP''*'*
basis set. All optimized singlet and triplet structures are minima
as confirmed by subsequent analytical harmonic frequency
calculations. Computations of singlet vertical excitation
energies employed equation-of-motion coupled cluster singles
and doubles (EOM-CCSD)"'**~""" and time-dependent density
functional theory (TD-DFT), both methods in combination
with the aug-cc-pVTZ'*"'* basis set. Excited state calculations
were performed using the B3LYP/def2-TZVP optimized
ground state geometries of singlet borylenes. Functionals
used in time-dependent computations were B3LYP, range-
separated'”® hybrid CAM-B3LYP,"** and @wB97X.'"”> The
choice of functional for TDDFT computations is not
straightforward. Many benchmark studies have been carried
out to estimate the accuracy of the TDDFT method and the
performance of various functionals.'”*~"*" Long-range cor-
rected functionals have demonstrated to be efficient in the case
of charge transfer (CT) and through-space CT excitations, in
calculating Rydberg states, or excitations in large 7-systems
where functionals without the long-range correction often
fail.*>7'*® Natural transition orbital (NTO)"’ analysis was
carried out using the TD-wB97X results to estimate the main
contribution to the electronic excitation and to visualize the
pairs of orbitals taking part in particular transitions. The frozen
core approximation was applied during EOM-CCSD calcu-
lations. All calculations were performed using the Gaussian09
program.”*® The discussion in the main part of the article
focuses on B3LYP/def2-TZVP optimized singlet ground state
and triplet state structures. All calculations were carried out for
isolated molecules. Figures of molecular structures and orbitals
were prepared using the CYLView'” and Chemcraft'*
programs, respectively.

B RESULTS AND DISCUSSION

To allow a comprehensive study of substituent effects on
electronic structure and vertical excitation energies of
borylenes, a larger number of substituents R varying in
electronic nature as electron donating or electron withdrawing
were chosen: R = CHj, tBu, Ph, SiMe;, NR,, F, Cl, CF;. Parent
borylene, HB, is the reference molecule. The effect of
substitution by electron-donating or electron-withdrawing
groups in meta and para positions (relative to boron) on
structure and excitation energies in arylborylenes was also
investigated, R = CH;, OH, OMe, NH,, SiMe;, F, C], CF;, CN,
NO, (Scheme 1). Substitution in ortho position was not
studied due to expected interference of steric effects.

1. Electronic Structure Description of Parent and
Substituted Borylenes. Similar to carbenes, borylenes are
reactive intermediates possessing one lone electron pair. This
nonbonding n, type orbital is of sp character and the highest
occupied molecular orbital (HOMO) of borylene (Scheme 2).
Unlike carbenes, borylenes have only one substituent and two
empty p orbitals. These p, type orbitals constitute the two
lowest unoccupied molecular orbitals (LUMO and LUMO+1),
and are degenerate in linear (C,, symmetry) and C,,
symmetrical borylenes (like CH;B). The electronic config-
uration of the singlet ground state of borylenes is ¢ The
lowest energy excited states can be characterized as ¢'p, giving
rise to 'IT and °TI states in the case of linear or C;, symmetry
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Scheme 1. Molecules Studied in the Present Work
R—B:
R =H, F, Cl, CH3, CF3, tBu, SiMe3, NH,, NHMe, NMe,

R = H, SiMes, CHz, OH, OMe, NH,, F, Cl, CF3, CN, NO,

Scheme 2. Orbitals of the Lowest Singlet State of Borylenes

’
s C(B)—R
/0

Pz Py

borylenes. In borylenes of lower symmetry p orbitals are no
longer degenerate because of disparate interaction with
substituents. The two orbitals transform according to b, and
b, (states “°B, and ®B,) in C,,, to a’ and a” (states “*A’ and
3A”) in C, and a (states "*A) in C, point groups.

2. Geometries of Singlet and Triplet Borylenes.
Geometries of singlet substituted borylenes were optimized
within the highest possible symmetry (Figure S1). The
resulting structures are the energetically most stable con-
formers. Most of the triplet borylenes have the same molecular
symmetry as singlet species. In the case of CH;B, tBuB,
SiMe;B, and CF;B symmetry is reduced to C; in the triplet
state. Shortening of the R—B bond in triplet borylenes is
observed in nearly all cases, apart from FB, CH;B, and tBuB in
which this bond is notably elongated (Table S1). In the series
of singlet borylenes with carbon substituents (CH;B, tBuB,
PhB, and CF;B) the longest C—B bond was found for CF;B
(1.650 A) and shortest ones for PhB and CH;B (~1.53 A). In
the aminoborylene series the N—B bond length is approx-
imately invariant (~1.37 A) to methyl substitution on the
nitrogen atom. The Si—B bond in SiMe;B (2.115 A) is longer
than in H,BSiMe; (2.019 A) calculated at the same level of
theory. Substitution of one hydrogen atom by boron in
phenylborylene causes structural changes of the phenyl ring.
Bonds C1C2 and C1C6 are elongated from 1.391 (as calculated
in benzene at B3LYP/def2-TZVP) to 1.405 A, while the
remaining CC bonds hardly change.

Substitution of the phenyl ring of PhB in meta or para
positions results in minor structural changes (Figure S2). Most
noteworthy is the influence of electron-donating groups (EDG)
at the para position. As expected, EDG favor the quinoidal
distortion with shorter C—B bonds and significant bond length
alternation in the phenyl ring (Scheme 3). Electron-with-
drawing groups (EWG), on the contrary, result in longer C—B
bonds.

3. Effect of Substitution on Frontier Molecular Orbital
Energies, HOMO—-LUMO Gaps, and Singlet—Triplet
Energy Splittings. HOMO and LUMO energies of parent
borylene (BH) are —6.52 and —2.60 eV as computed at
B3LYP/def2-TZVP, respectively. Upon substitution, these
energy values shift, depending on the nature of the substituent

DOI: 10.1021/acs.jpca.6b04502
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Scheme 3. Contribution of the Quinoidal Resonance
Structure to the Ground State of p-EDG Substituted

Arylborylenes
€) @
w0 O

(Figure 1). In the case of o-electron-withdrawing substituents
(F, Cl, CF,), the HOMO energy drops compared to that for

= HOMO
= LUMO
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Figure 1. Energies of HOMO and LUMO of borylenes given in eV
computed at the B3LYP/def2-TZVP level of theory.

.. P . . . 141,142
HB. This is reminiscent of the situation in carbenes * "~ and

can similarly be explained in the spirit of Bent’s rule'* by
rehybridization of the B atom that results in increased s-
character of the lone electron pair. Halogen substituents tend to
shift the LUMO energies upward due to 7-electron donation
into empty p(B) orbitals from halogen lone electron pairs.
Therefore, the energy of the LUMO level in the FB molecule is
elevated to —1.33 eV. The electron-withdrawing CF; group
lowers both HOMO and LUMO energies. On the contrary,
introduction of electron-donating groups (CHj, tBu, SiMe;)
results in a HOMO energy increase, while the LUMO levels are
shifted to higher energies. The SiMe; group elevates the energy
of HOMO to —5.27 eV, which is the highest HOMO energy
among all studied borylenes. The aminoborylenes are special.
The lp(N)—p,(B) interaction produces a BN double bond
whose 7* orbital becomes LUMO+1. The ¢ and py(B) orbital
energies are increased compared to those of BH. Aryl
substituents increase the HOMO and decrease the LUMO
energies. There is a good correlation between energy of
HOMO of substituted phenylborylenes and o,, (Figure 2A)
and o, (Figure 2B) substituent parameters.'** Correlations with
6" were poor. Electron-donating substituents tend to increase
HOMO energy, whereas electron-withdrawing groups decrease
its energy with respect to unsubstituted PhB.

The alterations of HOMO and LUMO energy levels by
change of substituents have an influence on the size of the
energy gap between highest occupied and lowest unoccupied
molecular orbitals. Most substituents increase the HOMO—
LUMO gap compared to that of BH (3.92 eV, Table S1). The
largest gaps were obtained for haloborylenes (6.51 eV for BF),
followed by aminoborylenes (4.65—4.76 eV) and alkylborylenes
(>4 eV). Exceptions are phenylborylene and (trimethylsilyl)-
borylene that have smaller H-L gaps than parent borylene,
3.36 and 2.80 eV, respectively. The HOMO—-LUMO gaps of
arylborylenes are most strongly influenced by EDG and EWG
substitution in the para position. The former substitution
pattern increases, and the latter decreases, the gap.

The singlet—triplet energy splittings were computed at the
B3LYP/def2-TZVP+ZPVE level of theory that only slightly
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Figure 2. HOMO energies (eV) of m-arylborylenes plotted against o,,,

substituent parameter (A), HOMO energies (eV) of p-arylborylenes
plotted against o, substituent parameter (B).

underestimates this energy difference for BH (exp 29.8 kcal/
mol; calc 26.4 kcal/mol).62 The S—T splittings correlate well
with the HOMO—LUMO energy gaps discussed above (Figure
3). Most borylenes studied here have larger S—T gaps than the

90
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Figure 3. Correlation between HOMO—-LUMO gap and singlet—
triplet energy splitting of substituted borylenes computed at the
B3LYP/def2-TZVP level of theory.

parent borylene. The smallest S—T gap was computed for
(trimethylsilyl)borylene (8.2 kcal/mol). Among the arylbor-
ylenes there is a fair correlation of the singlet—triplet splitting
with the substituent parameter o, (Figure 4A) or o, (Figure
4B). The effect of the substitution on the S—T separation is
more pronounced in para position. Electron releasing groups at
the aryl ring tend to increase and electron-withdrawing
substituents decrease the S—T gaps. Similar trends were
obtained from the computational and experimental inves-
tigations on the influence of substitution on singlet—triplet
energy splitting in phenylcarbenes'*>'*® and phenyl-
(carbomethoxy)carbenes.'*” The S—T gap in the arylborylene
series increases with increasing energy of the HOMO of meta-
substituted (Figure 4C) and para-substituted arylborylenes
(Figure 4D).

