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Abstract

Abstract

Cyclic iminoboranes are a class of organic compounds which were studied in this thesis for
isolation and reactivity through a combined computational and experimental approach. Matrix
isolation experiments generated and isolated these reactive species, with computational

methods supporting the experimental findings.

The computational studies on the reactivity of 1,2-azaborinine, a cyclic iminoborane,
focusing on (2 + 2) cycloaddition and (2 + 4) cycloaddition, with various organic m-substrates
revealed the barrierless formation of Lewis acid-base complexes. The complexes are the central
reactive intermediate in any further reaction. The symmetry allowed (2 + 4) cycloaddition of
1,2-azaborinine with organic m-substrate is preferred over symmetry forbidden (2 +2)

cycloaddition reaction.

Dibenzo derivatives of 1,2-azaborinine were investigated for spectroscopic evidence
and reactivity insights. Dibenzo[c,e][1,2]azaborinine was generated through gas-phase
thermolysis, under matrix isolation conditions, it resulted in the formation of a dinitrogen
adduct. Steric hindrance from tert-butyl groups in 2,4,7,9-tetra-tert-
butyldibenzo[c,e][1,2]azaborinine prevented nitrogen fixation during generation and isolation

under cryogenic matrix conditions.

The impact of ring size on cyclic iminoborane reactivity was investigated by isolating
and characterizing 1-(fert-butyldimethylsilyl)-1,3,2-diazaborepine, a seven-membered cyclic
iminoborane. Despite showing no interaction with dinitrogen, it unexpectedly underwent a

(2 + 2) cycloaddition reaction with CoHa.

v



Zusammenfassung

Zusammenfassung

Cyclische Iminoborane sind eine Klasse von organischen Verbindungen, deren Isolierung und
Reaktivitit in dieser Arbeit durch einen kombinierten computerchemischen und
experimentellen Ansatz untersucht wurde. Durch Matrixisolierungsexperimente wurden diese
reaktiven Spezies erzeugt und isoliert, wobei die experimentellen Ergebnisse durch

quantenchemische Berechnungen unterstiitzt wurden.

Die computerchemischen Untersuchungen zur Reaktivitdit von 1,2-Azaborinin, einem
cyclischen Iminoboran, mit Schwerpunkt auf der (2 + 2) -Cycloaddition und der (2 + 4) -
Cycloaddition, mit verschiedenen organischen n-Substraten ergaben die barrierefreie Bildung
von Lewis-Siure-Base-Komplexen. Die Komplexe sind das zentrale reaktive Zwischenprodukt
in jeder weiteren Reaktion. Die symmetrieerlaubte (2 + 4) -Cycloaddition von 1,2-Azaborinin
mit einem organischen n-Substrat wird gegeniiber der symmetrieverbotenen (2 + 2)-

Cycloaddition bevorzugt.

Dibenzoderivate von 1,2-Azaborinin wurden auf spektroskopischen Nachweis und Reaktivitit
hin untersucht. Dibenzo[c,e][1,2]azaborinin wurde durch Gasphasenthermolyse erzeugt und
fiihrte unter Matrixisolierungsbedingungen zur Bildung eines Stickstoffaddukts. Die sterische
Hinderung durch tert-Butylgruppen in 2,4,7,9-Tetra-tert-Butyldibenzo[c,e][1,2]azaborinin
verhinderte die Stickstofffixierung wéhrend der Erzeugung und Isolierung unter kryogenen

Matrixbedingungen.

Der Einfluss der Ringgrof3e auf die Reaktivitit zyklischer Iminoborane wurde durch
Isolierung und Charakterisierung von 1-(tert-Butyldimethylsilyl) -1,3,2-diazaborepin, einem
siebengliedrigen zyklischen Iminoboran, untersucht. Obwohl es keine Wechselwirkung mit

Stickstoff zeigte, fiihrte es unerwartet eine (2 + 2)-Cycloadditionsreaktion mit CoHs durch.
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Introduction

1 Introduction

1.1 Comparative Study of Isostructural CC and BN Compounds

The distinctive behavior of compounds containing boron-nitrogen units that substitute carbon-
carbon units, motivated chemists to explore their properties.!'®) This type of replacement in
organic compounds, especially in polycyclic aromatic hydrocarbons (PAH) modifies their
HOMO-LUMO gap.”"!% This has been proven highly beneficial for modifying properties
relevant to materials and biomedical applications.!'!"!3] The key aspect of this chemistry is the
boron atom's vacant p orbital, which influences the characteristics of such systems by
coordination with the lone pair of donor atoms and the isoelectronic link between B-N and C-C
units. The dissimilarity in reactivity between BN and CC compounds arises from the polarity
variance in the B-N bond as compared to the C-C bond.["*! The substitution of a C=C unit by

an isoelectronic and isosteric B=N unit provides a strategy for the manipulation of the

electronic structure of nanographene molecules.[!* 13181
8
RR\C C/R'R | R\C_C/R' en rc-Oscr
R/ \R' R/ \R' RC\C//CR
Rl
Alkane Alkene Alkyne Benzene
R
' : ® g @
RR\B@ CI?I/RR g\B N'Z) BN RIOR
— 4—: —PR!' = —_ E —R!
BN BTNE RTB=N-R RB.®.BR
R R R R ON'S
Rl
Amine borane Aminoborane Iminoborane Borazine

R and R' are interchangeable

Scheme 1. Carbon compounds and their BN analogues.
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Introduction

Four organic BN compound classes resemble isoelectronic carbon analogs as shown in
Scheme 1.%201 These include amine boranes (R3B-NR’3), which mirror alkanes;
aminoboranes (RoB=NR’,), analogous to alkenes; iminoboranes (RB=NR’), resembling

alkynes; and borazines (-RB—NR’-)3, akin to benzene.

Among these organic BN compounds, iminoboranes (RB=NR’) typically exhibit
instability under normal conditions, necessitating the use of bulky substituents for isolation.
Amine boranes, aminoboranes, and iminoboranes possess vacant p, orbitals on boron centers,
making them prone to coordination with donor atoms and thus susceptible to interaction with
water or oxygen. The synthesis and isolation of boron-nitrogen compounds present significant
challenges due to this characteristic. Notably, borazines are the only ones that remain stable in
the presence of moisture. Often referred to as “inorganic benzene”, borazine was first
synthesized by Alfred Stock in 1926.12!) The first heteroaromatic compound with only one BN
unit was reported by Dewar in 1958.[22) Subsequently in the 1960s, Dewar and White developed
the synthesis of 1,2-dihydro-1,2-azaborine, consisting of only one six-membered ring
(Scheme 2).123-241 The first synthesis for the parent system of 1,2-dihydro-1,2-azaborine was
developed by Liu et al.l*! In the last few decades, 1,2-dihydro-1,2-azaborine has gained

[26-27

interest, and major advances were made by several groups, such as Ashe,?*2”) Yamaguchi,'®

[30] 31-36]

Liu,?% 2829 Braunschweig!*’! and Bettinger.!

R =Cl, OH, Me, Ph, H CO,Me
Stock Dewar Dewar White Liu
1926 1958 1962 1963 2009

Scheme 2. Various examples of BN substituted heteroaromatics.
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1.2 BN Analogs of CC Reactive Intermediates

The modification of the organic system by replacing the CC unit with a BN unit is not only
limited to stable compounds, but can be transferred to reactive intermediates as well.[!!-13-17-18]
Several reactive intermediates exemplify the isoelectronic and isosteric connection between
CC and BN substitution. The formal substitution of the basic carbon-carbon double bond
intermediate, vinylidene,?”** with a BN bond yields boryl nitrene!****) and aminoborylene!*>
48] (see Scheme 3), both possessing intriguing reactivity due to the incorporation of boron and
nitrogen. The generation of borylnitrene is achievable through the photochemical and thermal
decomposition of azidoboranes, involving the elimination of a nitrogen molecule. In 1981,

Pieper et al. achieved a significant milestone by successfully trapping a donor-stabilized

borylnitrene.[*”]

R\ . E R\ @ R\ @
Cc=cC. ! © B=N: ® N=B:
/ | / /
R ; R' R'
Vinylidene E Boryl nitrene Borylene
R—C=C—R' i R—B%N@R'
Alkyne i Iminoborane
| g
‘ . 1®
| N
Benzyne i 1,2-Azaborinine

R and R' are interchangeable

Scheme 3. Reactive intermediates and their BN analogues.
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Borylenes, also known as boranediyls or borenes are analogs of carbenes and nitrenes.
Borylenes are extremely rare as their unique structure makes them highly reactive.[*!
Iminoboranes, double-bonded compounds of boron and nitrogen, and isoelectronic to ethyne
are of particular interest as reactive intermediates, albeit their isolation is challenging.!!*-2"]
Comparatively, benzyne, a reactive aromatic carbon species, has its BN analog, 1,2-
azaborinine, which was detected and isolated by Bettinger et al. under cryogenic conditions.**

341 These compounds display the synergy between carbon and boron-nitrogen chemistry by

shedding light on their distinct properties and potential synthetic applications.

1.3 Iminoborane

Iminoboranes represent a significant class of BN-containing compounds. Due to their high
reactivity, isolating and handling these compounds poses a significant challenge. However,
lower temperatures, high dilutions, and sterically demanding substituents are proven to ease
the isolation and handling of iminoboranes.! The parent iminoborane HBNH was first
identified spectroscopically by Lory and Porter in 1973. They observed it through photolysis

of amine-borane in an Ar matrix using a hydrogen discharge lamp.[*"!

Subsequently,
Kawashima et al. reported the measurement of the BN stretching mode for HBNH in an NHj3
discharge using diode laser spectroscopy. They also determined the lifetime of HBNH to be a
few hundred milliseconds.’2! In 1979, Paetzold et al. isolated and characterized the first
iminoboranes with two coordinate boron, i.e., FsC¢-BN-tBu, which can be stored and handled
at -30 °C.1*3] Numerous more examples followed,?* 3433 including (Me3Si);C-BN-SiMe;s and
(Me3Si)3Si-BN-SiMe; from Haase and Klingebiel,’®! which are stable at room temperature.

Apart from this, Paetzold et al. have produced and studied iminoboranes to a great extent.[>57-

66]
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a)
R N R SiMe, R R
B=N B=N B=N
R' R'  0SiMe, X SiMegH
hv or A A |- O(SiMes), A /- SiMezX
B HX
X=F,Cl, Ar
R—B=N—R'
b) :
t-BulLi
F or
H. B. R (Me3Si),NLi |
N™ "N~ Ar—N=B—NRR' + C4Hqo or HN(SiMej3),
- L
R= SiMe;,
R'= CHMez, CMes, SiMe3
LiNCgH1g
or
R ,tmp (Me3Si),NNa
N=B > R—-N=B—tmp +  HNCgH;g or HN(SiMej3),
H X -NaX or LiCl
I |
A(NJL X=Cl, Br; R =tBu, O v
tmp = l
c
) (R;
R OR' . B
N — t-BuL -
/N_B\ = R—-N=B-OR'| —— > RN/"\ :'\NR
H X - LiX \B/
- t-BuH O
Rl

X = F, Cl; R= i-Pr, t-Bu, SiMes,2,4,6,-MesCgHy, 2,6-i-Pr,CgHs
R'= 2,6-t-BU2C6H3, 2,6-(CBH5)2CGH3, t—BU3C

Scheme 4. Various approaches to synthesize iminoboranes.
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There are several ways in which iminoboranes can be produced. One approach is to
eliminate nitrogen photochemically or thermally from azidoboranes followed by a 1,2-shift

65. 671 Another way is the thermolysis of

from the boron atom to the nitrogen atom.!
silyl(silyloxy)aminoboranes which would eliminate hexamethyldisiloxane followed by
migration of substituent from boron to nitrogen atom.[%> %8 Iminoboranes can also be produced
by thermal elimination of Me3;SiX or HX (X=F, CI) from R(X)B=N(SiMe3)R’ (Scheme 4a).>”
58,65, 69]

In addition to the mentioned methods, another approach for producing iminoboranes is
base-induced dehydrohalogenation reaction. Upon treatment with different bases, the bis-
(amino)(halo)boranes are able to produce iminoboranes (see Scheme 4b)."73 In 2000, Meller
et al. presented the in-situ generation of organyloxyiminoboranes by treating
amino(halo)(organyloxy)boranes with t-BuLi.’>! However, the iminoboranes proved to be

unstable and formed cyclodimers; their presence was detected by ''B NMR studies

(Scheme 4c¢).[>]

R—B=N—R'
R R’
R' R , , N R
! . ' . R, R R . B=N |
/N\ R\N,B\\N,R N—B—N R\N' R _Bas. L2
R-B, ,B—R M | B_N—B i i ~ N
N B 2B« S R-B. ~R' |
| R N R R R' R N=B R'
Rl | / \ n
R' R' R
R/R' = tBu R/R' = sBu R=Ph R=Me RIR" = Et
R'=tBu R' = tBu

Scheme 5. Self- oligomerization of iminoboranes due to different substituents.
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Although iminoboranes are isoelectronic to alkynes, they are not kinetically inert due
to dipole moment and prefer to undergo oligomerization in the absence of a trapping agent.!"]
Moreover, they tend to form higher oligomers and the extent of oligomerization depends on
the size of the substituents (Scheme 5).7*7® This multifaceted result of the

cyclooligomerization with different substituents creates difficulty in comprehending the factors

that determine the products of such reactions.!’**!
R R
%—N
O Rm
Rl"
R“|2CO
R RI R Rl
N -
B—N R'N _
T\ «———%  R-p=N-R —CPH
RII/N \N//N
AX
R R
B=N
X A

Scheme 6. Typical (2 +2), (2 + 3), and 1,2-addition reaction of iminoboranes.

Other than self-oligomerization, iminoboranes undergo (2 + 2) and (2 + 3)
cycloaddition reactions with several polar double bonds (e.g., RR’C=0) and dipolar reagents
(Scheme 6).16- 81831 Gilbert conducted a series of ab initio computational studies that compared
iminoboranes and alkynes concerning their electronic and geometric structures, along with
their reactivity in (2 + 2) and (2 + 4) cycloadditions with alkenes and alkynes.[®5-*8) There are

several cases where the BN bond reacts with polar molecules in 1,2-addition reactions (Scheme 6).0°%

65, 68, 73, 84, 89]
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R-B=N—{Bu
R = tBu R = tBu(Me3Si)N
-H, |[CpoNbH3] [Co,(CO)g]|-2 CO [BuH{C=TaCpCl;] [Cp2Zr(C4He)]
R R tBu R ,Bu R Bu
g B o= p=
b I -
CpNb—! oc\C'/\C\ CO H+T§ g’l' ZrCp,
‘Bu 0C7°T M0 ¢ Bu Cp P

Scheme 7. Examples of transition metal complexes with iminoboranes.

Another form of addition to iminoborane occurs when neutral Lewis acids coordinate to the

[90

nitrogen atom.® The reaction between iminoborane and metal complexes has also been studied.

Similar to alkynes, iminoboranes can coordinate to metal atoms in different ways (Scheme 7). They can
undergo side-on coordination (n') (i),°* °°% bridge two metal atoms (n?) (ii),”*! and undergo

cyclodimerization at a metal center (n*) (iii and iv).l””- %46

1.3.1 Cyclic Iminoboranes
Cyclic iminoboranes are quite rare, being isosteric with cycloalkynes.!' %71 Due to ring
strain, they are more reactive than linear iminoboranes,!'”) however coordination by N-

n.[14 29981 The existence of cyclic

heterocyclic carbenes (NHC) provides a way of stabilizatio
iminoboranes was first inferred by Paetzold et al. in 2004 %! and by Braunschweig et al. in
2020 (Scheme 8).°7! Bettinger et al. were the first to study unsaturated cyclic iminoboranes.

They detected 1,2-azaborinine (1), six-membered cyclic iminoborane under cryogenic

conditions.!
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Paetzold et al. Braunschweig et al.
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Scheme 8. Illustration of cyclic iminoboranes previously deduced by Paetzold et al,®

Braunschweig et al.l”’l and Bettinger et al. (3!

1.4 1,2-Azaborinine and its Dibenzo Derivatives

1.4.1 Aryne
1,2-Azaborinine (BN-aryne or BN-benzyne) is the isoelectronic BN analogue of ortho-
benzyne. Arynes were proposed as reactive intermediates approximately 120 years ago and

have since been recognized as valuable in organic synthesis.[”*-1%!
[ J [ d
[ ]
[ [ ]
[ ]
b) o)
h
? ;@i + CO, L@\ + 2C0,
O Ar, 8 K Ar, 8K
0]
0]

Scheme 9. a) Isomers of ortho-benzyne. b) Generation of ortho-benzyne at 8 K by Chapman

a)

et al. using matrix isolation technique.!'!!
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The occurrence of arynes was first reported by Stoermer and Kahlert in 1902.11"'!1 Later on, the
evidence for their structure was provided by Wittig et al.l'!?!14l and Robert et al.[!!>-117]
However, the first spectroscopic evidence of ortho-benzye was presented in 1973 by Chapman

(1101 Subsequently, Warmuth was able to

using the matrix isolation technique (Scheme 9).
produce and isolate ortho-benzyne in a molecular container and measure NMR spectra of

ortho-benzyne in solution.[!!8-11%]

1.4.2 1,2-Azaborinine

A distinct example of cyclic iminoboranes is the aromatic BN-aryne referred to as
1,2-azaborinine 1, which is analogous to ortho-benzyne.[**3% 3¢ It has been detected and
studied using matrix isolation spectroscopy in the Bettinger research group (Scheme 10). This

compound exhibits exceptionally high reactivity towards inert molecules. 2334 36]

a)
|<:>/|E|3 /E@
N N
1

b)

?

9 )
n(N) n*(B)
(1.80 e) (0.22 e)

Scheme 10. a) Isoelectronic relationship between ortho-benzyne and 1,2-azaborinine
demonstrated by its resonance forms. b) Natural bond orbitals (NBOs) and their occupation

numbers as computed at the B3LYP/6-311+G(d,p) level of theory.!!
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The high reactivity of 1 is attributed to the polar nature of the BN link that results in a distinct
bonding scenario as compared to the strained triple bond in arynes and BN unit in linear

iminoboranes.[33-34

In contrast to ortho-benzyne, 1,2-azaborinine 1 shows a distorted
geometrical structure.*> 2% The singlet state is preferred over the triplet state with 53.0

kcal/mol at the CCSD(T)/6-311+G(d,p) level of theory.[!?"]

1,2-Azaborinine (1) was first synthesized and isolated by Bettinger et al. in 2015 under
argon matrix isolation conditions. It was generated by flash vacuum pyrolysis at temperature
ranging from 800 °C to 850 °C of the precursor, 1,2-dihydro-1-tert-butyldimethylsilyl-2-
chloro-1,2-azaborine 2 (Scheme 11) and subsequent trapping in an argon matrix doped with
30 % nitrogen.[* 1,2-Azaborinine, generated after the elimination of fert-butyldimethylsilyl
chloride, spontaneously binds with N> to form acid/base adduct 3 in a photochemically
reversible reaction (Scheme 11). The band at 2266 cm! is the most prominent signal observed
and is reminiscent of the dinitrogen stretching vibration v(NN), observed previously by Maier
et al. for the borabenzene-dinitrogen adduct.!'?!) Bettinger et al. also verified the formation of
adduct by employing !N, and observed the isotopic shift of the compound.*! The adduct was
found to be photolabile, as the irradiation with A > 395 nm results in the decrease in the signals
of 3, accompanied by the consequent growth of signals assigned to the 1,2-azaborinine 1.
Furthermore, 1 can be transformed to 3, by carefully annealing the matrix from 4 K to 12 K

indicating that the reaction of 1 and nitrogen is barrierless.

In addition to the reaction of 1 with N>, Bettinger et al. were able to trap 1 with CO>
(Scheme 11). After the pyrolysis of the precursor 2, new signals emerged in the reaction with
CO», which were assigned to compound 4 through comparison with the computational
spectrum. The distinguished peak at 1874/1879 cm™! is associated with the carbonyl stretching
vibration v(CO) of cyclic carbamate. The formation of 4 is confirmed by using isotopically
labeled carbon dioxide C('®0), and '*CO», respectively. The isotopic shifts observed were in

11
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good agreement with computational results. Unlike ortho-benzyne, further irradiation of 4 with
A > 305 nm did not lead to the loss of CO..[''% Rather, 4 undergoes ring opening via retro
[2 +2] cycloaddition to give compound 5 with isocyanate and BO unit which have
characteristic stretching vibrations in the range 2303 - 2236 cm™ and 1900 - 2200 cm™,
respectively (Scheme 11). The occurrence of § was also supported by measured and computed

isotopic shifts.

®
@/N///N hv
= B A > 395 nm =~ B
— = — » i+ N
XN T 12K N
_-tBsci| FVP 3 1
N2/Ar
_Cl
CB
|
N.
S 3 FVP
-TBSCI
4\ CO,/Ar hv 0 ®
2 CB—O ) >305nm _ CB:O
|
N 3 N>
0 C=po
4 5

Scheme 11. Generation of 1,2-azaborinine 1 by flash vacuum pyrolysis (FVP) of 2 and trapping

with N; and COa.

After the reaction with N2> and CO., Bettinger et al. studied the reactivity of 1 with
Lewis bases. CO and Xe were chosen due to differences in the Lewis basicity. CO is a stronger
Lewis base compared to N> and can undergo cycloaddition reaction while Xe is a very weak
Lewis base that reacts only with very strong electrophiles. The FVP of 2 in CO-doped argon
matrix results in the formation of Lewis acid-base complex 6 (Scheme 12). The most intense
and prominent peak was observed at 2134 cm™!. The formation of 6 was verified by employing
isotopologues '*CO and C'80 to obtain isotopic shifts of bands in comparison with

computations. Further irradiation of 6 with A > 395 nm resulted in the formation of 1 and CO.

12
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Interestingly, these could react again to form 6 by annealing the matrix to 12 K. The trapping
with CO exhibits that the formation of Lewis acid-base complex is favored over [2 + 1] and
[2 + 2] cycloaddition reactions. In addition, 1 was trapped with a mixture of argon and xenon
(see Scheme 12). The FVP of 2 with a mixture of argon and xenon produces compound 7,
which under irradiation with A > 320 nm forms 1. Notably, this reaction is reversible through
subsequent annealing of the matrix to 12 K (Scheme 12). The compound formed after FVP of 2
was assigned to the Lewis acid-base complex between 1 and Xe which is verified by
comparison with computational spectra. This shows that 1 not only reacts with CO, N, and
CO; but also with the weaker Lewis base Xe, which reveals the super electrophilicity of

1,2-azaborinine 1.

°
~ hv
CF 7»>395nm‘ = P + CO
—
NN Tk N
-TBsci| FVP 6 1
COJ/Ar
<8
|
N.
e FVP
/}\ “TBSCl v e/Ar /Xe hv _
2 >R A>320 nm CF} + Xe
IE— . I - N
~N. 12 K XN
7 1

Scheme 12. Generation of 1,2-azaborinine 1 by flash vacuum pyrolysis (FVP) of 2 and trapping

with CO and Xe.
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1.4.3 Dibenzo Derivative of 1,2-Azaborinine
The observation of the formation of 1,2-azaborinines as a reactive intermediate was first done
by Bettinger et al., during investigating the trapping reactions of the dibenzo derivative of 1,

32,1221 Tn 2012, Bettinger et al. examined the reaction of the

dibenzo[c,e][1,2]azaborinine.
precursor, 10-chloro-9-aza-10-boraphenanthrene 8, with a bulky base such as potassium
hexamethyldisilazide. This led to cyclotrimerization following HCI elimination, resulting in
the borazine analogue of hexabenzotriphenylene 9, which is a trimer of
dibenzo[c,e][1,2]azaborinine 10 (see Scheme 13a). This study marked the first inference of
dibenzo[c,e][1,2]azaborinine as an intermediate.['??] Bettinger et al. also reported the formation

of compound 12, which is the tetramer of 10, in addition to the synthesis of 9 as described by

Koster!'?¥ in 1965 by thermal dehydrogenation of 11 (see Scheme 13b).

! C
(O« omes C
I? hexane ? ? B
1
O N., -50°Ctort. O N.g-N O L.

o

X= Cl, OTf
10

9
’
N—B
O 10 .. C (L
LTIk B e S
N.__N

N\B,N B N\ /B

H B—N

9 12

11

Scheme 13. a) Dehydrohalogenation reaction of 10-Chloro-9-aza-10-boraphenanthrene 8

according to Bettinger et al.l'??l b) Thermolysis of N,N',N"-tris-(2-biphenyl)borazine 11

123 122]

according to Koster et al.l'?3! and Bettinger et al.!
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Bettinger et al. reported the thermal decomposition of 9-azido-9-borafluorene 13 [*? by

building on the chemistry of the cyclic and acyclic azidoorganylboranes R>BNj3 reported by

Paetzold et al.[' ®] Bettinger et al. subjected compound 13 to heating in a n-heptane solution,

yielding to produce the tetramer 12 in 8 - 10% yield (Scheme 14). The subsequent aqueous

workup of the reaction mixture enabled the detection of compounds 15 and 16 by GC-MS

analysis. These findings suggest that compounds 15 and 16 can interpreted as interception

products of 10 (see Scheme 14).5!