DOI: 10.1021/acs.jpca.6b04502
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Figure 4. Singlet—triplet gap (kcal/mol) of meta-substituted
arylborylenes plotted against o,, substituent parameter (A), singlet—
triplet gap (kcal/mol) of para-substituted arylborylenes plotted against
0, substituent parameter (B), singlet—triplet gap (kcal/mol) of meta-
substituted arylborylenes plotted against energies of HOMO (C), and
singlet—triplet gap (kcal/mol) of para-substituted arylborylenes
plotted against energies of HOMO (D). HOMO energies and
singlet—triplet gaps were computed at the B3LYP/def2-TZVP level of
theory.

4. Electronic Transitions in Substituted Borylenes. To
investigate the influence of substitution on the experimentally
observable electronic transition energies in borylenes, we
employed geometries computed at the B3LYP/def2-TZVP
level of theory and calculated vertical singlet—singlet transition
energies from the singlet ground state. For the purpose of this
study, we focus on the lowest (for C, and C,, symmetric
borylenes) and the two lowest singlet excitations (for borylenes
of lower symmetry) computed with time-dependent density
functional theory (TDDFT) and equation-of-motion coupled
cluster singles and doubles (EOM-CCSD). Time-dependent
methods are computationally efficient and give reasonably good
results for the prediction of electronic energies and properties
of excited states.**~'** EOM-CCSD, which is an accurate and
reliable method for computation of excited states,>>">* was
used to provide reference values to TD-DFT results where

experimental excitation energies of borylenes are not available.
To display the orbital pairs involved in particular transition,
natural transition orbitals (NTO)"*” were calculated. The
method is especially useful when a transition is complex and the
evaluation of the main contribution is troublesome.

4.1. Excitation Energies of Two Lowest Singlet Electronic
Transitions. The two lowest singlet electronic transitions are of
n — 7% type. These comprise the excitations from the
nonbonding HOMO (sp orbital located on boron), which
holds a lone pair of electrons, to LUMO and LUMO+1, which
mainly involve empty p, and p, orbitals of boron and partially
orbitals of substituent (VScheme 2, Figure S, and Figure S3 for
comparison). In this section we will refer to the excitation
energies obtained from the EOM-CCSD computations. Despite
the differences between TD-DFT (and between functionals
used in TD calculations) and EOM-CCSD in detail, all
methods used here give similar trends of excitation energy
changes with the nature of the substituent (Tables S2, S3,
Figure S, and Figure S3).

4.2. S; State. The lowest energy electronic transition in
diatomic borylenes is X'S* — A'[L. The vertical excitation
energies of HB (2.93 eV), FB (6.47 eV), and CIB (4.66 eV)
calculated at the EOM-CCSD level are about 0.1 eV higher
than the experimentally obtained adiabatic energies of the S,
states, 2.86, 6.34, 4.56 eV, respectively.106 The transition
energies of diatomic borylenes increase with increasing
electronegativity of the substituent, which is consistent with
the increasing HOMO—LUMO gap in the series (Table S1 and
Figure 6). There is a good correlation between the HOMO—
LUMO gap and the S, energy (Figure 7). The excitation
energies of CH,B, tBuB, and CF;B are higher than 3 eV and the
transitions have moderate oscillator strengths (f = 0.028—
0.045). Excitation energies of aminoborylenes are over 4 eV (f
= 0.077—0.091). A very low transition energy of 1.63 eV, which
lies almost in the near-infrared region (758.9 nm), was obtained
for (trimethylsilyl)borylene. The absorption band should be of
low intensity as the computed oscillator strength is small (f =
0.003).

The first excited state ('B;) of phenylborylene is largely due
to a HOMO—-LUMO excitation and is 2.85 eV in energy above
the ground state. Excitation energies rise with the strength of
the electron-donating properties of the substituents and drop
when electron-withdrawing groups are introduced. The effects
are stronger in the para position (Figure 8). The HOMO of
phenylborylene is similar to HOMO orbitals of other borylenes.
Substituents in the para or meta position have no effect on its

2 %o 3de
o @ e

CH,B

$8° 39
& Qe
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SICH,B

NH,B PhB
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Figure 5. Natural transition orbitals of borylenes computed at the @B97X/aug-cc-pVTZ level of theory. Green arrows indicate the first, blue ones the

second excitation.
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Figure 6. Vertical excitation energies to the S; state of borylenes
calculated at the TD-DFT and EOM-CCSD levels of theory in
combination with aug-cc-pVTZ basis set.
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Figure 7. Correlation between HOMO—-LUMO gaps obtained from
the B3LYP/def2-TZVP computations and vertical excitation energies
of the first excited state computed at the EOM-CCSD/aug-cc-pVTZ
level of theory.

shape. The LUMO consists of p orbitals of boron and three p
orbitals placed on C2, C4, and C6 atoms in the phenyl ring.
Substitutions in the meta position have a small or no effect on
the spatial distribution of the LUMO. Substitution in the para
position changes the shape of LUMO: orbital lobes are partially
distributed on the substituent (except pSiMe3PhB). This can
be one explanation for more pronounced changes in excitation
energies in para-substituted phenylborylenes.

4.3. S, State of Lower Symmetry Borylenes. The second
electronic transition is also of n — 7 type and involves
excitation from nonbonding HOMO mainly to the empty
boron p, orbital and can involve an orbital of the substituent
depending on its type (see Figures S and S3). Excitation
energies in aminoborylenes vary from 5.80 eV in NH,B to 5.51
eV in NMe,B. Oscillator strengths decrease with substitution
by methyl groups from 0.175 to 0.144 (Table S3).

The excitation energy to S, of unsubstituted phenylborylene
amounts to 3.35 eV (Figure 8 and Table S3). The excitation
energies (3.32—3.38 eV) and oscillator strengths remain
approximately constant with substitution of the phenyl ring
(Table S3) because the virtual orbital to which the electron is
promoted is mainly located on the boron atom (empty p
orbital) (Figure S3).

5. Performance of TD-DFT vs EOM-CCSD Methods in
Prediction of Electronic Spectra of Borylenes. In our
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Figure 8. Vertical excitation energies to S; and S, states of
arylborylenes computed at the TD-DFT and EOM-CCSD levels of
theory in combination with the aug-cc-pVTZ basis set.

present study, TD-DFT methods tend to underestimate
excitation energies of borylenes compared to EOM-CCSD
results. Functionals with long-range correction, like CAM-
B3LYP and wB97X perform better than B3LYP, especially
when spatial overlap of orbitals participating in the electronic
transition is poor, like in the case of substituted phenyl-
borylenes. To estimate the overall performance of TD-DFT,
the mean absolute deviation (MAD) was calculated (Figure S6
and Table SS). TD-B3LYP underestimates excitation energies
of the first transition in the range 0.18—0.85 eV compared to
EOM-CCSD data, which results in a MAD of 0.46 eV.
Particularly problematic are excitation energies of substituted
phenylborylenes which are underestimated significantly (0.50—
0.85 eV). The excitation energies are improved when the CAM-
B3LYP functional is used and are underestimated by 0.19—0.37
eV with a MAD of 0.27 eV. Transition energies of substituted
phenylborylenes vary from 0.23 to 0.36 eV. wB97X gives
further improvement over CAM-B3LYP results. The energies
are underestimated by about 0.07—0.30 eV compared to EOM-
CCSD results and MAD is only 0.14 eV. TD-DFT excitation
energies of second transition are improved in the case of
B3LYP and CAM-B3LYP functionals. Overall performance of
CAM-B3LYP is somewhat poorer than B3LYP (MAD of 0.22
and 0.21 eV, respectively). ®B97X shows the best performance
among studied functionals in predicting of second transition
excitations but performs slightly worse than for the first excited
state (MAD = 0.16 eV).

Bl CONCLUSIONS

The influence of the substitution in borylenes on their
electronic structure and their excited state energies was

DOI: 10.1021/acs.jpca.6b04502
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investigated by computational means. The following con-
clusions can be drawn:

1. All studied borylenes have a singlet ground state. Most of
the triplet borylenes have the same symmetry as singlet
borylenes. Exceptions are the triplet states of CH;B,
tBuB, SiMe;B, and CF;B that only have C, symmetry.
The R—B bond of triplet borylenes is shorter in almost
all cases, except for FB, CH;B, and tBuB. The largest
singlet—triplet energy separation was found for the FB
molecule (78.7 kcal/mol), whereas the smallest one was
obtained for Me;SiB (8.2 kcal/mol). Introduction of
electron-donating groups in the para position of the
phenyl ring increases and of electron-withdrawing
substituents decreases S—T gaps compared to the case
for unsubstituted phenylborylene.

Energies of frontier molecular orbitals depend on
substitution. Electron-withdrawing substituents like F,
Cl, and CF; tend to decrease the energy of HOMO with
respect to BH molecule. The energy of LUMO is
increased upon halogen substitution. Introduction of
electron-donating substituents elevates the energies of
both the HOMO and LUMO. HOMO energies of
substituted arylborylenes are higher than that of BH.
Introduction of electron-donating groups in PhB
increases, whereas electron-withdrawing groups decrease,
the LUMO energies compared to those of BH.
HOMO-LUMO gaps are increased by most of the
substituents compared to parent borylene. The largest
gaps were found in halo- and aminoborylenes. The
smallest H—L gaps were obtained for mNO,PhB (2.67
eV) and Me;SiB (2.80 eV). In the arylborylene series
electron-donating substituents increase and electron-
withdrawing groups decrease the gap. The effect is
stronger in the para position.