O O n-heptane
TMS-N reflux
B—Cl L B—N; -
0 o "
14 13

I B

‘N.-

10 N

a) 7 | b) hydrolytic SiMe;Cl
workup

Scheme 14. Trapping of 12 via thermal decomposition reaction of azidoborole 13 by Bettinger

et al.[*?]
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Subsequent to these investigations, Bettinger et al. reported that the dibenzo derivative
of 1, dibenzo[c,e][1,2]azaborinine 10, was inferred as a reactive intermediate in solution during
photolysis of azide 13.53!-32! Compound 10 is capable of even activating the strong Si—F bond
for subsequent insertion reaction.**! In this context, they demonstrated that the Lewis acidity
of boron allows coordinative interaction with Si-E bonds (E = F, Cl, OR, H) followed by

subsequent insertion reaction to produce compounds 17-20, respectively (Scheme 15).[]

G B 38

‘ 9
+ R(CH5),SiCl + RySIF (CH3)3SiOSi(CHs); | EtsSiH
® (L . O
_cl F _H
i i = ?
i
N._ .R N._.
Si Nssir, N.gi” S
™ ™ ph
a: R = CHs = iso-Pr
b: R = tert-Bu b R Ph 20
17 18

Scheme 15. Self-trapping reactions of dibenzo|c,e][1,2]azaborinine 2 generated by

photolysis of 9-azido-9-borafluorene 7.
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2 Objective
My thesis focuses on investigating the reactivity of 1,2-azaborinine 1, a cyclic iminoborane,
with various organic substrates. The research encompasses both computational and

experimental approaches, utilizing matrix isolation spectroscopy.

33

-
-
o

Additionally, the objective was to obtain direct spectroscopic evidence of 10 and 33, the
dibenzo derivative of 1,2-azaborinine. Subsequently, the introduction of fert-butyl groups has

been pursued to delve into the effects of steric hindrance.

In addition to 1,2-azaborinine 1, a novel category of cyclic iminoboranes, specifically 1-(zert-
butyldimethylsilyl)-1,3,2-diazaborepine 22, has been isolated and investigated under matrix

isolation conditions.

17
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3 Methodology

3.1 Matrix Setup

The challenges associated with isolating and characterizing reactive intermediates are
substantial for chemists, mainly due to the brief lifespan of these highly reactive species. To
overcome this hurdle, techniques like matrix isolation spectroscopy have been developed.
George C. Pimentel pioneered the matrix isolation technique, which involves trapping reactive
species in an abundant inert gas matrix (typically in a 1:1000 ratio) at extremely low

51241261 The elevated concentration of inert gases serves to suppress

temperatures and pressure
diffusion and intermolecular interactions, enabling scientists to analyze and characterize these
species using various spectroscopic methods such as UV-Vis, IR, and electron paramagnetic

resonance spectroscopy. Depending on the chosen spectroscopic method, different window

materials, such as Csl for IR and sapphire for UV-Vis, are used.

* Trapped molecules and
intermediates can be
studied using various
Spectroscopic
techniques such as IR,

< UV-Vis, ESR.

+ Photochemistry can also
® Host (Inert gas) ® e d be studied.
A Doping (Depending on type of experiment)

Guest (Precursor)

Figure 1. Molecules trapped within inert gases on the cold matrix window.

The selection of precursor molecules is very important, as they must have the ability to
sublime onto the matrix window. The matrix isolation technique employs two main methods to
generate reactive intermediates from their precursors: photolysis, and flash vacuum pyrolysis

(FVP) (Figure 2). In photolysis, the intermediate is generated photochemically using a UV-Vis

18
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light source whereas, in the case of flash vacuum pyrolysis, the intermediate is produced by
passing the precursor through an oven at a certain temperature and then deposited on the cold
spectroscopic window. Apart from the method used for generating the intermediate, the inert
gas chosen for the matrix must not react with the intermediate, alongside being transparent for
the spectroscopic method. The inert nature of matrix gases contributes to high spectral

resolution facilitating easier structural analysis.

» Photolysis Ar

_Ns

~ _ o
% \ = .
=

=5
N.lgs | N-TBS
_— >

5
~ N \B\
8BS~ B E/N*TBS

N ==

“TBS

Precursor Precursor + Photoproducts

» Flash Vacuum Pyrolysis (FVP)

Ar (doping with C,H,)

z = e A
Q.‘q - | Qm oSN T e Csl Window
'Si{ | jl\\ I Ar C2H4..
)[\ / Y \ CaH )
Ar Ar
Tantulum Coil

Figure 2. Two different ways to generate reactive intermediates.

Matrix isolation is also used in studying the reactivity of intermediates by doping the
host matrix with typically 2-5% of the reactant. The mixture is deposited with the precursor to
induce reactivity between molecules present in close vicinity. This reaction is induced either
thermally or photochemically. In the thermal reaction, the matrix window is heated slightly to
a specific temperature depending on the host gas while in the case of photochemical reaction,
the matrix window is irradiated with UV-Vis light which is absorbed by the reacting molecules.
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Figure 3. Schematic representation of the matrix isolation experiment setup for IR

spectroscopy.

After the generation of the experimental results, the spectra are compared with the
computed spectra of potential products for the verification of the product assignments. The
assigned product could further be validated by employing different isotopes of the reactant and

comparing the isotopic shifts obtained from the experiments with computational data.

In matrix isolation experiments described in this thesis, a Sumitomo SH-1 closed-cycle
helium cryostat was used to obtain a temperature as low as 4 K. For IR spectroscopy, a Bruker
Vertex 70 FTIR spectrometer with 0.5 cm™ resolution in the range of 400 — 4000 cm™ was
utilized. A Perkin Elmer Lambda 1050 spectrometer was used to obtain the absorption spectra.
Photochemistry within the matrix was induced by using a low-pressure PenRay mercury lamp
(A = 254 nm) and high-pressure mercury lamps (USHIO, USH-508S) in combination with

various dichroic mirrors and Schott cut-off glass filters. The host gases or reactants used for
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the matrix experiments were as follows: Argon 6.0 (Westfalen AG, 99.9999 %), N2> 6.0
(Messer-Griesheim, 99.9999%) carbon monoxide 3.7 (Westfalen AG), C'%0 2.0 (95 % '80)
(Sigma Aldrich) or 1*CO 2.3 (99.1 % '*C) (Westfalen AG) and 5 % of C,H4 (Sigma-Aldrich,

99.95 %) or C2D4 (Sigma-Aldrich, 99 %).

3.2 Computational Details

Computational chemistry serves as a valuable and essential tool in understanding numerous
concepts and mechanisms across diverse areas of chemistry, enhancing insights into
experimental results. Various quantum chemistry packages including Gaussian 16,1'>” ORCA
5.0U28-1301 “and Q-Chem!'3!!, were employed for computational tools, with graphical user

interfaces (GUIs) like GaussView!!*?! and Chemcraft to visualize the results.

Two distinct methodologies were utilized to compute various molecular properties. The
first, known as the ab-initio method is a wavefunction based theory where the Schrodinger
equation is solved with a molecular Hamiltonian operator to calculate energy. This method
depends solely on fundamental physical constants without incorporating any experimental
parameters. Complete active space self-consistent field (CASSCF) method and coupled cluster

(133-1391 Another widely used computational

methods are examples of the ab-initio methods.
method is density functional theory (DFT), which expresses the total energy of the system in
terms of electron density.!'40-142 When considering electron-electron interaction in DFT, p(r) is
defined as a collection of electrons within a radius r, with the assumption that each electron
interacts with the total electron density in that spatial region. The comprehensive electron-
electron interaction energy is effectively described through Coulomb energy, and the external
potential can be represented as the product of nuclear position and electron density across

space. The kinetic energy term is articulated as a function of electron density using a formula

derived by Thomas Fermi. Thus, DFT establishes that each energy component can be expressed
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in relation to electron density, reinforcing the Hohenberg-Kohn theorem, which posits that the
ground state energy can be derived from electron density.

In this thesis, all structures were optimized using various functionals, including the
B3LYP!4-1%] hybrid exchange-correlation energy functional, along with Grimme’s!!+]
London dispersion correction B3LYP-D3,!14-1441 M06-2X[146] global hybrid functional as well
as second-order Mpoller—Plesset perturbation theory!”) (MP2) and its spin-component
scaled!"*8] variant (SCS-MP2). For all geometry optimizations, split-valence triple- { basis set
6-311+G(d,p) was used.['*’! The nature of the stationary points (minimum or saddle point) was
confirmed by harmonic vibrational frequency calculations, to get ZPVE corrected and Gibbs

(150-1511 paths were

free energies. For the verifications of TS, intrinsic reaction coordinate (IRC)
computed for each reaction. To improve the energies in section 4.1, coupled cluster theory
with single, double, and a perturbative estimate of triple excitations (CCSD(T))!!*2 was
performed. Single point calculations using domain-based local pair natural orbital (DLPNO)
coupled cluster theory with single, double, and a perturbative estimate of triple excitation
(DLPNO-CCSD(T))[!33136] in conjunction with Dunning’s!'>” triple-{ (cc-pVTZ) basis set
were performed for all the structures, in sections 4.2 and 4.3. The DLPNO-CCSD(T)
computations used the TightPNO cutoff for increased accuracy and the frozen core
approximation. Natural bond orbital (NBO) analysis was carried out using the B3LYP-D3/6-
311+G(d,p) geometries to understand the nature of bonding.!¥-1611 Excited state computations
were run using time-dependent DFT (TD-DFT) at CAM-B3LYP/6-311+G(d,p) level of
theory.['?"- 162l Magnetic shielding values were computed by employing the GIAO method.!'%*-
1641 Lewis acidity of the compounds was determined through isodesmic reactions computed at

the SMD(DCM)!')/MN15166)/def2-TZVP!'") level of theory. Additional computational

details used for the studies can be found in the published articles.*> 168-171]
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4 Results and Discussion

4.1 Computational Studies on the Reactivity of 1,2-Azaborinine

The reactivity of 1,2-azaborinine, a compound isosteric and isoelectronic to ortho-benzyne,
was investigated by quantum chemical methods in order to shed light on its interaction with
different organic m systems. Various computational methods, including density functional,
second-order perturbation, and coupled-cluster theories were employed. We explored the
(2 +2)and (2 + 4) cycloaddition reactions between 1,2-azaborinine and the substrates, ethene,

ethyne, 1,3-butadiene, cyclopentadiene, furan, and benzene (Scheme 16).

7 &
C/@H O OO
. _NH N N msertlon NH N
\\
24d 24e 23d

24c
2+2) B
(2+2) ( 8 :
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24b
pr— = B |
— |
_ \ N

= [I3 | 25c¢c
x_N * :k/ B
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(2+4) (2+2) (2+2)
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© @
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(2+4)
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Scheme 16. The reaction of 1,2-azaborinine with different organic substrates.
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These reactions exhibited high exothermicity and were characterized by the formation
of complexes between 1,2-azaborinine and the m substrates. These complexes showcased a
strong binding interaction between the m bonds of the substrates and the vacant p-orbital of the
boron atom, leading to a two-step mechanism in the (2 + 2) and (2 + 4) cycloaddition reactions.
All data presented in this section and subsection were calculated at CCSD(T)/cc-pVTZ//SCS-

MP2/6-311+G(d,p) level of theory unless stated otherwise.

4.1.1 Cycloaddition Reaction to Organic m Substrates

The (2 + 2) cycloaddition reaction of 1,2-azaborinine with © bonds of different organic
substrates initiate from the formation of Lewis acid-base complexes (discussed in detail below).
These reactions are highly exothermic as compared to separated reactants. Even though the
(2 +2) cycloaddition reactions are symmetry forbidden according to Woodward-Hoffmann
rules, they exhibit relatively low activation barriers compared to ortho-benzyne in (2 + 2)
cycloaddition reactions. The smallest barrier was computed for ethyne (10.2 kcal/mol) while
the largest barrier was found to be 17.9 kcal/mol for benzene. The transition state for all the
(2 +2) cycloaddition reactions was below the energy of separated reactants, except for
benzene, which was 9.0 kcal/mol above the energy of separated reactants. All transition states
were asymmetric in nature. The highest exothermicity was found for s-frans-1,3-butadiene
(-48.1 kcal/mol), while the lowest was for benzene (-15.0 kcal/mol) (see Table 1). In the case
of furan, two (2 + 2) cycloaddition products 27f and 27g, were observed to form with a barrier

of 11.9 kcal/mol and 11.2 kcal/mol, respectively, from the complex.
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Table 1. Reaction barriers and energies (in kcal/mol) computed (CCSD(T)/cc-pVTZ//SCS-
MP2/6-311+G(d,p)) for the (2 + 2) cycloaddition of 1,2-azaborinine 1 with various organic ©

substrates. All energies are ZPVE corrected energies.