Two lowest singlet—singlet electronic transitions are of n
— m* type. These transitions involve excitations from the
nonbonding HOMO (sp orbital of boron) mainly to the
empty p orbitals of boron. Excitation energies of
diatomic borylenes increase with increasing electro-
negativity of the substituent. The highest excitation
energy was computed for FB, whereas the lowest
excitation energy was obtained for Me;SiB. The influence
of substitution in phenylborylene is stronger in the para
position. Electron-donating groups increase and electron-
withdrawing groups decrease excitation energies com-
pared to the case for unsubstituted phenylborylene.
Excitation energies of the second transition in the
arylborylene series remain approximately constant and
are independent of substitution.

The TD-DFT method underestimates excitation energies
of borylenes compared to EOM-CCSD results, especially
when the B3LYP functional is used. Functionals with
long-range correction (CAM-B3LYP and wB97X)
perform significantly better. @B97X shows the best
performance among tested functionals and gives a MAD
of 0.14 eV for the prediction of the first transition, and
0.16 €V for the second transition with respect to results
obtained with the EOM-CCSD method. Regardless of
deviations from EOM-CCSD results, all functionals used
in TD computations give similar trends in predicting
excitation energies upon substitution.
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Table S1. B-R bond lengths (in A) of borylenes in their lowest singlet and triplet states,
energies of molecular orbitals (in eV), HOMO-LUMO energy gap (in eV), and singlet-triplet
energy splitting (in kcal/mol) computed at the B3LYP/def2-TZVP+ZPVE level of theory.

d(R-B)° d(R-B)’ State  Ewomo  Ewmo  Eiumos AEy. AEsy
3

HB 1.233° 1.192 Mn -6.52 -2.60 -2.60 3.92 26.4
FB 1.265” 1.315 ’n -7.84 -1.33 -1.33 6.51 78.7
ciB 1.722° 1.705 ’n -7.28 -2.13 -2.13 5.14 53.8
MeB 1.530 1.546 A" -6.00 -1.64 -1.64 4.36 37.7
tBuB 1.545 1.576 A" -5.78 -1.53 -1.53 4.25 36.6
CF3;B 1.650 1.589 A" -7.44 -3.38 -3.38 4.06 28.1
SiMe;B 2.115 2.012 A" -5.27 -2.47 -2.47 2.80 8.2
NH.B 1.372 1.369 ’B, -6.20 -1.45 0.01 4.76 45.8
NHMeB 1.370 1.365 A -6.01 -1.36 0.12 4.65 44.6
NMe,B 1.371 1.367 ’B, -5.91 -1.16 0.10 4.75 45.9
PhB 1.529 1.478 ’By -5.81 -2.45 -1.60 3.36 30.8
mSiMe;PhB 1.527 1.478 A" -5.71 -2.36 -1.52 3.35 30.9
mMePhB 1.528 1.478 A" -5.73 -2.38 -1.52 3.36 31.0
mOHPhB 1.529 1.479 A" -5.85 -2.47 -1.64 3.38 30.9
mOMePhB 1.528 1.479 A" -5.76 -2.38 -1.55 3.38 31.2
mNH,PhB 1.528 1.480 A -5.66 -2.25 -1.43 3.40 314
pSiMe3;PhB 1.528 1.475 A" -5.72 -2.43 -1.52 3.29 30.3
pMePhB 1.525 1.478 'y -5.69 -2.30 -1.49 3.39 31.8
pOHPhB 1.521 1.481 A" -5.64 -2.14 -1.46 3.50 34.4
pOMePhB 1.520 1.481 A" -5.56 -2.07 -1.38 3.50 34.5
pNH,PhB 1.515 1.480 'y -5.36 -1.82 -1.18 3.54 36.1
mFPhB 1.534 1.478 A" -6.02 -2.70 -1.81 3.32 29.8
mCIPhB 1.534 1.477 A" -6.03 -2.72 -1.84 3.32 29.8
mCF3;PhB 1.535 1.477 A -6.15 -2.88 -1.96 3.27 290.1
mCNPhB 1.538 1.477 A" -6.31 -3.07 -2.23 3.24 28.6
mNO,PhB 1.539 1.477 A" -6.34 -3.30 -2.94 3.03 28.4
pFPhB 1.527 1.484 ’B -5.92 -2.49 -1.73 3.43 31.8
pCIPhB 1.530 1.476 ’By -5.96 -2.64 -1.76 3.31 30.6
pCF;PhB 1.536 1.473 A -6.17 -2.98 -1.97 3.19 27.9
pPCNPhB 1.538 1.468 ’B, -6.30 -3.31 -2.11 2.99 26.4
pNO,PhB 1.541 1.465 ’B, -6.38 -3.70 -2.18 2.67 24.7
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Figure S1. Structures of singlet borylenes as computed at the B3LYP/def2-TZVP level of theory.
Important bond lengths and angles are given in A and degrees, respectively.
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Figure S2. Structures of substituted singlet arylborylenes as computed at the B3LYP/def2-TZVP
level of theory. Important bond lengths and angles are given in A and degrees, respectively.
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Table S2. Vertical excitation energies (Ecx; in eV) and oscillator strengths (f) of the lowest
singlet-singlet electronic transition of substituted borylenes computed at the EOM-CCSD and
TD-DFT levels of theory using aug-cc-pVTZ basis set.

Borylene Transition wB97X CAM-B3LYP B3LYP EOM-CCSD
Eexc f Eexc f Eexc f Eexc f
HB s>'n 269 0026 260 0023 269 0.024 293 0.025
FB ss'n 620 0244 6.15 0236 6.13 0.237 6.47 0.243
ciB s> 443 0068 439 0063 441 0.062 466 0.065
MeB 'AS>'E 333 0047 327 0042 330 0.042 3.51 0.045
tBuB A 3.19 0031 312 0026 313 0.026 3.30 0.028
CFsB A 294 0.028 2.88 0025 290 0.024 3.25 0.028
SiMe;B A 1.42 0.003 1.38 0.003 145 0.003 1.63 0.003
NH,B 'A;>'B, 411 0.094 404 0082 4.02 0.077 431 0.091
NHMeB SN 403 0085 394 0.073 3.86 0.062 4.19 0.080
NMe,B 'A>'B, 414 0.080 4.04 0.071 3.99 0.067 4.27 0.077
PhB 'A;>'B; 274 0.023 258 0018 233 0.012 285 0.021
mSiMe;PhB  'A’>'A” 274 0.021 259 0017 232 0.011 2.83 0.020
mMePhB A sia” 274 0.022 259 0017 233 0.012 284 0.021
mOHPhB 'A’sa” 273 0.022 258 0017 234 0.012 2.85 0.021
mOMePhB NSIA” 274 0022 260 0.017 235 0.012 2.86 0.021
mNH,PhB AS'A 274 0.023 260 0018 237 0.012 286 0.021
pSiMesPhB 'A’s'a” 271 0.021 256 0017 228 0.011 2.80 0.019
pMePhB NS 279 0.023 264 0019 238 0.012 2.89 0.022
pOHPhB 'A’>'A” 291 0026 275 0021 249 0.014 3.00 0.024
pOMePhB 'A’s'A” 291 0026 276 0021 250 0.014 3.00 0.024
pNH,PhB NN 298 0.027 2.82 0022 255 0.014 3.05 0.025
mFPhB 'A’s'A” 2069 0022 254 0017 228 0.011 2.82 0.020
mCIPhB A SIA” 270 0021 254 0017 228 0.011 281 0.020
mCF3PhB A=A 269 0.021 252 0016 225 0.011 2.80 0.020
mCNPhB 'A’s'A” 267 0021 251 0016 222 0.010 279 0.019
mNO,PhB A>ta” 267 0.021 250 0016 2.16 0.008 279 0.019
pFPhB 'A;>'B;  2.82 0.024 266 0019 241 0.013 293 0.023
pCIPhB 'A;>'B;, 273 0022 257 0.017 230 0.011 2.84 0.020
pCFsPhB A1 262 0020 245 0.015 216 0.010 274 0.019
pCNPhB 'A;>'B;, 254 0.018 236 0013 2.01 0.008 267 0.017
pNO,PhB A8, 251 0.017 229 0012 1.80 0.005 2.65 0.017
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Table S3. Vertical excitation energies (Eex; in eV) and oscillator strengths (f) of the second
electronic transition of substituted borylenes computed at the EOM-CCSD and TD-DFT levels of

theory using aug-cc-pVTZ basis set.

Borylene Transition wB97X CAM-B3LYP B3LYP EOM-CCSD
Eexc f Eexc f Eexc f Eexc f
NH,B 'A;>'B;, 560 0.180 555 0.176 548 0.178 580 0.175
NHMeB 'A’>'A” 553 0.174 543 0.163 527 0.142 568 0.167
NMe,B 'A;>'B; 542 0.156 528 0.138 506 0.108 5.51° 0.144
PhB 'A;>'B,  3.19 0.042 3.13 0.038 3.17 0040 335 0.042
mSiMesPhB 'N3'A 319 0040 3.13 0036 3.16 0.037 3.34 0.039
mMePhB 1A'=’ 320 0042 3.14 0038 3.18 0.040 3.36 0.041
mOHPhB '’>'A 321 0042 3.15 0038 3.18 0041 3.37 0.042
mOMePhB ‘A’ 321 0.042 3.15 0.038 3.18 0.040 3.37 0.041
mNH,PhB A=A 3.22 0.043 3.16 0.039 3.19 0042 338 0.042
pSiMesPhB '’>'A 319 0042 3.13 0038 3.17 0040 3.35 0.041
pMePhB 'A’s'A” 319 0.043 3.13 0.039 3.17 0041 335 0.042
pOHPhB ‘A’ 318 0.043 312 0.039 3.16 0.041 3.34 0.042
pOMePhB 'N3'A 318 0043 3.13 0040 3.16 0.042 333 0.042
pNH,PhB 'A’s'A” 318 0.044 3.12 0.040 3.16 0.043 332 0.043
mFPhB '’s>'A 320 0042 3.14 0038 3.18 0040 3.37 0.041
mCIPhB ‘A’ 319 0.040 3.13 0.036 3.17 0.037 3.36 0.039
mCF;PhB ASTA 3.18 0.040 3.12 0.037 3.16 0.038 3.35 0.040
mCNPhB ‘A3 317 0039 3.11 0036 3.15 0.037 3.34 0.039
mNO,PhB '3 318 0039 3.12 0035 3.16° 0.036 335 0.038
pFPhB 'A;>'B, 3.18 0.042 3.12 0.038 3.17 0040 335 0.041
pCIPhB 'A;>'B, 3.19 0.042 3.13 0.038 3.17 0040 335 0.041
pCFsPhB AS'A 3.18 0.042 3.12 0.038 3.17 0039 335 0.041
pCNPhB 'A;,>'B, 3.18 0.041 3.12 0.037 3.16 0.039 335 0.041
pNO,PhB 'A;>'B, 3.18 0.041 3.12 0037 3.17 0039 336 0.041

% in EOM-CCSD calculations this is the third state, second state is of different symmetry than in
TD-DFT calculations and its f = 0. ° third state in TD-B3LYP calculations, second state is of
different symmetry than in other TDDFT and EOM-CCSD calculations.
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mFPhB mNO,PhB mNH,PhB mSiMe,PhB ;(

F]

pFPhB pNO,PhB pNH,PhB

g
]

&

Figure S3. Natural transition orbitals of arylborylenes computed at the wB97X/aug-cc-pVTZ
level of theory. Green arrows indicate first excitation, while the blue ones second excitation.
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Figure S4. HOMO-LUMO gaps of m-arylborylenes plotted against o, substituent constants (A),
vertical excitation energies of S; state of m-arylborylenes plotted against o, substituent
constants (B), HOMO-LUMO gaps of p-arylborylenes plotted against o, substituent constants
(C), vertical excitation energies of S; state of p-arylborylenes plotted against o, substituent
constants (D). H-L gaps gaps were computed at the B3LYP/def2-TZVP level of theory and
vertical excitation energies at the EOM-CCSD/aug-cc-pVTZ level of theory.
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Figure S5. Vertical excitation energies of S; state of p-arylborylenes computed at the EOM-
CCSD/aug-cc-pVTZ level of theory plotted against o," substituent constants.

Table S4. Values of o substituent constants.

Substituent Om o, o,

H 0.00 0.00 0.00
SiMe; -0.04 -0.07 0.23
Me -0.07 -0.17 -0.31
OH 0.12 -0.37 -0.92
OMe 0.12 -0.27 -0.78
NH; -0.16 -0.66 -1.30
F 0.34 0.06 -0.07
c 0.37 0.23 0.11
CF; 0.43 0.54 0.61
CN 0.56 0.66 0.66
NO, 0.71 0.78 0.79
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Figure S6. Mean absolute deviation (MAD) of DFT functionals used in time-dependent
computations from EOM-CCSD excitation energies estimated for the S; and S, states.
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Figure S7. Correlations between vertical excitation energies of borylenes computed at the
EOM-CCSD/aug-cc-pVTZ level of theory and vertical excitation energies computed at the
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Table S5. Deviations of TDDFT/aug-cc-pVTZ computed vertical excitation energies (eV) of S; and
S, states from the vertical excitation energies computed at the EOM-CCSD/aug-cc-pVTZ level of
theory. Mean absolute deviations (MAD) are calculated (eV).

S; S;

MEECNE wB97X CAM-B3LYP B3LYP wB97X CAM-B3LYP  B3LYP
HB 0.242 0.333 0.239

FB 0.271 0.319 0.346

ciB 0.227 0.272 0.255

MeB 0.178 0.238 0.210

tBuB 0.115 0.185 0.177

CF:B 0.303 0.372 0.347

SiMesB 0.213 0.252 0.180

NH,B 0.200 0.269 0288  0.205 0.253 0.318
NHMeB 0.157 0.252 0.327 0.152 0.248 0.408
NMe,B 0.130 0.232 0285  0.093 0.237 0.456
PhB 0.110 0.262 0519  0.159 0.219 0.182
mSiMe;PhB 0.093 0.244 0.509 0.150 0.211 0.180
mMePhB 0.104 0.256 0.515 0.157 0.215 0.180
mOHPhB 0.120 0.269 0510  0.160 0.220 0.184
mOMePhB 0.115 0.261 0.506 0.153 0.216 0.183
mNH,PhB 0.121 0.265 0499  0.156 0.216 0.182
pSiMes;PhB 0.094 0.246 0.522 0.158 0.216 0.181
pMePhB 0.095 0.246 0.509 0.155 0.214 0.177
pOHPhB 0.093 0.246 0504  0.153 0.211 0.173
pOMePhB 0.093 0.242 0.502 0.152 0.208 0.170
pNH,PhB 0.069 0.228 0.501 0.145 0.201 0.166
mEPhB 0.124 0.279 0532  0.168 0.227 0.187
mCIPhB 0.117 0.271 0.530 0.165 0.224 0.186
mCE;PhB 0.113 0.275 0552  0.168 0.227 0.186
mMCNPhB 0.119 0.281 0.564 0.173 0.231 0.190
mNO,PhB 0.119 0.284 0.622 0.173 0.233 0.189
pEPhB 0.113 0.267 0519  0.162 0.221 0.180
pCIPhB 0.110 0.266 0.539 0.163 0.222 0.182
pCFsPhB 0.123 0.290 0.577 0.170 0.230 0.189
pCNPhB 0.132 0.316 0663 0172 0.233 0.194
pNO,PhB 0.141 0.357 0.847 0.175 0.236 0.192
MAD 0.140 0.270 0.458  0.160 0.224 0.209
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B3LYP/def2-TZVP geometries

Molecule Singlet Triplet
HF=-25.2995151 HF=-25.2580535

BH B 0.000000000 0.000000000 0.205505000 | B 0.000000000 0.000000000 0.198662000
H  0.000000000 0.000000000 -1.027524000 | H  0.000000000 0.000000000 -0.993310000
HF=-124.7208733 HF=-124.595232

BF F  0.000000000 0.000000000 0.451755000 | F  0.000000000 0.000000000 0.469554000
B 0.000000000 0.000000000 -0.813158000 | B 0.000000000 0.000000000 -0.845197000
HF=-485.02103 HF=-484.9354151

BC1 B 0.000000000 0.000000000 -1.330269000 | B 0.000000000 0.000000000 -1.317667000
Cl 0.000000000 0.000000000 0.391255000 | C1 0.000000000 0.000000000 0.387549000
HF=-64.6676083 HF=-64.6083064
B 0.000000000 0.000000000 -1.064929000 | B -0.010410000 -1.080683000 0.000000000

BCH, C  0.000000000 0.000000000 0.464758000 | C -0.010410000 0.469484000 0.000000000
H  1.029362000 0.000000000 0.845366000 | H 0.554560000 0.818764000 0.873186000
H -0.514681000 0.891454000 0.845366000 | H  0.554560000 0.818764000 -0.873186000
H -0.514681000 -0.891454000 0.845366000 | H -0.994606000 0.948987000 0.000000000
HF=-182.6453924 HF=-182.5875858
B 0.000000000 0.000000000 1.715050000 | B -0.557976000 1.669882000 0.000000000
C  0.000000000 0.000000000 0.170038000 | C -0.104717000 0.160986000 0.000000000
C  0.000000000 1.468523000 -0.311060000 | C -0.557976000 -0.598466000 1.262112000
H -0.882583000 2.009197000 0.036266000 | H -0.208649000 -0.104362000 2.168972000
H  0.882583000 2.009197000 0.036266000 | H -1.646252000 -0.666092000 1.313929000
H  0.000000000 1.494848000 -1.404666000 | H -0.162908000 -1.620601000 1.250118000

tBuB C -1.271778000 -0.734261000 -0.311060000 | C  1.442862000 0.290560000 0.000000000
H -2.181307000 -0.240259000 0.036266000 | H  1.809886000 0.810416000 0.886613000
H -1.294576000 -0.747424000 -1.404666000 | H  1.872561000 -0.715820000 0.000000000
H -1.298724000 -1.768938000 0.036266000 | H  1.809886000 0.810416000 -0.886613000
C  1.271778000 -0.734261000 -0.311060000 | C -0.557976000 -0.598466000 -1.262112000
H  1.294576000 -0.747424000 -1.404666000 | H -0.162908000 -1.620601000 -1.250118000
H 2.181307000 -0.240259000 0.036266000 | H -1.646252000 -0.666092000 -1.313929000
H  1.298724000 -1.768938000 0.036266000 | H -0.208649000 -0.104362000 -2.168972000
HF=-362.4984526 HF=-362.4538553
B 0.000000000 0.000000000 1.772788000 | B  0.485641000 1.665810000 0.000000000