Organic & substrates Reaction Barrier (kcal/mol)  Reaction Energy (kcal/mol)

ethene (C2Hy) 14.6 -46.8
ethyne (C2Hz) 10.2 -40.7
s-cis-1,3-butadiene 12.6 -46.1
s-trans-1,3-butadiene 13.6 -48.1
cyclopentadiene 13.5 -43.4
furan 11.9,11.2 -28.6,-34.3
benzene 17.9 -15.0

1,2-Azaborinine could also undergo (2 +4) cycloaddition reactions, which are
symmetry allowed reactions according to Woodward-Hoffmann rules with s-cis-1,3-butadiene,
s-trans-1,3-butadiene, cyclopentadiene, furan, and benzene. The reactions proceed from the
Lewis acid-base complexes and the activation barriers for (2 + 4) cycloaddition barriers are
relatively lower as compared to the (2 + 2) cycloaddition. All transition states are asymmetric
in nature and are below the energy of the separated reactants, except for benzene, where the TS
lies 2.1 kcal/mol above the separated reactants. The activation barriers, with respect to the
corresponding Lewis acid-base complexes, increase from furan to benzene (see Table 2). The
highest exothermicity for the formation of (2 + 4) cycloaddition product was found for s-cis-
butadiene (-74.1 kcal/mol) while the lowest exothermicity is for benzene (-26.9 kcal/mol). All
these reactions proceed in a concerted way from the complex except for s-frans-1,3-butadiene,
which undergoes a stepwise reaction. The reaction proceeds initially from the complex
25a(trans) to form an intermediate 25d with a barrier of 18.9 kcal/mol, and from 25d, it further

proceeds with a high barrier of 44.8 kcal/mol to yield product 25c.
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Table 2. Reaction barriers and energies (in kcal/mol) computed (CCSD(T)/cc-pVTZ//SCS-
MP2/6-311+G(d,p)) for the (2 + 4) cycloaddition of 1.2-azaborinine 1 with various organic ©

substrates. All energies are ZPVE corrected energies.

Organic & substrates Reaction Barrier (kcal/mol)  Reaction Energy (kcal/mol)

s-cis-1,3-butadiene 6.4 -74.1
cyclopentadiene 4.7 -52.4
furan 3.8 -34.0
benzene 11.0 -26.9

4.1.2 CH Insertion Reaction

The CH insertion reactions with ethene (C2H4) and ethyne (C>H>) in the case of 1,2-azaborinine
involved the possibility of CH insertion at the boron or nitrogen center. In the case of CoHa, the
C-H insertion reaction proceeded in a concerted manner from the complex, yielding a higher
exothermic product as compared to the (2 + 2) cycloaddition reaction. However, these reactions
had high activation barrier due to direct transfer of a hydrogen atom to the azaborinine ring.
The formation of 23d (N-substituted vinyl-azaborinine) was associated with a barrier of
83.5 kcal/mol, higher than the barrier of 33.9 kcal/mol associated with 23c¢ (B-substituted

vinyl-azaborinine).

In the case of ethyne (C;H>), the C-H insertion yielded three products: B-substituted
ethynylazaborinine (24¢), N-substituted ethynylazaborinine (24d) and 2-ethynyl-3-dihydro-
1,2-azaborinine (24e). The formation of 24¢ involved direct transfer of a hydrogen atom to the
azaborinine ring, resulting in a strained four-membered TS with a barrier of 23.8 kcal/mol, with
respect to the complex. There was no direct pathway observed from 24a to 24d. However,
starting from the complex 24a, a high energy barrier for the transfer of hydrogen

(25.9 kcal/mol) was involved to yield 24e. In the subsequent step, the reaction faced an even
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higher energy barrier (59.4 kcal/mol), leading to the generation of 24d, wherein the ethynyl
group transitioned from boron to nitrogen, while simultaneously, the hydrogen atom shifted

from carbon to boron.

4.1.3 Lewis Acid-Base Complexes between 1,2-Azaborinine and Organic @ Substrates

In addition to the transition states and products, Lewis acid-base complexes corresponding to
minima on the potential energy surfaces were found. These complexes were identified in the
IRC profiles and their geometries were effectively optimized for the aforementioned reactions.

These Lewis acid-base complexes arose from the interaction between the © bonds of organic

substrates and the vacant p-orbital of the boron atom.

1 755 1 -849 1416
123
123 or 108 3
AE = -22.5 kcal/mol AE = -16.3 kcal/mol AE = -22.7 kcal/mol AE = -25.1 kcal/mol AE =-22.7 kcallmol
AG = -11.5 kcal/mol AG = -6.5 kcal/mol AG = -10.4 kcal/mol AG = -12.7 kcal/mol AG = -10.2 kcal/mol
26b
a
&
. 409«1 917/]1.896 1419 2 2 035
L s M*' 119.9
5 1099 Y 116.3° 7 119.6° 8 119.8°
AE = -22.2 kcal/mol AE = -16.8 kcal/mol AE =-15.9 kcallmol AE = -9.8 kcal/mol AE = -8.9 kcal/mol
AG = -9.8 kcal/mol AG = -4.6 kcal/mol AG = -3.8 kcal/mol AG = 1.8 kcal/mol AG = 2.7 kcal/mol

Figure 4. Computed (SCS-MP2/6-311+G(d,p)) geometrical parameters of complexes
between 1 and organic p substrates. AE and AG (298.15 K) correspond to the relative ZPVE-
corrected binding energy and free energies, respectively, in relation to the separated reactants.

Bond lengths and bond angles are given in [A] and [°] respectively.

The distinguishing feature of these reactions was the high exothermicity of the
complexes formed between 1 and the m substrates. All complexes exhibited carbon—boron
distances that fall below the sum of van der Waals radii (3.62 A) (Figure 4). For instance, in

23a, these distances were 1.784 A, and subtle digression from planarity around carbon atoms
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in CoHs was observed - the H-C—-H and H-C—C angles had undergone a slight alteration,
resulting in a total bond angle around carbon of 358.3°. Similarly, in 24a, the angle H-C-C
was found to be 165.5°, again signifying subtle variance from linearity around carbon. Upon
scrutinizing all complexes, the longest B—C distance was identified as 2.035 A for 28b, while
the shortest distance was observed for 25a(trans) (1.753 A and 1.847 A), as illustrated in
Figure 4. The planarity around the carbon atom showed the largest deviation in 26b, and the

smallest deviation in complexes 28a and 28b.

To get a deeper insight into the bonding nature between 1,2-azaborinine and the organic
substrates, we performed a natural bond orbital analysis. The analyses revealed a significant
stabilization due to the delocalization from m(substrate) — n*(B) (vacant orbital on boron).
This effect was evaluated via second-order perturbation theory in the NBO basis for the

complexes 23a, 24a, 25a-cis, 25a-trans, 26a, 26b, 27b, 27¢c, 28a, and 28b (Table 3).

Table 3. NBO analysis of the R—B (R is m substrate in CyH», CoHs, 1,3-butadiene,
cyclopentadiene, furan and benzene respectively) interaction for complexes 23a, 24a, 25a-

cis, 25a-trans, 26a, 26b, 27b, 27¢, 28a, and 28b formed at the B3LYP-D3/6-311+G(d,p) level

of theory.
AE® %R® %B® Occ. R® Occ.B©

23a 319.7 77.1 22.4 1.557 0.502
24a 313.7 77.7 21.9 1.574 0.505
25a-cis 290.5 77.1 214 1.559 0.490
25a-trans 291.7 76.9 21.3 1.555 0.488
26a 244.6 77.6 19.9 1.572 0.462
26b 244.9 77.9 19.5 1.576 0.475
27b 192.7 79.1 17.8 1.598 0.437
27¢ 208.1 78.2 18.5 1.586 0.477
28a 65.5 79.1 9.8 1.591 0.319
28b 71.4 79.1 10.5 1.593 0.337

(a) NBO second-order perturbation interaction energy associated with the R—B interaction, in kcal mol~!. (b) Percentage of
the donor and acceptor NBO in the corresponding NLMO. (¢) Occupancy of the donor and acceptor NBO orbitals.
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The corresponding natural localized molecular orbitals (NLMO) exhibited significant
contributions from the n(C=C) and n(C=C) bond orbitals, accompanied by “delocalization
tails” ranging from 17.8% to 22.4%, from a slightly hybridized empty orbital at boron (Figure
5 and Table 3). However, in the reaction with benzene, the NLMO exhibits reduced
“delocalization tails”, of only 9.8% and 10.5% for complexes 28a and 28b, respectively. This

observation aligns with the lower binding energy obtained for complexes 28a and 28b.

. =]
(a) (b) (c)

Figure 5. (a) donor NBO, (b) acceptor NBO, and (¢) corresponding NLMO associated with the

C=C — B interaction for complex 23a at the B3LYP-D3/6-311+G(d,p) level of theory.

Summing it up, the computational examination of (2 + 2) and (2 + 4) cycloaddition as
well as CH insertion reactions of 1,2-azaborinine with various organic 7 systems reveals strong
exothermicity. The boron—nitrogen bonding in 1,2-azaborinine mimics a frustrated Lewis pair,
leading to barrierless formation of complexes with organic m systems, acting as key
intermediates. (2 + 4) cycloaddition reaction are favored over symmetry-forbidden (2 + 2)
cycloaddition reaction. C—H insertion reactions into ethyne and ethene exhibit higher
exothermicity but also higher barriers compared to cycloaddition reactions. Though reactions
with unsaturated organic substrates are theoretically feasible, in solution phase,
cyclooligomerizations may compete due to lack of barriers. However, in noble gas matrix
isolation conditions, the formation of strongly bound Lewis acid—base complexes may act as a

thermodynamic trap, hindering reaction towards cycloaddition products at low temperatures.
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4.2 Dibenzo Derivatives of 1,2-Azaborinine

4.2.1 Dibenzo|c,e][1,2]azaborinine

As detailed in section 1.4.3, the observations of trapping experiments suggested the
involvement of the dibenzo[c,e][1,2]azaborinine 10. However, direct spectroscopic
evidence for it was not reported due to sensitivity of azidoborole 13, a precursor to 10.
It is monomeric in solution, but in solid state, it oligomerizes to cyclic trimer which
decomposes rather quickly.[!’”?) Conversely, the Lewis adduct with pyridine, 13epy,

1721 This rationale led Dr. Christina Ténshoff to consider

exhibits substantial stability.
13+py as a promising precursor for conducting matrix isolation and gas phase studies of

10 as heating of 13*py under high vacuum conditions leads to the sublimation of 13 and

pyridine (Scheme 17).

AT = ~
e e | 2o ()
gas phase - N. N
(2 () &
N N 10
O N3 sublimation O NG O
13+py 13 '\ 4K ~g” @ intermediate?
I +
=
N N.. N

cryogenic matrix O

10°N,

Scheme 17. Generation of dibenzo[c,e][1,2]azaborinine 10 from the precursor 13+py.

Dr. Tonshoff sublimed the precursor 13epy at 110-120 °C under cryogenic
conditions and froze it in excess argon or nitrogen at 30 K and 28 K, respectively. After
successful sublimation, signals corresponding to free pyridine and azide 13 were

observed, along with small amounts of HN3, which was due to hydrolysis of azide.[!7*
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176] Further irradiation of 13 with A > 280 nm, revealed a distinctive band at 2259 cm!,
corresponding to the v(NN) stretching mode, while the peaks corresponding to free
pyridine remained unchanged in intensity. This suggests the formation of Lewis acid-
base adduct 13eN: similar to 1,2-azaborinine adduct 3.033! However, subsequent
irradiation of the N> adduct at different wavelengths did not facilitate the removal of the

N2 molecule, contrary to the behavior observed for parent 1,2-azaborinine 1.5

4.2.2 2,4,7,9-Tetra-tert-butyldibenzo|c,e][1,2]azaborinine

To investigate the photochemical N> extrusion and the impact of steric hindrance on N>
fixation, we investigated the compound 32 (5-azido-2,4,6,8-tetra-fert-butyl-5H-
dibenzo[b,d]borole) (Scheme 18) that was synthesized by Dr. Constanze Keck.!'””! The
compound 32 was sublimed at 150 °C under cryogenic conditions and trapped with
excess argon at 30 K. The IR spectrum recorded after the deposition of 32 revealed
presence of photostable contaminations. The most prominent peak was observed at
2155 cm’!, representing the v(N3) stretching mode of 32 (Figure 6). The shift of this peak,
compared to v(N3) stretching of 13, is 19 cm™ higher, implying a reduction in the electron

density donation from the azide group to vacant boron orbital in comparison to 13.
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1. 2 eq. n-BulLi

O Br 2.BCl;
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30 31
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32

Scheme 18. Generation of 33 from the precursor 32.