BCF, C  0.000000000 0.000000000 0.123089000 | C  0.070433000 0.131982000 0.000000000
F  0.000000000 1.260574000 -0.355647000 | F  0.485641000 -0.569345000 1.077536000
F  1.091689000 -0.630287000 -0.355647000 | F -1.288037000 0.125252000 0.000000000
F -1.091689000 -0.630287000 -0.355647000 | F  0.485641000 -0.569345000 -1.077536000
HF=-80.7763647 HF=-80.7045898
B 0.000000000 0.000000000 -0.960242000 | B 0.000000000 0.000000000 -0.960895000

BNH, N 0.000000000 0.000000000 0.411419000 | N  0.000000000 0.000000000 0.407913000
H  0.000000000 0.850814000 0.960638000 | H 0.000000000 0.840851000 0.974541000
H  0.000000000 -0.850814000 0.960638000 | H  0.000000000 -0.840851000 0.974541000
HF=-120.0952697 HF=-120.0247004
N 0.000000000 0.494354000 0.000000000 | N  0.000000000 0.489179000 0.000000000
B -1.345475000 0.753291000 0.000000000 | B -1.328764000 0.801164000 0.000000000

BNHMe H 0.635089000 1.285329000 0.000000000 | H 0.699897000 1.225700000 0.000000000
C  0.626504000 -0.830827000 0.000000000 | C  0.609996000 -0.847501000 0.000000000
H  1.242835000 -0.968011000 0.889222000 | H  1.232535000 -0.988360000 0.887432000
H -0.152410000 -1.591282000 0.000000000 | H -0.181124000 -1.594049000 0.000000000
H  1.242835000 -0.968011000 -0.889222000 | H  1.232535000 -0.988360000 -0.887432000
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HF=-159.4176427 HF=-159.3448192
B 0.000000000 0.000000000 1.639237000 | B 0.000000000 0.000000000 1.674148000
N 0.000000000 0.000000000 0.267995000 | N 0.000000000 0.000000000 0.306727000
C 0.000000000 1.243948000 -0.494917000 | C 0.000000000 1.218986000 -0.513453000
H 0.000000000 2.093041000 0.188609000 | H 0.000000000 2.091223000 0.134140000
BNMe, H 0.889232000 1.304931000 -1.127590000 | H 0.885880000 1.247464000 -1.156168000
H -0.889232000 1.304931000 -1.127590000 | H -0.885880000 1.247464000 -1.156168000
C 0.000000000 -1.243948000 -0.494917000 | C 0.000000000 -1.218986000 -0.513453000
H -0.889232000 -1.304931000 -1.127590000 | H -0.885880000 -1.247464000 -1.156168000
H 0.889232000 -1.304931000 -1.127590000 | H 0.885880000 -1.247464000 -1.156168000
H 0.000000000 -2.093041000 0.188609000 | H 0.000000000 -2.091223000 0.134140000
HF=-434.0437806 HF=-434.0311784
B 0.000000000 0.000000000 2.271860000 [ B -0.675259000 2.072397000 0.000000000
Si 0.000000000 0.000000000 0.157143000 | Si -0.080941000 0.149698000 0.000000000
c 0.000000000 1.789485000 -0.457523000 | C 1.804203000 0.289959000 0.000000000
H -0.881969000 2.333115000 -0.111976000 | H 2.172160000 0.811835000 -0.884661000
H 0.881969000 2.333115000 -0.111976000 | H 2.172160000 0.811835000 0.884661000
H 0.000000000 1.817573000 -1.550680000 | H 2.235418000 -0.715445000 0.000000000
BSiMe; C -1.549740000 -0.894743000 -0.457523000 | C -0.675259000 -0.773966000 -1.533360000
H -2.461521000 -0.402750000 -0.111976000 | H -0.311419000 -0.300034000 -2.446327000
H -1.574065000 -0.908787000 -1.550680000 | H -0.318834000 -1.808399000 -1.517682000
H -1.579552000 -1.930365000 -0.111976000 | H -1.765943000 -0.800635000 -1.582730000
c 1.549740000 -0.894743000 -0.457523000 | C -0.675259000 -0.773966000 1.533360000
H 1.574065000 -0.908787000 -1.550680000 | H -0.318834000 -1.808399000 1.517682000
H 2.461521000 -0.402750000 -0.111976000 | H -0.311419000 -0.300034000 2.446327000
H 1.579552000 -1.930365000 -0.111976000 | H -1.765943000 -0.800635000 1.582730000
HF=-256.4703441 HF=-256.420327
B 0.000000000 0.000000000 -2.666459000 B 0.000000000 0.000000000 -2.639558000
c 0.000000000 0.000000000 -1.137866000 Cc 0.000000000 0.000000000 -1.161467000
C 0.000000000 1.211284000 -0.425398000 C 0.000000000 1.218438000 -0.425790000
Cc 0.000000000 -1.211284000 -0.425398000 Cc 0.000000000 -1.218438000 -0.425790000
Cc 0.000000000 1.209709000 0.961316000 Cc 0.000000000 1.203543000 0.955902000
BPh C 0.000000000 -1.209709000 0.961316000 C 0.000000000 -1.203543000 0.955902000
C 0.000000000 0.000000000 1.651498000 C 0.000000000 0.000000000 1.662107000
H 0.000000000 2.151965000 -0.964377000 H 0.000000000 2.166387000 -0.948719000
H 0.000000000 -2.151965000 -0.964377000 H 0.000000000 -2.166387000 -0.948719000
H 0.000000000 2.144802000 1.506867000 H 0.000000000 2.144367000 1.493054000
H 0.000000000 -2.144802000 1.506867000 H 0.000000000 -2.144367000 1.493054000
H 0.000000000 0.000000000 2.734496000 H 0.000000000 0.000000000 2.743933000
HF=-665.2237876 HF=-665.1735352
B -1.855815000 3.528893000 0.000000000 B -1.843463000 3.500679000 0.000000000
C -0.677312000 2.557356000 0.000000000 C -0.699036000 2.565912000 0.000000000
C -0.908749000 1.169489000 0.000000000 C -0.913168000 1.155979000 0.000000000
C 0.644424000 3.030281000 0.000000000 C 0.643015000 3.033446000 0.000000000
C 0.137398000 0.245064000 0.000000000 C 0.141925000 0.251976000 0.000000000
C 1.699613000 2.131562000 0.000000000 C 1.690137000 2.132086000 0.000000000
C 1.442229000 0.763670000 0.000000000 C 1.455079000 0.758474000 0.000000000
H -1.935676000 0.819742000 0.000000000 H -1.931567000 0.786906000 0.000000000
H 0.837132000 4.097173000 0.000000000 H 0.849354000 4.096197000 0.000000000
H 2.721910000 2.489116000 0.000000000 H 2.707745000 2.504806000 0.000000000
mSiMes;PhB | H 2.288149000 0.084029000 0.000000000 H 2.301643000 0.081829000 0.000000000
Si -0.151607000 -1.629818000 0.000000000 | Si -0.148737000 -1.617391000 0.000000000
C -1.996276000 -1.989955000 0.000000000 C -1.993394000 -1.993127000 0.000000000
H -2.164577000 -3.069858000 0.000000000 H -2.153905000 -3.074307000 0.000000000
H -2.493227000 -1.582817000 0.883459000 H -2.492716000 -1.589211000 0.883709000
H -2.493227000 -1.582817000 -0.883459000 H -2.492716000 -1.589211000 -0.883709000
C 0.644424000 -2.365604000 -1.539091000 C 0.643015000 -2.364404000 -1.537627000
H 0.522003000 -3.451592000 -1.557519000 H 0.519175000 -3.450409000 -1.552772000
H 0.192465000 -1.963232000 -2.448449000 H 0.191089000 -1.962937000 -2.447487000
H 1.715561000 -2.154738000 -1.581154000 H 1.713872000 -2.152941000 -1.580784000
C 0.644424000 -2.365604000 1.539091000 C 0.643015000 -2.364404000 1.537627000
H 0.192465000 -1.963232000 2.448449000 H 0.191089000 -1.962937000 2.447487000
H 0.522003000 -3.451592000 1.557519000 H 0.519175000 -3.450409000 1.552772000
S15

274




Publication IV

H 1.715561000 -2.154738000 1.581154000 H 1.713872000 -2.152941000 1.580784000
HF=-295.802408 HF=-295.7520473
C -0.777690000 -1.195644000 0.000000000 C -0.794300000 -1.199593000 0.000000000
C -1.068644000 0.173122000 0.000000000 C -1.060347000 0.177415000 0.000000000
C 0.000000000 1.062927000 0.000000000 C 0.000000000 1.068126000 0.000000000
C 1.331071000 0.611835000 0.000000000 C 1.350827000 0.618556000 0.000000000
C 1.588345000 -0.767971000 0.000000000 C 1.586889000 -0.782870000 0.000000000
C 0.531287000 -1.665527000 0.000000000 C 0.519726000 -1.661285000 0.000000000
mMePhB B 2.485232000 1.613199000 0.000000000 B 2.472878000 1.580098000 0.000000000
C -2.496160000 0.654974000 0.000000000 C -2.482588000 0.674708000 0.000000000
H -0.197757000 2.129928000 0.000000000 H -0.209138000 2.131292000 0.000000000
H 2.610543000 -1.128321000 0.000000000 H 2.598998000 -1.166396000 0.000000000
H 0.719538000 -2.731889000 0.000000000 H 0.713439000 -2.727362000 0.000000000
H -1.595195000 -1.908347000 0.000000000 H -1.615677000 -1.905804000 0.000000000
H -3.033370000 0.293327000 0.879634000 H -3.023878000 0.316719000 0.879303000
H -2.545800000 1.743691000 0.000000000 H -2.525491000 1.763997000 0.000000000
H -3.033370000 0.293327000 -0.879634000 H -3.023878000 0.316719000 -0.879303000
HF=-331.7261545 HF=-331.675958
B 2.505089000 1.522931000 0.000000000 B -2.502994000 1.476877000 0.000000000
C 1.307983000 0.571302000 0.000000000 C -1.327306000 0.580214000 0.000000000
C 1.513786000 -0.816819000 0.000000000 C -1.510851000 -0.830101000 0.000000000
Cc 0.000000000 1.081374000 0.000000000 C 0.000000000 1.085852000 0.000000000
C 0.421184000 -1.673658000 0.000000000 C -0.410561000 -1.667118000 0.000000000
mOHPhB C -1.085360000 0.215034000 0.000000000 C 1.079222000 0.217654000 0.000000000
C -0.870915000 -1.164650000 0.000000000 C 0.888349000 -1.166155000 0.000000000
H 2.521014000 -1.215102000 0.000000000 H -2.507810000 -1.250293000 0.000000000
H -0.162476000 2.155300000 0.000000000 H 0.177105000 2.155882000 0.000000000
H 0.569076000 -2.746211000 0.000000000 H -0.563804000 -2.739504000 0.000000000
H -1.729759000 -1.823137000 0.000000000 H 1.749386000 -1.819744000 0.000000000
0 -2.379123000 0.641700000 0.000000000 O 2.370667000 0.664821000 0.000000000
H -2.410381000 1.605399000 0.000000000 H 2.381645000 1.628634000 0.000000000
HF=-371.041142 HF=-370.9904272
B -1.017987000 2.948859000 0.000000000 B 0.979743000 -2.935814000 0.000000000
C -0.163538000 1.681750000 0.000000000 C 0.167829000 -1.699997000 0.000000000
C -0.780767000 0.416875000 0.000000000 C 0.782747000 -0.415367000 0.000000000
C 1.233295000 1.783428000 0.000000000 C -1.249208000 -1.778072000 0.000000000
c 0.000000000 -0.733769000 0.000000000 Cc 0.000000000 0.728159000 0.000000000
C 2.005213000 0.626948000 0.000000000 C -2.000420000 -0.615142000 0.000000000
C 1.396532000 -0.617548000 0.000000000 C -1.399419000 0.636712000 0.000000000
mOMePhB H -1.860976000 0.356607000 0.000000000 H 1.860109000 -0.341412000 0.000000000
H 1.706545000 2.757851000 0.000000000 H -1.744143000 -2.740207000 0.000000000
H 3.086098000 0.690797000 0.000000000 H -3.081554000 -0.684448000 0.000000000
H 1.984826000 -1.526252000 0.000000000 H -1.982646000 1.547037000 0.000000000
0 -0.484166000 -2.001814000 0.000000000 O 0.500637000 1.995594000 0.000000000
C -1.891369000 -2.193542000 0.000000000 C 1.905649000 2.176604000 0.000000000
H -2.352434000 -1.761922000 0.892847000 H 2.366191000 1.742004000 0.892449000
H -2.352434000 -1.761922000 -0.892847000 H 2.366191000 1.742004000 -0.892449000
H -2.044567000 -3.269791000 0.000000000 H 2.068975000 3.251963000 0.000000000
HF=-311.8525082 HF=-311.8014691
C -0.807495000 1.191099000 -0.002748000 C -0.812224000 1.200165000 -0.003666000
C -1.091026000 -0.183251000 -0.005997000 C -1.085070000 -0.176882000 -0.008215000
C -0.017221000 -1.076434000 -0.004822000 C -0.028553000 -1.082492000 -0.001623000
C 1.304785000 -0.612895000 0.000645000 C 1.317005000 -0.636688000 0.001853000
C 1.565212000 0.767379000 0.004509000 C 1.569769000 0.763466000 0.005166000
C 0.500290000 1.656927000 0.003090000 C 0.506238000 1.645364000 0.004899000
mNH,PhB B 2.465615000 -1.606497000 0.005926000 B 2.451020000 -1.587437000 0.002407000
N -2.401298000 -0.635637000 -0.067838000 N -2.402522000 -0.628393000 -0.075039000
H -0.211552000 -2.144445000 -0.010767000 H -0.247211000 -2.144190000 -0.005558000
H 2.585472000 1.130458000 0.009673000 H 2.584652000 1.138159000 0.007787000
H 0.681423000 2.724650000 0.006927000 H 0.704100000 2.710692000 0.009199000
H -1.628521000 1.899428000 -0.008579000 H -1.629541000 1.910879000 -0.014050000
H -3.112443000 0.000539000 0.254019000 H -3.095945000 0.012894000 0.276218000
H -2.560645000 -1.585647000 0.225899000 H -2.556493000 -1.570087000 0.249170000
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HF=-665.223543 HF=-665.1743903
B 0.599941000 4.516941000 0.000000000 B 0.597590000 4.491366000 0.000000000
C 0.392586000 3.003142000 0.000000000 C 0.393046000 3.030483000 0.000000000
C 1.490463000 2.125477000 0.000000000 C 1.496463000 2.130497000 0.000000000
C -0.901765000 2.459269000 0.000000000 C -0.911087000 2.462811000 0.000000000
C 1.291341000 0.754890000 0.000000000 C 1.287683000 0.767303000 0.000000000
C -1.087898000 1.084409000 0.000000000 C -1.081376000 1.091733000 0.000000000
Cc 0.000705000 0.201101000 0.000000000 C 0.000774000 0.195163000 0.000000000
H 2.498500000 2.525353000 0.000000000 H 2.508822000 2.515101000 0.000000000
H -1.761810000 3.119997000 0.000000000 H -1.781455000 3.107200000 0.000000000
H 2.158320000 0.102974000 0.000000000 H 2.162050000 0.124105000 0.000000000
H -2.098655000 0.694479000 0.000000000 H -2.095632000 0.708992000 0.000000000
pPSiMe;PhB | Si -0.222118000 -1.685318000 0.000000000 | Si -0.219068000 -1.675419000 0.000000000
C 0.599941000 -2.386962000 1.540675000 C 0.597590000 -2.405195000 1.534625000
H 1.662528000 -2.137272000 1.581543000 H 1.659806000 -2.153639000 1.581944000
H 0.133820000 -1.999300000 2.449192000 H 0.129330000 -2.028196000 2.446704000
H 0.516255000 -3.476598000 1.560931000 H 0.516109000 -3.495359000 1.541466000
C 0.599941000 -2.386962000 -1.540675000 C 0.597590000 -2.405195000 -1.534625000
H 1.662528000 -2.137272000 -1.581543000 H 1.659806000 -2.153639000 -1.581944000
H 0.516255000 -3.476598000 -1.560931000 H 0.516109000 -3.495359000 -1.541466000
H 0.133820000 -1.999300000 -2.449192000 H 0.129330000 -2.028196000 -2.446704000
C -2.052461000 -2.113776000 0.000000000 C -2.050885000 -2.111136000 0.000000000
H -2.180982000 -3.199149000 0.000000000 H -2.179106000 -3.196593000 0.000000000
H -2.563873000 -1.725547000 0.883715000 H -2.562483000 -1.722083000 0.883418000
H -2.563873000 -1.725547000 -0.883715000 H -2.562483000 -1.722083000 -0.883418000
HF=-295.8034578 HF=-295.7516576
B -0.009247000 -3.170890000 0.000000000 B -0.008775000 -3.148415000 0.000000000
C -0.006531000 -1.645758000 0.000000000 C -0.005607000 -1.670491000 0.000000000
C -0.006803000 -0.926706000 1.207507000 C -0.007374000 -0.929213000 1.213868000
C -0.006803000 -0.926706000 -1.207507000 C -0.007374000 -0.929213000 -1.213868000
C -0.006803000 0.457804000 1.203106000 C -0.007374000 0.451787000 1.196212000
C -0.006803000 0.457804000 -1.203106000 C -0.007374000 0.451787000 -1.196212000
pMePhB C -0.004163000 1.171391000 0.000000000 C -0.004703000 1.179104000 0.000000000
H -0.010516000 -1.461134000 2.150858000 H -0.012579000 -1.446686000 2.164889000
H -0.010516000 -1.461134000 -2.150858000 H -0.012579000 -1.446686000 -2.164889000
H -0.011347000 0.999668000 2.141784000 H -0.011691000 0.984965000 2.140724000
H -0.011347000 0.999668000 -2.141784000 H -0.011691000 0.984965000 -2.140724000