After the deposition of azide 32, the matrix window was irradiated with
260 nm <A <320 nm at 4 K. This resulted in the decreased intensity of peaks corresponding
to 32, accompanied by emergence of new signals. The prominent feature observed was a broad
peak at 1751 cm™!, associated with the v(BN) stretching mode of the ring (Figure 6), that were
assigned to BN-aryne 33 based on the comparison with computational data. However, the
presence of tert-butyl groups at the 2,4,7,9 positions hindered the formation of the N> adduct,
impacting the boron center's ability to bind with N2 by reducing its Lewis acidity. Additionally,
no changes were observed when the matrix was annealed to 35 K, implying involvement of an

activation barrier on the PES.
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Al

A =260-320 nm

AT_@JL

2400 2200 2000 1800 1600 1400 1200 1000 800 600
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Figure 6. Comparison of experimental (Ar matrix at 10 K) and harmonic computed
(B3LYP-D3(BJ)/6-311+G(d,p)) IR spectra 32 and 33. a) Harmonic IR spectrum of 32;
¢) Harmonic IR spectrum of 33; b) Experimental IR difference spectrum obtained after

photolysis of 32 (260 nm <A <320 nm) in Ar at 10 K.

All in all, matrix isolation of azaidoborle 13 was successful despite its instability via
sublimation of pyridine adduct 13epy. Under investigation, it undergoes a novel photoinduced
isomerization to form the dibenzo[c,e][1,2]azaborinine-N> Lewis acid-base adduct 10Na.
Introducing tert-Bu groups at 2,4,7,9 positions reduce the Lewis acidity of BN-aryne 33,
hindering N> fixation and highlighting the potential of kinetically protective groups in

attenuating BN-aryne reactivity.
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4.3 1H-1,3,2-Diazaborepine

To understand more about the reactivity of cyclic iminoboranes, we successfully isolated, for
the first time, the cyclic seven-membered iminoborane 22, 1-(tert-butyldimethylsilyl)-1H-
1,3,2-diazaborepine in inert matrices under cryogenic conditions. The iminoborane 22 was
generated  from  2-azido-1-(fert-butyldimethylsilyl)-1,2-dihydro-1,2-azaborinine 21
(Scheme 19) that was synthesized by Dr. Ralf Einholz. Azide 21 could be successfully isolated

in an argon matrix.
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Scheme 19. Photogeneration of 1-(fert-butyldimethylsilyl)-1,3,2-diazaborepine 22 under

matrix isolation conditions.

The most prominent peak was found at 2141 cm™ attributing to the v(N3) stretching
vibration. Upon further irradiation of 21 with A = 254 nm, iminoborane 22 was formed, as
confirmed by comparing the measured IR spectrum to the one computed. The anticipated
product, nitrene, was excluded based on comparison with computational data, indicating that
after the photochemical extrusion of N2 from compound 21, it undergoes ring enlargement
isomerization to produce 22. This is in agreement with the behavior of diorganyl
azidoboranes.!"” The most distinguished peak observed after irradiation was at 1751 cm’!
belonging to the v(BN) stretching vibration of 22, while the peak at 1809 cm™ was attributed
to the v(BN) stretching vibration of !°B isotopologues (see Figure 7). However, even after
annealing the matrix up to 35 K, 22 did not form Lewis acid-base adduct with N>, 22eNa. This

is in contrast to the case of 1,2-azaborinine 1 (Scheme 16) that readily binds N> upon slight
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annealing of the matrix.!*’] The observation for 22N can be rationalized by computing the
potential energy scan with the B-N» distance. This indicates that the formation of the N> adduct

is energetically unfavorable and involves a barrier.

T T T T T T
2000 1800 1600 1400 1000 800 600 450

1200
Wavenumber (cm™)

Figure 7. Comparison of experimental and computed (B3LYP-D3(BJ)/6-311+G(d,p)) IR
spectra 21 and 22. a) Harmonic IR spectrum of 21; b) Experimental difference IR spectrum
obtained after photolysis of 21 (A =254 nm) at 4 K. ¢) Harmonic IR spectrum of 22. (e
attributed to the overtones and combination bands based on computed anharmonic vibrational

frequency analysis).

The quantum chemical analysis of the structure of 22 shows that the compound is not
planar, with a distortion of the heptagon. In the singlet ground state, the compound has an angle
of 104.9° at nitrogen and a wide angle of 161.4° at boron, as shown in Figure 8a. This is due
to the electronegativity difference between nitrogen and boron center. The natural bond orbital
(NBO) analysis reveals occupancies of 1.82 ¢” and 0.34 e for the nitrogen lone pair orbital

(HOMO-1) and vacant boron orbital (LUMO), respectively. These values are slightly higher
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compared to the NBO occupancies of 1 at the M06-2X/6-311+G(d,p) level of theory
(Figure 8b). As per the second-order perturbation assessment of the donor-acceptor interaction,
the n(N) — n*(B) interaction was estimated to have an E(2) value of 34.5 kcal/mol. The natural
charges obtained on N (-0.91) and B (+1.16) are large, while the Wiberg bond index was only
1.55 between B and N. We also analyzed Lewis acidity of 1 and 22 by employing the method
by Ofial et al. from known Lewis basicities LBg and Lewis acidities LA, computed
equilibrium constants (AGiso® = -RT InKg), and the equation log Kg = LAg + LBg.l'”®) The LAg
value obtained from AGiso 1s LAp=21.5+2.6 for 1 and LAg =9.1 + 2.6 for 22. This indicates

that Lewis’s acidity of 22 is 12 magnitudes smaller than that of 1,2-azaborinine 1.

n*(B) n(N)
(0.34 e) (1.82e)

Figure 8. a) Computed (M06-2X/6-311+G(d,p)) optimized geometry of 22. b) Natural bond
orbitals (NBOs) and their occupation numbers. Important bond lengths [A] and bond angles [°]

are given.

Following the successful generation and isolation of 1-(fert-butyldimethylsilyl)-1,3,2-
diazaborepine 22, and considering its non-reactivity with nitrogen, we opted to investigate its
reactivity with a stronger Lewis base, CO (Scheme 20). In the reaction with CO, after
deposition of precursor 21, the matrix window was irradiated with A = 254 nm to generate 22.

After the successful generation of 22, the matrix was annealed to 30 K, wherein peaks
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corresponding to 22 decreased in intensity while concomitantly new peaks were observed. The
new peaks observed were attributed to Lewis acid-base adduct 34 (Figure 9), supported by
computational data. The isotopic shifts of CO stretching were obtained through separate
experiments using isotopologues '*CO and C'"*O and are in good agreement with

computationally predicted shifts.

A
e
\<° &N\Si/\
> & 34
N W o ®

Scheme 20. Photochemical generation of 22 from its precursor 21 and its reaction with CO and

CyHa.

Subsequent irradiation of the matrix with 435 nm>A> 620 nm, following the
annealing step, led to the regeneration of 22, implying that the reaction of 1-(tert-
butyldimethylsilyl)-1,3,2-diazaborepine 22 with CO was a photochemically reversible reaction
(Figure 10). The most intense peak observed for Lewis acid-base adduct 34 was at 2112 cm™,
corresponding to v(CO) stretching vibration, while for C'*0 and *CO isotopologues, the peak
was observed at 2065 cm™ and 2064 cm’!, respectively.['®) This observation suggested a
notable preference for the formation of Lewis acid-base adduct over (2+1) and (2 +2)

cycloaddition reactions, as observed in the reaction of 1,2-azaborinine 1 with CO.%
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Figure 9. Infrared spectra obtained after irradiation of 3 in CO (2-3%) doped argon matrix. a)
After 60 min irradiation with A = 254 nm at T =4 K. b) Experimental difference spectrum after
annealing for 30 min at 30 K (following the irradiation with A =254 nm). c¢) Experimental
difference spectrum obtained after irradiation with 435 nm > A > 620 nm for 30 min (following

the annealing at 30 K).

After successfully trapping 22 with CO, we studied the reactivity of 22 with olefin,
using ethene for the study of (2 + 2) cycloaddition reaction with 22 (Scheme 20). To examine
the reactivity of 22 with ethene (C2H4), precursor 21 was irradiated with A =254 nm which
resulted in the formation of 1,3,2-diazaborepine 22. However, in addition to 22, various new
peaks were observed, attributed to 35 based on computational analyses. Following this, we
annealed the matrix up to 30 K, which resulted in the decrease of the signals corresponding to
22 and increase in the intensity of the signals attributing to 35. This indicated that the formation
of (2 + 2) cycloaddition product 35 from 22 proceeds thermally via a low activation barrier of

1.0 kcal/mol at DLPNO-CCSD(T)/cc-pVTZ//M06-2X/6-311+G(d,p) level of theory. The most
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intense peaks of 35, at 1637 cm™!, and 1615 cm’!, were assigned to the m(C=C) stretching
vibration of the ring (Figure 10). For further verification of the formation of 35, C2Ds was
employed in Ar matrix to observe the isotopic shift of the compound. The experimental isotopic

shifts aligned well with the isotopic shifts obtained computationally (as shown in Publication

).

AA

b \

T T T T T T T T
2300 2100 1900 1800 1600 1400 1200 1000 800 600
Wavenumber (cm-)

A

Figure 1. Infrared spectra obtained after a) deposition of 3 in C2H4 (5%) doped argon
matrix. b) Experimental difference spectrum after 60 min irradiation with A =254 nm at
T= 4 K. ¢) Experimental difference spectrum after annealing for 30 min at 30 K
(following the irradiation with A =254 nm). d) Computed (B3LYP-D3(BJ)/6-

311+G(d,p)) harmonic IR spectrum of 35. (A = CyHa)

An informative analysis can be obtained from comparing the reaction mechanism
involving ethene with 1,2-azaborinine 1 and 1-(tert-butyldimethylsilyl)-1,3,2-diazaborepine
22. The formation of (2 + 2) cycloaddition product 23b in the reaction of 1 with C;Hs was

associated with a barrier of 14.6 kcal/mol at CCSD(T)/cc-pVTZ//M06-2X/6-311+G(d,p) from
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the Lewis acid-base complex.['®] This is significantly higher than the barrier for the (2 + 2)
cycloaddition product 35 (1.0 kcal/mol from Lewis acid-base complex).l'%®! The observation
of (2 + 2) cycloaddition of ethene and less Lewis acidic 22 is both intriguing and unexpected.
Despite having high Lewis acidity, 1 forms a stable Lewis acid-base complex with ethene, and
the (2 + 2) cycloaddition reaction was unexpected to be observed at 30 K under matrix isolation

conditions.

In conclusion, detailed investigations, blending experimental and computational
approaches, have unveiled the pronounced reactivity of 1-(fert-butyldimethylsilyl)-1,3,2-
diazaborepine 22 towards CO and C2Hs. When interacting with CO, 22 forms the Lewis acid—
base adduct 34, with no observed (2 + 1) or (2 + 2) cycloaddition reactions due to formidable
energy barriers. On the other hand, when encountering C,Ha4, 22 participates in a (2 + 2)
cycloaddition reaction, generating product 35. This newly discovered (2 + 2) cycloaddition
with ethene underlines the potential of 22 to introduce innovative reactivity pathways for

constructing BN-containing heterocycles.
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ABSTRACT: Ortho-benzyne and 1,2-azaborinine are related by the formal exchange of the CC triple bond by the isoelectronic BN
unit. The (2 +2) and (2 + 4) cycloaddition reactions of 1,2-azaborinine with the different organic 7 systems (ethene, ethyne, 1,3-
butadiene, 1,3-cyclopentadiene, furan, benzene) were examined computationally using density functional, second-order perturbation,
and coupled-cluster methods. All reactions of 1,2-azaborinine with the studied substrates are highly exothermic and involve the
formation of Lewis acid—base complexes of 1,2-azaborinine and respective 7 systems. The interaction between the z bond of the
substrates and the empty p orbital of the boron atom in these complexes is remarkably strong, resulting in two-step mechanisms for
the (2 + 2) and (2 + 4) cycloaddition reactions. Cycloaddition reactions have lower barriers than CH insertion reactions, and (2 +
4) reactions are favored over (2 + 2) cycloadditions.

Article Recommendations | @ Supporting Information

B INTRODUCTION Due to the polar BN link, the already high reactivity of ortho-
benzyne gets even more boosted. BN-aryne 1 is strongly Lewis
intermediates in organic chemistry.' ™" The formal substitu- acidic as ev‘idence‘d‘by bqnding to}\\% CO, and Xe as well as by
tion of the C=C bond in ortho-benzyne by an isoelectronic (2 + 2) cycloadch?mn with CO,. ™™ The NBO analysis done
BN bond results in 1,2-azaborinine 1 that features a formal previously by Bettinger et al. shows that the N atom has a lone

boron—nitrogen triple bond (see Scheme 1a)./2"* This type pair of electrons in the molecular plane and the B atom has an
empty orbital with high p-character (see Scheme 1a).'* The

Arynes are well known as extremely useful reactive

Scheme 1. (a) Resonance Forms of 1,2-Azaborinine (1) and fiibenzo derivativ_e ?f 1, dibenz_o[c,e] [1,2]azabo.rinill‘11’e2,3 s
Its Analogy with Ortho-Benzyne; (b) Iminoboranes and inferred as a reactive intermediate in benzene solution that
Their Analogy with Alkynes can even acn.\ratej4 the strong Si—F bond for subsequent
insertion reaction.”
“Z B #gP 1,2-Azaborinine can also be viewed as a cyclic iminoborane.
@ | = X i\l'l s N® Iminoboranes are isoelectronic with alkynes (see Scheme
9 1b),”*7** but they are not kinetically inert due to a dipole
moment and tend to form rings or polymers.”> Cyclo-
R Ry oligomerization was indeed also observed for dibenzo[ce]-
o — B [1,2]azaborinine.'*** Paetzold et al. observed the (2 + 2)
N® cycloaddition reaction of iminoborane with iminophosphanes
R R in 1982,” and later the (2 + 2) cycloaddition reaction with
Received: February 22, 2023 [OC, -

of replacement in organic compounds has been proven very
beneficial for modifying the roperties relevant for materials
and biomedical applications,*™*' The properties of 1 were
initially studied computationally,'* before its first direct
infrared spectroscopic observation was achieved under matrix
isolation conditions."’

Published: June 2, 2023
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Scheme 2. (a) Reaction of ortho-Benzyne and Ethene as Studied by Ozkan and Kinal*® and Temps et al.;** (b) Reaction of 1,2-

Azaborinine with Ethene
(a)
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methylene-titanium®’ and neopentylidenetantalum com-
plexes.’' Paetzold et al. also reported (2 + 3) cycloaddition
reaction of iminoboranes with diazomethane.”” Gilbert
performed a series of ab initio computational studies that
compared iminoboranes and alkynes with respect to the
electronic and geometric structure, as well as the reactivity in
(2 + 2) and (2 + 4) cycloadditions toward alkenes and
alkynes. ™

The understanding of the reactivity of 1,2-azaborinine lags
far behind that of ortho-benzyne. The dibenzo derivative of 1,2-
azaborinine is known to undergo dimerization without
barrier™ but can be trapped with large excesses of suitable
trapping agents (R,Si-E, E = F, Cl, OSi(CH,),, H) due to low
barriers for Si—E insertion reactions.”* Barriers for reactions
with other reagents are not known, but if they are low enough,
trapping in solution phase, gas phase, or under matrix isolation
conditions might be feasible. We have thus embarked on a
theoretical investigation of the reaction of 1,2-azaborinine in (2
+2) and (2 + 4) cycloaddition reactions with the C=C bond
of ethyne and the C=C bonds in ethene, 1,3-butadiene,
cyclopentadiene, furan, as well as benzene.

B EXPERIMENTAL SECTION

Computational Details. All of the structures were fully
using the M0G-2X"" global hybrid functional, the B3LYP*®
exchange—correlation energy functional along with Grimme's
London dispersion correction B3LYP-D3,*** as well as second-
order Mopller—Plesset perturbation theory“ (MP2) and its spin-
component scaled”” variant (SCS-MP2). The 6-311+G(d,p) (split-
valence triple-{ with diffuse s and p functions for all atoms as well as d
polarization functions on nonhydrogen atoms and p polarization
functions for hydrogen)™ basis set was adopted for all geometry
optimizations. Apart from that, the polarized continuum model
(PCM) solvation model was employed to study the effect of solvation
using benzene as a solvent.** These data can be found in the SL
Harmeonic vibrational frequencies were computed analytically, which
confirmed the nature of the stationary points as minima, or first-order
saddle points (transition states). Additionally, to reveal which minima
are connected to the transition states, intrinsic reaction coordinate
(IRC)'S"M paths were calculated at the different level of theories for
each reaction (see the SI). To refine the energies, single-point
calculations based on all of the structures were performed using
coupled-cluster theory with single, double, and a perturbative estimate

oPtimized
* hybrid

40
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of triple excitations (CCSD(T))"” in conjunction with Dur‘nr‘ling’s*S
triple-{ (cc-pVTZ) basis set and the frozen core approximation as
implemented in ORCA 5.0."" All density functional theory and MP2
calculations were performed with Gaussian 16.°° SCS-MP2 and
CCSD(T) calculations were performed using Orca 5.0.*° Natural
bond orbital analysis was carried with the NBO 6.0 program using the
B3LYP-D3/6-311+G(d,p) geometries.”'~**

For extensive analysis, the structural and energetic data for the
molecules were studied at various levels of theory. In general, all
models predicted similar structures and energies for the reactants and
the products. Unless noted otherwise, the CCSD(T)/CC-PVTZ//
SCS-MP2/6-311+G(d,p) data is discussed in the text, and for the data
obtained at other levels, the reader is referred to the Supporting
Information (SI).

B RESULTS AND DISCUSSION

The manuscript is structured as follows: after the discussion of
the reaction mechanisms of 1,2-azaborinine with ethene,
ethyne, trans-1,3-butadiene, cis-1,3-butadiene, cyclopenta-
diene, furan, and benzene, a comparative discussion of all
van der Waals complexes between 1,2-azaborinine and organic
m systems is provided. Finally, the reactivities of 1,2-
azaborinine and ortho-benzyne are compared.

Reactions of 1,2-Azaborinine with Ethene. The
reaction of ortho-benzyne with ethene has already been studied
experimentally as well as theoretically,* " and two major
products were observed—benzocyclobutane (1b’) due to (2 +
2) cycloaddition and styrene (1c’) due to C—H insertion (see
Scheme 2a). The formation of benzocyclobutane (1b’), which
is orbital symmetry-forbidden according to the Woodward—
Hoffinann rules,*”" has been studied theoretically.**" Two
possible pathways, i.e,, carbene and biradical pathways, were
identified. A multistep mechanism was proposed by Ozkan and
Kinal®® indicating passing through a (2 + 1) transition state
leading to an edge-on carbene intermediate through a barrier
of 207 kcal/mol (CAS-MP2/6-31G(d)//CASSCF(6,6)/6-
31G(d) level of theory) along with a biradical intermediate,
which forms by a lower energy barrier (15.5 kcal/mol at CAS-
MP2/6-31G(d)//CASSCF(6,6)/6-31G(d) level of theory).*
The formation of styrene (1c’) as proposed by Temps et al.>®
exhibits a high potential energy barrier (5 kcal/mol more than
the carbene pathway) and is going through a concerted H-

https://doi.org/10.1021/acs joc.3c00401
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atom transfer pathway. Also, Kinal and Piecuch considered a
possible involvement of triplet state species and concluded that
all reactions proceed solely on the singlet surfaces.”'
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Figure 1. Reaction pathways for the reaction of 1,2-azaborinine with
ethene at (bold: SCS-MP2/6-311+G(d,p); Italic: CCSD(T)/cc-
pVTZ//SCS-MP2/6-311+G(d,p)). Calculated ZPVE-corrected en-
ergies in kecal/mol are shown.

Two fundamental reactions were considered for 1,2-
azaborinine and ethene which in principle can yield three
different products. One of the reactions is (2 + 2)
cycloaddition to the C=C bond to give the BN analogue of
benzocyclobutane (1b). Another reaction considered is C—H
insertion to give two BN analogues of styrene, ie, B-
substituted vinyl-azaborinine (1c), and N-substituted vinyl-
azaborinine (1d) (see Scheme 2b). The detailed reaction
pathways were explored using ab initio quantum mechanical
calculations. Both reactions proceed via a complex (la)
between 1,2-azaborinine and ethene that corresponds to a
minimum on the potential energy surface (see Figure 1). The
complex 1a is formed due to the interaction between the
empty boron orbital with high p-character and the C=C bond
(see Figure 7 for geometrical parameters). Its formation is

exothermic in nature with respect to the separated reactants by
22.5 kecal/mol at the CCSD(T)/cc-pVTZ//SCS-MP2/6-
311+G(d,p) level of theory. A relaxed scan of the potential
energy surface (PES) at the B3LYP/6-311+G(dp) level of
theory confirms that the formation of complex 1a is barrierless
(see SI, Table S15). This observation is very different from
that of the reaction between ethene and ortho-benzyne. Ozkan
and Kinal*® and later Temps et al.>* both identified a carbene
intermediate and biradical intermediate with high activation
barriers on the PES. The formation of the cycloaddition
product 1b is a concerted process from complex la with a
barrier of 14.6 kcal/mol. In view of the large binding energy of
la, the transition state lies below the energy of the free
reactants.

The C—H insertion products 1c and 1d are also formed via
concerted pathways from complex 1a, but with higher barriers
than the (2 + 2) addition product. Here, a hydrogen atom is
directly transferred to the 1,2-azaborinine ring. The barrier for
the formation of N-substituted vinyl-azaborinine 1d (83.5
keal/mol) with respect to 1a is much higher than that for B-
substituted vinyl-azaborinine 1c (33.9 kcal/mol) (see Figure
1).

Reactions of 1,2-Azaborinine with Ethyne. The
reaction of ortho-benzyne with ethyne has been studied
experimentally as well as theoretically.’>"” Two major
products, benzocyclobutadiene (2b’) due to orbital symme-
try-forbidden [2 + 2] cycloaddition and phenylethyne (2c’)
due to C—H insertion (Scheme 3a), were observed.”>*” Unlike
in the case of the alkenes, only one multistep pathway was
identified computationally for the cycloaddition reaction.>®
This involves an early-stage addition complex between ethyne
and ortho-benzyne with a structure that is similar to the
structure of the biradical intermediate (barrier of 12 kcal/mol)
found for ethene. This easily converts to the edge-on
intermediate, and finally, the ring-expansion step takes place
over a relatively high barrier (15.1 kcal/mol with respect to
reactants).” The formation of phenylethyne (2¢") displays a
higher energy barrier (17.9 kcal/mol) and is going through a
concerted H-atom transfer pathway.*®

Scheme 3. (a) Reaction of ortho-Benzyne and Ethyne as Studied Earlier by Temps et al;>* (b) Reaction of 1,2-Azaborinine

with Ethyne
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Two fundamental reactions of 1,2-azaborinine with ethyne,
(2 + 2) addition and C—H insertion, were considered in this
study. These in principle yield three different products, namely,
the BN analogue of benzocyclobutadiene (2b) and two BN
analogues of phenylethyne, i.e., B-substituted ethynylazabor-
inine (2c) and N-substituted ethynylazaborinine (2d) (see
Scheme 3b). All reactions proceed from a complex (2a) which
is formed by the interaction between boron and the C=C
bond (see Figure 7 for geometrical parameters). The formation
of 2a is exothermic in nature with respect to the separated
reactants by 16.3 kcal/mol. A relaxed scan of the PES at the
B3LYP/6-311+G(d,p) level of theory verifies that the
formation of 2a can proceed without barrier on the potential
energy surface (see SI, Table S15).

Ts!e 20
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Figure 2. Reaction pathways for the reaction of 1,2-azaborinine with
ethyne at (bold: SCS-MP2/6-311+G(d,p); Italic: CCSD(T)/cc-
pVTZ//SCS—MP2/6—311+G(d,p)). Calculated ZPVE-corrected en-

ergies in kcal/mol are shown.

The (2 + 2) cycloaddition product 2b forms in a concerted
process from the complex 2a with a barrier of 10.2 kcal/mol
(see Figure 2). As observed for the reaction with ethene, this is
lower than the energy of reactants. For the formation of 2¢, a
hydrogen atom is directly transferred to the 1,2-azaborinine
ring. This C—H insertion involves a strained four-membered
transition state and thus has a high activation barrier of 23.8
kcal/mol with respect to 2a. In contrast, the formation of N-
substituted ethynylazaborinine 2d proceeds stepwise from
complex 2a. It involves a high barrier for hydrogen transfer
(25.9 keal/mol) to give 2-ethynyl-3-dihydro-1,2-azaborinine
(2e). From 2e, the reaction needs to proceed over an even
higher barrier (59.4 kcal/mol) to give N-substituted
ethynylazaborinine 2d. In this step, the ethynyl group is
transferred from B to N, and at the same time, the hydrogen
atom shifts from carbon to boron (see Figure 2).

Reactions of 1,2-Azaborinine with 1,3-Butadiene. The
reaction of ortho-benzyne with s-cis-butadiene has been studied
by Peter and Hatch in 1968.°> They generated benzyne and
cis-butadiene by the concurrent thermal decomposition of
benzenediazonium-2-carboxylate and 3-sulfolene (2,5-dihydro-
thiophen-1,1-dioxide), respectively, to give 1,4-dihydronaph-
thalene (3¢’) (see Scheme 4a).