C 0.028899000 2.674545000 0.000000000 C 0.031944000 2.683101000 0.000000000
H -0.458954000 3.084126000 -0.884957000 H -0.460769000 3.093685000 -0.882994000
H -0.458954000 3.084126000 0.884957000 H -0.460769000 3.093685000 0.882994000
H 1.061917000 3.034890000 0.000000000 H 1.061128000 3.056982000 0.000000000
HF=-331.7298717 HF=-331.6743767
B -0.022623000 3.122281000 0.000000000 B 0.024395000 -3.107268000 0.000000000
C -0.016312000 1.601219000 0.000000000 C 0.014108000 -1.626455000 0.000000000
C -1.220250000 0.869955000 0.000000000 C 1.223560000 -0.876012000 0.000000000
C 1.196059000 0.889194000 0.000000000 C -1.202540000 -0.893067000 0.000000000
C -1.218817000 -0.510216000 0.000000000 C 1.209861000 0.503212000 0.000000000
pOHPhB C 1.209369000 -0.492941000 0.000000000 C -1.200588000 0.489826000 0.000000000
C 0.000000000 -1.194551000 0.000000000 C 0.000000000 1.199993000 0.000000000
H -2.166580000 1.398826000 0.000000000 H 2.177354000 -1.388035000 0.000000000
H 2.135869000 1.429648000 0.000000000 H -2.151415000 -1.413946000 0.000000000
H -2.138488000 -1.080114000 0.000000000 H 2.136460000 1.062806000 0.000000000
H 2.148379000 -1.036141000 0.000000000 H -2.145159000 1.024397000 0.000000000
0 -0.050915000 -2.547952000 0.000000000 O 0.054263000 2.567366000 0.000000000
H 0.840964000 -2.915961000 0.000000000 H -0.839717000 2.927204000 0.000000000
HF=-371.0446594 HF=-370.9890242
B 0.865933000 3.467297000 0.000000000 B -0.872582000 -3.451296000 0.000000000
C 0.574017000 1.975526000 0.000000000 C -0.567230000 -2.002477000 0.000000000
pOMePhB C -0.751437000 1.514137000 0.000000000 C 0.764915000 -1.517070000 0.000000000
C 1.610925000 1.019091000 0.000000000 C -1.609181000 -1.029886000 0.000000000
C -1.046785000 0.160256000 0.000000000 C 1.040032000 -0.158052000 0.000000000
C 1.332665000 -0.329262000 0.000000000 C -1.325026000 0.315914000 0.000000000
C 0.000000000 -0.768692000 0.000000000 Cc 0.000000000 0.772752000 0.000000000
H -1.566474000 2.229401000 0.000000000 H 1.594390000 -2.212845000 0.000000000
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H 2.643576000 1.348935000 0.000000000 H -2.644565000 -1.346472000 0.000000000
H -2.076858000 -0.164590000 0.000000000 H 2.072001000 0.162892000 0.000000000
H 2.119761000 -1.071806000 0.000000000 H -2.123478000 1.046986000 0.000000000
0 -0.171378000 -2.107050000 0.000000000 O 0.164231000 2.126430000 0.000000000
C -1.490378000 -2.641975000 0.000000000 C 1.480882000 2.648957000 0.000000000
H -2.041180000 -2.337160000 0.893286000 H 2.034915000 2.341112000 0.892249000
H -2.041180000 -2.337160000 -0.893286000 H 2.034915000 2.341112000 -0.892249000
H -1.370330000 -3.722189000 0.000000000 H 1.374529000 3.731434000 0.000000000
HF=-311.8584604 HF=-311.8002877
B -0.000753000 3.140001000 0.000000000 B 0.000996000 3.128667000 0.000000000
C 0.002052000 1.625237000 0.000000000 C 0.003164000 1.648716000 0.000000000
C 0.002099000 0.896557000 1.206275000 C 0.003223000 0.902114000 1.210665000
C 0.002099000 0.896557000 -1.206275000 C 0.003223000 0.902114000 -1.210665000
C 0.002099000 -0.481075000 1.212302000 C 0.003223000 -0.477190000 1.201485000
C 0.002099000 -0.481075000 -1.212302000 C 0.003223000 -0.477190000 -1.201485000
PNH,PhB C 0.001535000 -1.195956000 0.000000000 C 0.000716000 -1.200092000 0.000000000
H 0.000900000 1.429197000 2.150782000 H 0.002513000 1.417186000 2.163079000
H 0.000900000 1.429197000 -2.150782000 H 0.002513000 1.417186000 -2.163079000
H 0.004353000 -1.025331000 2.149849000 H 0.008475000 -1.012534000 2.144799000
H 0.004353000 -1.025331000 -2.149849000 H 0.008475000 -1.012534000 -2.144799000
N 0.039491000 -2.565421000 0.000000000 N 0.062583000 -2.594440000 0.000000000
H -0.177543000 -3.055631000 -0.850258000 H -0.282826000 -3.041190000 -0.835200000
H -0.177543000 -3.055631000 0.850258000 H -0.282826000 -3.041190000 0.835200000
HF=-355.7506859 HF=-355.7024163
B -2.000060000 2.144962000 0.000000000 B -1.968236000 -2.131528000 0.000000000
C -0.830292000 1.153197000 0.000000000 C -0.846166000 -1.170222000 0.000000000
C -1.076003000 -0.229515000 0.000000000 C -1.078398000 0.232377000 0.000000000
C 0.492516000 1.624673000 0.000000000 C 0.501753000 -1.628617000 0.000000000
c 0.000000000 -1.093083000 0.000000000 C 0.000000000 1.086396000 0.000000000
mFPhB C 1.553731000 0.730447000 0.000000000 C 1.547032000 -0.725426000 0.000000000
C 1.310693000 -0.639823000 0.000000000 C 1.318210000 0.651393000 0.000000000
H -2.084113000 -0.625873000 0.000000000 H -2.077356000 0.646500000 0.000000000
H 0.683021000 2.691164000 0.000000000 H 0.713100000 -2.689746000 0.000000000
H 2.574178000 1.091454000 0.000000000 H 2.565179000 -1.094323000 0.000000000
H 2.120021000 -1.357832000 0.000000000 H 2.125699000 1.369461000 0.000000000
F -0.221853000 -2.422122000 0.000000000 F -0.237781000 2.416705000 0.000000000
HF=-716.0946071 HF=-716.0463637
B -1.776991000 2.692249000 0.000000000 B -1.733734000 -2.680697000 0.000000000
C -0.673246000 1.627125000 0.000000000 C -0.677845000 -1.647262000 0.000000000
C -1.008345000 0.263963000 0.000000000 C -1.008129000 -0.264082000 0.000000000
C 0.677299000 2.010187000 0.000000000 C 0.698466000 -2.009007000 0.000000000
Cc 0.000000000 -0.685399000 0.000000000 Cc 0.000000000 0.678387000 0.000000000
mC1lPhB C 1.674000000 1.045795000 0.000000000 C 1.674582000 -1.032522000 0.000000000
C 1.338871000 -0.304518000 0.000000000 C 1.347302000 0.323712000 0.000000000
H -2.044929000 -0.049211000 0.000000000 H -2.038944000 0.061197000 0.000000000
H 0.939247000 3.061602000 0.000000000 H 0.985739000 -3.052234000 0.000000000
H 2.717146000 1.335159000 0.000000000 H 2.717342000 -1.325210000 0.000000000
H 2.109794000 -1.062977000 0.000000000 H 2.112479000 1.086005000 0.000000000
Cl -0.405163000 -2.381691000 0.000000000 | C1 -0.430248000 2.372845000 0.000000000
HF=-593.6615378 HF=-593.6142927
C 2.626860000 0.556617000 0.008784000 C 2.634629000 0.552859000 0.010333000
C 1.748144000 1.630383000 0.001521000 C 1.753973000 1.617046000 0.001072000
C 2.139785000 -0.759374000 -0.000668000 C 2.150341000 -0.784927000 -0.000616000
H 2.123443000 2.645362000 0.005629000 H 2.144036000 2.627093000 0.006083000
B 3.115834000 -1.944692000 0.003801000 B 3.074318000 -1.936915000 0.003706000
mCF3;PhB C 0.377949000 1.401436000 -0.014197000 C 0.376592000 1.411887000 -0.015921000
C 0.753503000 -0.978794000 -0.016077000 C 0.741798000 -0.982405000 -0.018300000
H -0.310022000 2.236673000 -0.025851000 H -0.305943000 2.249688000 -0.028312000
H 0.365379000 -1.989666000 -0.027213000 H 0.332649000 -1.982739000 -0.030603000
C -0.119988000 0.097966000 -0.023775000 C -0.113147000 0.101955000 -0.025395000
H 3.696319000 0.733388000 0.019654000 H 3.700130000 0.742487000 0.023847000
C -1.612020000 -0.117112000 -0.002877000 C -1.603819000 -0.112891000 -0.002436000
F -2.118077000 0.053684000 1.239104000 F -2.121047000 0.115366000 1.227334000
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F -2.253265000 0.757462000 -0.805271000 F -2.244510000 0.722236000 -0.847937000
F -1.955290000 -1.354372000 -0.401331000 F -1.954961000 -1.367947000 -0.344059000
HF=-348.743528 HF=-348.6972023
B 1.832898000 -2.575673000 0.000000000 B -1.794010000 -2.555524000 0.000000000
C 0.711246000 -1.523168000 0.000000000 C -0.718977000 -1.542311000 0.000000000
C 1.021668000 -0.157694000 0.000000000 C -1.021942000 -0.156015000 0.000000000
C -0.635031000 -1.922638000 0.000000000 C 0.653713000 -1.923241000 0.000000000
C 0.000000000 0.792563000 0.000000000 C 0.000000000 0.785894000 0.000000000
mCNPhB C -1.650574000 -0.977039000 0.000000000 C 1.650013000 -0.966893000 0.000000000
C -1.337995000 0.375680000 0.000000000 C 1.346990000 0.392134000 0.000000000
H 2.054298000 0.169456000 0.000000000 H -2.048547000 0.183913000 0.000000000
H -0.881012000 -2.978336000 0.000000000 H 0.922691000 -2.971558000 0.000000000
H -2.687038000 -1.287997000 0.000000000 H 2.685729000 -1.282333000 0.000000000
H -2.124087000 1.118862000 0.000000000 H 2.128052000 1.138559000 0.000000000
C 0.313108000 2.189041000 0.000000000 C -0.332261000 2.178557000 0.000000000
N 0.562689000 3.313701000 0.000000000 N -0.597584000 3.300041000 0.000000000
HF=-461.055329 HF=-461.0093623
B 1.383302000 3.126866000 0.000000000 B -1.314085000 -3.110902000 0.000000000
C 0.409652000 1.934777000 0.000000000 C -0.388750000 -1.959354000 0.000000000
C -0.978378000 2.151084000 0.000000000 C 1.025014000 -2.138617000 0.000000000
C 0.900782000 0.621949000 0.000000000 C -0.888727000 -0.630419000 0.000000000
C -1.862361000 1.080745000 0.000000000 C 1.875217000 -1.049726000 0.000000000
Cc 0.000000000 -0.427649000 0.000000000 C 0.000000000 0.422956000 0.000000000
mNO,PhB C -1.374190000 -0.220175000 0.000000000 C 1.382050000 0.253749000 0.000000000
H -1.361066000 3.165279000 0.000000000 H 1.441361000 -3.137595000 0.000000000
H 1.962495000 0.414900000 0.000000000 H -1.947773000 -0.420750000 0.000000000
H -2.930713000 1.251937000 0.000000000 H 2.945275000 -1.213517000 0.000000000
H -2.036932000 -1.073179000 0.000000000 H 2.032646000 1.113771000 0.000000000
N 0.511906000 -1.817239000 0.000000000 N -0.547814000 1.799145000 0.000000000
0 -0.309514000 -2.719085000 0.000000000 O 0.249755000 2.722624000 0.000000000
O 1.721181000 -1.970538000 0.000000000 0 -1.761657000 1.930758000 0.000000000
HF=-355.7528941 HF=-355.700867
B 0.000000000 0.000000000 -3.107430000 B 0.000000000 0.000000000 -3.089207000
C 0.000000000 0.000000000 -1.579966000 C 0.000000000 0.000000000 -1.604838000
c 0.000000000 1.211053000 -0.865715000 C 0.023523000 1.215981000 -0.868914000
c 0.000000000 -1.211053000 -0.865715000 C -0.023523000 -1.215981000 -0.868914000
C 0.000000000 1.219156000 0.519241000 C 0.000000000 1.212488000 0.513577000
pFPhB C 0.000000000 -1.219156000 0.519241000 C 0.000000000 -1.212488000 0.513577000
c 0.000000000 0.000000000 1.181353000 Cc 0.000000000 0.000000000 1.187249000
H 0.000000000 2.152361000 -1.403096000 H 0.059624000 2.163476000 -1.390798000
H 0.000000000 -2.152361000 -1.403096000 H -0.059624000 -2.163476000 -1.390798000
H 0.000000000 2.138225000 1.089282000 H 0.005417000 2.137063000 1.075589000
H 0.000000000 -2.138225000 1.089282000 H -0.005417000 -2.137063000 1.075589000
F 0.000000000 0.000000000 2.523794000 F 0.000000000 0.000000000 2.538448000
HF=-716.0959138 HF=-716.0463335
B 0.000000000 0.000000000 -3.550604000 B 0.000000000 0.000000000 -3.524388000
Cc 0.000000000 0.000000000 -2.021006000 C 0.000000000 0.000000000 -2.048436000
c 0.000000000 1.208857000 -1.305424000 Cc 0.000000000 1.216813000 -1.309781000
c 0.000000000 -1.208857000 -1.305424000 Cc 0.000000000 -1.216813000 -1.309781000
C 0.000000000 1.215329000 0.079910000 C 0.000000000 1.209588000 0.070709000
pClPhB C 0.000000000 -1.215329000 0.079910000 C 0.000000000 -1.209588000 0.070709000
c 0.000000000 0.000000000 0.758318000 Cc 0.000000000 0.000000000 0.762901000
H 0.000000000 2.152241000 -1.839292000 H 0.000000000 2.167233000 -1.827624000
H 0.000000000 -2.152241000 -1.839292000 H 0.000000000 -2.167233000 -1.827624000
H 0.000000000 2.143634000 0.633978000 H 0.000000000 2.142551000 0.618101000
H 0.000000000 -2.143634000 0.633978000 H 0.000000000 -2.142551000 0.618101000
Cl 0.000000000 0.000000000 2.496820000 Cl 0.000000000 0.000000000 2.507238000
HF=-593.6610256 HF=-593.6158326
pCF;PhB C -2.609722000 -0.005704000 0.003008000 C -2.638258000 -0.002574000 0.006742000
C -1.888234000 -1.210962000 -0.002906000 C -1.896393000 -1.219132000 -0.002938000
C -1.908511000 1.208904000 -0.003057000 C -1.906656000 1.218855000 -0.002855000
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H -2.417379000 -2.156687000 0.000089000 H -2.413542000 -2.169639000 0.001014000
H -2.452360000 2.146340000 -0.000154000 H -2.430942000 2.165421000 0.001059000
C -0.503993000 -1.200610000 -0.014666000 C -0.519372000 -1.201617000 -0.020473000
C -0.521392000 1.222578000 -0.014297000 C -0.527942000 1.212852000 -0.019894000
H 0.051811000 -2.128881000 -0.023989000 H 0.024101000 -2.137405000 -0.032259000
H 0.018672000 2.158815000 -0.022325000 H 0.008163000 2.152143000 -0.030952000
C 0.175105000 0.017732000 -0.020897000 C 0.181280000 0.009285000 -0.031577000
B -4.145937000 -0.013599000 0.015040000 B -4.111429000 -0.010125000 0.022839000
C 1.684643000 0.006158000 -0.001699000 C 1.678784000 0.003390000 -0.002705000
F 2.154256000 -0.355628000 1.212243000 F 2.165767000 -0.183248000 1.250557000
F 2.185702000 -0.873944000 -0.891503000 F 2.199269000 -0.988542000 -0.758808000
F2.211328000 1.209553000 -0.287600000 F 2.206153000 1.162208000 -0.448512000
HF=-348.7433476 HF=-348.700734
B 0.000000000 0.000000000 -3.456279000 B 0.000000000 0.000000000 -3.412900000
C 0.000000000 0.000000000 -1.918047000 C 0.000000000 0.000000000 -1.945054000
Cc 0.000000000 1.211292000 -1.207777000 Cc 0.000000000 1.221979000 -1.208242000
Cc 0.000000000 -1.211292000 -1.207777000 Cc 0.000000000 -1.221979000 -1.208242000
C 0.000000000 1.216581000 0.176145000 C 0.000000000 1.212992000 0.166132000
PCNPhB C 0.000000000 -1.216581000 0.176145000 C 0.000000000 -1.212992000 0.166132000
Cc 0.000000000 0.000000000 0.870420000 Cc 0.000000000 0.000000000 0.879387000
H 0.000000000 2.152099000 -1.745710000 H 0.000000000 2.169778000 -1.730154000
H 0.000000000 -2.152099000 -1.745710000 H 0.000000000 -2.169778000 -1.730154000
H 0.000000000 2.146811000 0.727728000 H 0.000000000 2.148080000 0.710426000
H 0.000000000 -2.146811000 0.727728000 H 0.000000000 -2.148080000 0.710426000
c 0.000000000 0.000000000 2.301382000 c 0.000000000 0.000000000 2.301514000
N 0.000000000 0.000000000 3.453487000 N 0.000000000 0.000000000 3.456314000
HF=-461.0544154 HF=-461.0145301
B 0.000000000 0.000000000 -3.816142000 B 0.000000000 0.000000000 -3.762086000
c 0.000000000 0.000000000 -2.275388000 Cc 0.000000000 0.000000000 -2.297527000
c 0.000000000 1.212157000 -1.566897000 Cc 0.000000000 1.225001000 -1.562560000
C 0.000000000 -1.212157000 -1.566897000 C 0.000000000 -1.225001000 -1.562560000
C 0.000000000 1.219022000 -0.180923000 C 0.000000000 1.217040000 -0.188541000
C 0.000000000 -1.219022000 -0.180923000 C 0.000000000 -1.217040000 -0.188541000
PNO,PhB c 0.000000000 0.000000000 0.483460000 Cc 0.000000000 0.000000000 0.498020000
H 0.000000000 2.152745000 -2.104892000 H 0.000000000 2.171459000 -2.086598000
H 0.000000000 -2.152745000 -2.104892000 H 0.000000000 -2.171459000 -2.086598000
H 0.000000000 2.137208000 0.387228000 H 0.000000000 2.139127000 0.373760000
H 0.000000000 -2.137208000 0.387228000 H 0.000000000 -2.139127000 0.373760000
N 0.000000000 0.000000000 1.967572000 N 0.000000000 0.000000000 1.950738000
O 0.000000000 1.081987000 2.529277000 O 0.000000000 1.084902000 2.524450000
O 0.000000000 -1.081987000 2.529277000 O 0.000000000 -1.084902000 2.524450000
HF=-435.3712452
B 1.442797000 -0.000042000 -1.508622000
Si 0.024783000 0.000026000 -0.070738000
C 0.963426000 0.000340000 1.578847000
H 1.599300000 -0.881379000 1.683475000
H 1.595700000 0.884470000 1.684818000
H 0.253617000 -0.001798000 2.410883000
C -1.068117000 -1.539159000 -0.152071000
H,BSiMej H -0.471232000 -2.451327000 -0.081259000
H -1.794343000 -1.549604000 0.665090000
H -1.627721000 -1.583927000 -1.089564000
C -1.068547000 1.538821000 -0.152551000
H -1.795021000 1.549278000 0.664397000
H -0.472019000 2.451222000 -0.081724000
H -1.627903000 1.583277000 -1.090215000
H 1.909610000 1.012622000 -1.938621000
H 1.908494000 -1.012998000 -1.939188000
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