We considered the reaction of 1,2-azaborinine with both
rotamers of 1,3-butadiene, ie., s-cis-butadiene and s-trans-
butadiene (see Scheme 4b and Figure 3). Both complexes,
3a(cis) and 3a(trans), exist on the potential energy surface.
The formation of 3a(cis) and 3a(trans) is exothermic in
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Scheme 4. (a) Reaction of ortho-Benzyne and s-cis-1,3-
Butadiene Previously Studied by Peter and Hatch;** (b)
Reaction of 1,2-Azaborinine with s-cis-1,3-Butadiene and s-

trans-1,3-Butadiene
S BE e
‘+
-2

0
B‘(\g 3b(cl5)
“rm— &

(4+2)
addmog

3a(cis) adﬂ'!ao”
3c
g d\\\O“
” + CB’H < 3b(trans)
(e
3a(trans) add/{,
3c

nature with respect to the separated reactants by 22.7 and 25.1
keal/mol, respectively (see Figure 7 for geometrical parame-
ters). The interconversion barrier between the two complexes
3a(cis) and 3a(trans) is 2.9 kcal/mol. In the case of the
reaction of 1,2-azaborinine and s-cis-butadiene, (2 + 2) and (2
+ 4) addition proceeds from complex 3a(cis) in single steps
each. The formation of (2 + 2) cycloaddition product 3b(cis)
has a higher barrier of 12.6 kcal/mol compared to the
formation of (2 + 4) cycloaddition product 3c with a barrier of
6.4 kcal/mol. In the case of the reaction with s-trans-butadiene,
(2 + 2) cycloaddition proceeds via complex 3a(trans) with a
barrier of 13.6 kcal/mol to give the product 3b(trans). In the
case of (2 + 4) cycloaddition product 3c, the reaction proceeds
in a stepwise manner from the complex 3a(trans) unlike the
case of s-cis-butadiene, in which the barrier is 18.9 kcal/mol to
give an intermediate 3d. From 3d, the reaction proceeds with a
very high barrier of 44.8 kcal/mol to give product 3¢ (see
Figure 3).

Reactions of 1,2-Azaborinine with Cyclopentadiene.
The reaction between ortho-benzyne and cyclopentadlene was
first studied experimentally b Wlttlg and Knauss,*® followed
by a few more investigations.”**> Wittig and Knauss obtained
benzonorbornadiene (4¢”) as product of (2 + 4) cycloaddition.
Later on, Comandini and Brezinsky investigated in their
theoretical studies pathways for (2 + 2) and (2 + 4)
cycloaddition reactions.” The (2 + 4) addition reaction has
a computed barrier of 2 kcal/mol at the (U)B3LYP/6-
311+G(d,p) level of theory.”® The (2 + 2) reaction proceeds
through a diradical intermediate (barrier of 8.4 kcal/mol),
which can be characterized by two rings connected through a
single C—C bond with the ring planes positioned almost
perpendicularly (see Scheme 5a). Rotation about the single
bond has a low barrier of around 2 kca]/mol and the
collapse to 4d’ likewise has a negligible barrier.”"

1,2-Azaborinine can interact through its empty orbital on
boron with a double bond of cyclopentadiene to give two
complexes, 4a and 4b (Scheme S5b, see Figure 4). The
complexes are lower in energy than the separated reactants by

https://doi.org/10.1021/acs joc.3c00401
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Figure 3. Reaction pathways for the reaction of 1,2-azaborinine with s-cis-1,3-butadiene and s-trans-1,3-butadiene at (bold: SCS-MP2/6-
31]+G(d,p); Italic: CCSD(T)/CCAPVTZ//SCS~MP2/6-311+G(d,p)). Calculated ZPVE-corrected energies in kcal/mol are shown.

Scheme $. (a) Reaction of ortho-Benzyne and Cyclopentadiene Previously Studied by Brezinsky et al.;* (b) Reaction of 1,2-
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Figure 4. Reaction pathways for the reaction of 1,2-azaborinine with
cyclopentadiene at (bold: SCS-MP2/6-311+G(d,p); Italic: CCSD-
(T)/cc-pVTZ//SCS-MP2/6-311+G(d,p)). Calculated ZPVE-cor-
rected energies in kcal/mol are shown.

22.7 and 222 keal/mol, respectively, at the CCSD(T)/cc-
pVTZ//SCS-MP2/6-311+G(d,p) level of theory (see Figure 7
for geometrical parameters). The structures of the complexes
have geometrical parameters that are similar to those of the
intermediates observed by Comandini and Brezinsky in the (2

+ 2) cycloaddition reaction® but with the Lewis acid—base
interaction between two rings. Structures of 4a and 4b differ by
the torsional angle between two rings, and their interconver-
sion is associated with a barrier of 11,9 kcal/mol, Further (2 +
4) and (2 + 2) reactions proceed from complex 4b. The (2 +
2) cycloaddition product 4d and (2 + 4) cycloaddition product
4c¢ can form in concerted processes from 4b with activation
energies of 13.5 kcal/mol and 4.7 kcal/mol, respectively (see
Figure 4). Neither of the transition states is symmetric. The (2
+2) product is thermodynamically less stable than the (2 + 4)
cycloadduct, and its formation is associated with a higher
barrier.

Reactions of 1,2-Azaborinine with Furan. The reaction
between ortho-benzyne and furan was first studied exper-
imentally by Wittig and Pohmer.®” They observed (2 + 4)
cycloaddition to yield epoxynaphthalene (5d") (Scheme 6a).
Kitamura and Yamane observed a trapping reaction of benzyne
with furan with their iodine-benzyne precursor to form

5d' " Akai et al. further studied the regioselectivity of
substituted benzynes with substituted furans both theoretically
and experimentally,”

1,2-Azaborinine is expected to form three complexes Sa—5c¢
with furan (Scheme 6b, Figure S). The Lewis acid—base
formation between boron and oxygen atoms in Sa is
exothermic by 20.1 kcal/mol and barrierless with respect to

8373 https:#/doi.org/10.1021 facs,joc.3c00401
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Scheme 6. Schematic Diagram of the Reaction of ortho-
Benzyne and 1,2-Azaborinine with Furan
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the separated reactants as confirmed by a relaxed scan of the
PES at the B3LYP/6-311+G(d,p) level of theory (see SI, Table
§15). Complexes Sb and Sc are slightly higher in energy than
Sa as their formation is exothermic with respect to separated
reactants by 16.8 and 15.9 kcal/mol, respectively (see Figure 7
for geometrical parameters). Sb and Sc are similar to the
corresponding complexes 4a and 4b of cyclopentadiene.
Interconversion between 5b and Sc is associated with a barrier
of 9.3 kcal/mol. The two (2 + 2) cycloaddition products 5f
and $g can form in a concerted process from Sc with an
activation energy of 11.9 kcal/mol and 11.2 kcal/mol,
respectively, through asymmetric transition states TS;._s; and
TS;. s, The (2 + 4) addition reaction proceeds through Sc¢ to
give the Diels—Alder reaction product 5d with a barrier of 3.8
kcal/mol and an asymmetric transition state TSs._ g4 (see
Figure 5). Furthermore, 5d can isomerize through a ring
expansion process to form Se with a barrier of 36.4 kcal/mol.
This is the most stable reaction product with relative energy of

71.1 keal/mol with respect to separated reactants. Product Se
can also directly be formed from Sa in a concerted process with
an activation barrier of 35.1 kcal/mol at the CCSD(T)/cc-
pVTZ//SCS-MP2/6-311+G(d,p) level of theory (see Figure
5)

Reactions of 1,2-Azaborinine with Benzene. The
reaction of ortho-benzyne with benzene was studied by Miller
and Stiles in 1963”" and later on by Friedman and Lindow in
1967”> and 1968.° Low-temperature pyrolysis of ortho-
benzyne precursor in benzene and benzene-d, indicates the
formation of naphthalene-d, and ethyne as a major product
with benzobicyclo[2.2.2]octatriene 6¢’, biphenyl and benzo-
cyclooctatetraene as the minor products (see Scheme 7a). In
1998, Beno et al.”* studied the initial step of the ortho-benzyne
and benzene reaction in relation to the interaction between an
ortho-benzyne molecule located inside a hemicarcerand and
the host molecule.”” Later, Comandini and Brezinsky
performed theoretical studies at the (U)CCSD(T)/cc-
pVDZ//(U)B3LYP/6-311+G(d,p) level of theory for the
formation of naphthalene from the reaction of ortho-benzyne
with benzene.” They suggested that the reaction proceeds
through the benzobicyclo[2.2.2]octatriene intermediate (6¢”)
((2 + 4) cycloaddition with a computed barrier of 6.8 kcal/
mol) to finally form naphthalene and ethyne through
fragmentat_lon of the intermediate (barrier of 52.1 kcal/
mol).”® Comandini and Brezinsky even considered the reaction
on the triplet potential surface to investigate the pathways for
minor products. The reaction proceeds through an inter-
mediate (6a") (barrier of 2.9 kcal/mol) to finally form
biphenyl (barrier of 42.1 kcal/mol). On the other hand, 6a’
can isomerize to 6b’ (barrier of 2.9 kcal/mol) through
torsional motion around the C—C bond between the two rings
which can undergo isomerization to form dihydrobiphenylene
which has been hypothesized as an intermediate in the
formation of benzocyclooctatetraene by Friedman and
Lindow.”

The reaction of 1,2-azaborinine with benzene has not been
studied so far. In the initial step of the reaction of 1,2-
azaborinine with benzene, the formation of two Lewis acid—
base complexes 6a and 6b is expected due to the interaction
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Figure 5. Reaction pathways for the reaction of 1,2-azaborinine with furan at (bold: SCS-MP2/6-311+G(d,p); Italic: CCSD(T)/cc-pVTZ//SCS-
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Scheme 7. (a) Reaction of ortho-Benzyne and Benzene as Studied by Friedman and Lindow;”* (b) Reaction of 1,2-Azaborinine

with Benzene
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Figure 6. Reaction pathways for the reaction of 1,2-azaborinine with
furan at (bold: SCS-MP2/6-311+G(d,p); Italic: CCSD(T)/cc-
pVTZ//SCS-MPZ/é-.}l1+G(d,p)). Calculated energies in kcal/mol
are shown.

between empty orbital on boron and the 7 bonds of benzene
(Scheme 7b, Figure 6)). The formation of complexes 6a and
6b is exothermic with respect to separated reactants by 9.8 and
8.9 kcal/mol, respectively (see Figure 7 for geometrical
parameters). The formation of 6a and 6b is barrierless with
respect to the separated reactants as confirmed by a relaxed
scan of the PES at the B3LYP/6-311+G(d,p) level of theory
(see SI, Table S15). The interconversion of two complexes 6a
and 6b has a barrier of 4.7 kcal/mol. The (2 + 4) cycloaddition
reaction can proceed through 6b to give the Diels—Alder
reaction product 6¢ with an energy barrier of 11.0 kcal/mol.
The formation of the (2 + 2) cycloaddition product 6d has a
barrier of 17.9 kcal/mol. Both transition states, TSg,.¢. and
TSep.6a are asymmetric (see Figure 6). The formation of the
(2 + 2) cycloproduct is associated with a higher barrier than
the (2 + 4) addition product and is thermodynamically less
favorable.
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Analysis of Complexes between 1 and Organic «
Systems. The computations discussed in the preceding
sections revealed that the quite exothermic formation of
complexes between 1 and the x systems is a distinctive feature
of the reactions. This warrants a more detailed discussion of
their properties. All complexes have carbon—boron distances
that are shorter than the sum of van der Waals radii (3.62 A)
(see Figure 7). In 1a, these distances are 1.784 A and the H—
C—H and H-C—C angles have changed slightly so that the
sum of bond angles around carbon is 358.3°, showing a slight
deviation from planarity around carbon atoms in C,H,. In 2a,
the angle H-C—C is 165.5° showing the deviation from
linearity around carbon. The longest B—C distance was found
for 6b (2.035 A), while the shortest distance was obtained for
3b(trans) (1.753 and 1.847 A) (see Figure 7 for geometric
parameters of other complexes). The largest deviation from
planarity around carbon in organic substrates is obtained in 4b,
while the smallest deviation is observed in complexes 6a and
6b with benzene.

Insight into the nature of the bonding between 1,2-
azaborinine and the qrganic substrates is provided by natural
bond orbital analysis.”™ In the complexes la, 2a, 3a-cis, 3a-
trans, 4a, 4b, 5b, Sc, 6a, and 6b, strong stabilization due to
n(substrate) — n*(B) (empty orbital on boron) delocalization
is assessed via second-order perturbation theory analyses in the
NBO basis (see Table S13 for E(2) values). The
corresponding natural localized molecular orbitals (NLMO)
have major contributions from the #(C=C) and #(C=C)
bond orbitals and “delocalization tails” (17.8—22.4%) from a
slightly hybridized vacant orbital at boron (Figure 8; Tables
S$13 and S14). In the case of complex formation with benzene,
the NLMO shows “delocalization tails” of only 9.8 and 10.5%
from a slightly hybridized vacant orbital at boron (Tables S13
and S14) for complexes 6a and 6b, respectively. This is in
accordance with the lower binding energy of complexes 6a and
6b compared to other complexes.

Comparison of the Reactivity of ortho-Benzyne and
1,2-Azaborinine. Ortho-benzyne and 1,2-azaborinine are

https://doi.org/10.1021/acs joc.3c00401
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Figure 7. Geometries of complexes between 1 and organic 7
substrates computed at the SCS-MP2/6-311+G(d,p) level of theory.
Important bond lengths [A] and bond angles [°] are given. AE =
Relative ZPVE-corrected binding energy with respect to the separated
reactants. AG = Relative free energies (AG at 298.15 K) with respect
to the separated reactants.

isoelectronic reactive intermediates, but our computational
analysis reveals that the barriers of their reactions toward the
set of prototypical organic 7 systems differ considerably. Due
to the polar BN triple bond, 1,2-azaborinine is more reactive
than ortho-benzyne considering energy barriers with respect to
reactants. 1,2-Azaborinine forms a complex with each of the
substrates without any barrier on the potential energy surface.
According to the NBO analyses, these complexes result from
the Lewis acid—base interaction between the boron empty
orbital and the z-orbital of the substrates. The interaction
energies are remarkably strong and range in energy from —25
to —10 kcal/mol. The complexes are the central intermediates
for any reaction ((2 + 2), (2 + 4), and CH insertion), and due
to their low energy, the subsequent steps have generally lower
barriers than the analogous reactions of ortho-benzyne.

B CONCLUSIONS

The computational study of (2 + 2) and (2 + 4) cycloaddition
and CH insertion reactions of 1,2-azaborinine with a set of
prototypical organic 7z systems reveals that all of these
reactions are strongly exothermic. The boron—nitrogen
bonding in 1,2-azaborinine is reminiscent of a frustrated
Lewis pair, and the ensuing strong Lewis acidity of the boron
center causes the barrierless formation of complexes with the
organic « system. These complexes are the central reactive
intermediate in any further reaction of 1,2-azaborinine. Similar
complexes do not exist for the analogous reactions of ortho-
benzyne, highlighting the differences between the two
isoelectronic reactive intermediates that arise from the polarity
of the BN link.

1,2-Azaborinine can react with the substrates with relatively
low activation barriers in (2 + 2) cycloaddition reactions,
which are symmetry-forbidden reactions according to the
Woodward—Hoffmann rules. The barrier is highest (17.9 kcal/
mol) for benzene and lowest for ethyne (10.2 kcal/mol). The
symmetry allowed (2 + 4) cycloaddition of 1,2-azaborinine is
preferred over possible (2 + 2) cycloadditions. The barriers of
the (2 + 4) reactions with respect to the corresponding
complexes increase from furan (3.8 kcal/mol), cyclopentadiene
(4.7 kcal/mol), s-cis-butadiene (5.4 kcal/mol) to benzene
(11.0 kcal/mol).

The C—H insertion reactions of 1,2-azaborinine into the
strong CH bonds of ethyne and ethene have higher
exothermicity compared to the (2 + 2) symmetry-forbidden
cycloaddition, but they are associated with a higher barrier
compared to the cycloaddition. There is the possibility of C—H
insertion at the boron and nitrogen centers, but the latter
regioisomer is generally preferred.

)
(a)

9
(c)

Figure 8. NBO plots for the (a) donor NBO, (b) acceptor NBO, and (c) corresponding NLMO associated with the C==C — B interaction for

complexes 1a at the BALYP-D3/6-311+G(d,p) level of theory.
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Based on our study, we expect that the reactions of 1,2-
azaborinine with unsaturated organic substrates are in principle
feasible under appropriate conditions. Under conventional
solution phase conditions, however, the reactions need to
compete with cyclooligomerizations that can proceed without
barriers on the PES.” The reaction with benzene has the
highest barrier, and indeed trapping with benzene was not
observed for dibenzo[c,e][1,2]azaborinine in benzene solution
at room temperature due to self-trapping.”* Hence, it would be
desirable to suppress the rate of cyclooligomerizations, e.g, by
introducing kinetically stabilizing sterically demanding groups.

Under noble gas matrix isolation conditions, on the other
hand, the facile formation of the relatively strongly bound
Lewis acid—base complexes is expected to act as a
thermodynamic trap. As the potential energy wells associated
with these complexes are quite deep, reactions toward
cycloaddition products may not proceed with appreciable
rates in typical argon matrix (T < 35 K) experiments.
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Table S1: The relative ZPVE corrected energies for the reaction of 1 with ethene (C2Ha)
as computed at the different level of theories. (Energies in kcal/mol).

1+ C2H4 1a TS1a.1b 1b TS1a.1c 1c TS1a.1d 1d

B3LYP/6-311+G(d.p) . 3 . 4 5
[CCSD(T)/ce-pVTZI! 0.0 18.7 2.3 39.4 14.6 55.4 58.9 42.4

BSLYPIE-BA T (e i [00]  [231] [82] [471] [109] [60.6] [59.9] [48.3]
Whew i eyl 217 52 421 120 581 563 452
M Al [00]  [231] [83] [474] [109] [60.5] [59.9] [48.3]
[ccsngf%iﬁ:)a%jﬁpz 6. 00 293 115 482 82 598 604  -47.4
e e [00]  [224] [7.9] [468] [11.4] [60.6] [61.4] [48.1]
e, D 244 75 459 132 589 648 467
S oy b [00]  [225] [7.9] [468 [11.4] [60.6] [61.0] [48.1]
[ C’é”ggﬁ;{fﬁ;&;@ﬁdﬁés_ 0.0 237 82 464 110 500 620  -47.1
e 11 ) [00]  [230] [82] [474] [11.1] [60.7] [60.6] [48.3]
SCS-MP2/6-311+G(d,p)-
PG panzas 0.0 248 70 441 133 585 654 456
[GEARINEEPVTEN BSOS g [-225] [79] [46.8] [11.2] [60.6] [60.8] [48.1]

MP2/6-311+G(d,p)
CPCM(benzene)]

Table S2: The relative free energies (AG at 298.15 K) for the reaction of 1 with ethene
(C2H4) as computed at the different level of theories. (Energies in kcal/mol).

1+ CaHy 1a TS1a-1b 1b TS1a1c 1c TS1a-1d 1d

B3LYP/6-311+G(d,p) R . = 4
[CCSD(T)/cc-pVTZI! 0.0 7.0 9.8 27.2 261 44.3 70.1 31.3

B3l VRIS St all [00]  [114] [39] [350] [224] [495] [71.1] [37.2]
osP T e, B 1100 68  -300 235 -470 675  -33.8
D36.311+6(d,p]] [00]  [114] [38] [350] [224] [494] [71.1] [-36.9]
ke e, D 475 07 31 198 485 718  -358
ol [00]  [106] [43] [347] [230] [493] [727] [-36.5]
[gggéﬂl;i/f:gﬂﬁ(gg)s_ 0.0 134 39 346 240 -482 756  -358
il [00]  [115] [35] [355] [222] [499] [71.8] [37.2]
Wreceagtdads . SO T 419 40  -343 225 478 733  -355
2X6.341-1G{d.p)] [00]  [113] [39] [349] [226] [494] [71.9] [-36.8]
SCS-MP2/6-311+G(d,p)-
CPCM(benzene) 0.0 138 44 332 241 478 761 347
[CCSD(T)/cc-pVTZi SCS-  [0.0]  [11.5]  [3.5] [355] [21.9] [49.9] [71.6] [-37.2]
MP2/6-311+G(d,p)]
S3
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Table S3: The relative ZPVE corrected energies for the reaction of 1 with ethyne (C2Hz2)
as computed at the different level of theories. (Energies in kcal/mol).

+
c12|-|2 22 TSz 2b TSszc 2¢ TSzaze 26 TSzeza 2d
B3LYF/6-311+G(d p) 00 -143 -30 356 87 662 100 -329 246  -39.1

[CCSD(T)/cc-pVTZi!
B3LYP/6-311+G(d,p)]

B3LYP-D3/6-311+G(d,p)
[CCSD(T)/cc-pVTZil B3LYP-
D3/6-311+G(d,p)]

MP2/6-311+G(d.p)
[CCSD(T)/cc-pVTZl MP2/6-
311+G(d,p)]

[0.0] [16.8] [6.7] [409] [7.3] [-70.2] [9.3] [-37.2] [219] [-42.9]

00 -165 -52 375 7.0 -680 80  -349 222  -411
[0.0] [-16.8] [-6.7] [409] [7.3] [-70.1] [9.3] [37.2] [219] [-42.9]

00 211 73 376 71  -694 64  -341 233 412
[0.0] [-161] [-59] [40.7] [7.8] [-70.0] [10.0] [-36.8] [22.8] [-42.4]

SCS-MP2/6-311+G(dp) oo 471 .36 -361 110 -686 108 -358 250 -410

[Ccﬁggg’_g‘jﬁgﬁ{’pf’lcs' [0.0] [163] [-61] [407] [7.5] [701] [9.6] [-36.6] [22.8] [-42.9]

(CCSDice sV TZy os. 00 177 65 396 85 683 113 349 245 425
s Mo el [00] [167] [65 [-40.9] [69] [702] [9.2] [-37.3] [220] [42.9]

SCS-MP2/6-311+G(d,p)-

CPCM(benzene) 00 178 30 340 114 680 109 356 254  -39.0

[CCSD(T)/cc-pVTZII SCS- '
MP2/6.311+G(d.p) [0.0] [163] [6.2] [40.7] [7.0] [-70.1] [9.7] [-366] [22.8] [-43.0]

CPCM(benzene)]

Table S4: The relative free energies (AG at 298.15 K) for the reaction of 1 with ethyne
(C2H2) as computed at the different level of theories. (Energies in kcal/mol).

+
C;Isz 2a TSo.20 2b TS2a2¢ 2c TSoa2e 2e TSoe2da 2d
B3LYP/6-311+G(d,p) 0.0 -4.6 73 -25.3 18.3 -56.5 19.5 -24.0 34.4 -29.2

[CCSD(T)/cc-pVTZf
B3LYP/6-311+G(d,p)]

B3LYP-D3/6-311+G(d,p)
[CCSD(T)/cc-pVTZ// B3LYP-
D3/6-311+G(d,p)]

[0.0] [7.1] [3.6] [306] [16.8] [60.5] [18.9] [-28.3] [31.8] [-33.0]

00 68 5.1 -27.2 166  -583 175  -260 320  -313
[0.0] [7.2] [3.6] [30.6] [16.8] [60.5] [18.8] [-28.3] [31.6] [-33.0]

MP2/6-311+G(d.p)
[CCSD(T)/cc-pVTZ/ MP2/6-
311+G(d,p)]

0.0 -11.4 31 -28.1 16.4 -59.8 16.2 -25.6 33.2 -31.5
[0.0] [-6.3] [4.5] [-31.2] [17.1] [-60.4] [19.7] [-28.4] [32.6] [-32.3]

SCS-MP2/6-311+G(d.p) 0.0 -7.3 6.8 -25.9 20.4 -58.9 20.6 -26.7 34.9 -31.3

[ccagggl_g:ﬁvc;r(ﬁfslcs- [0.0] [65] [43] [305] [169] [60.4] [19.4] [27.6] [327] [332]

mgggﬁ;{f;?&;%dﬁée_ 0.0 -8.0 38 -29.3 18.0 -58.7 209 -26.0 34.4 326
2X/6.311 fG(d,p)] [0.0] [-7.0] [3.8] [-30.6] [16.3] [-60.6] [18.8] [-28.4] [31.9] [-33.1]

SCS-MP2/6-311+G(d,p)-

CPCM(benzene) 00 -8.0 74 238 207 -583 20.6 -265 353 -292

[CCSD(T)/cc-pVTZ/ SCS-
MP2/6-311+G(d.p) [0.0] [-6.5] [4.2] [30.6] [16.2] [-60.4] [19.4] [27.5] [32.7] [-33.2]

CPCM(benzene)]

sS4
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Table S5: The relative ZPVE corrected energies for the reaction of 1 with 1,3-butadiene
as computed at the different level of theories. (Energies in kcal/mol).

1+ 1,3-cis-
butadiene
1+ 1,3-trans-
butadiene
3a(cis)
SSa(cis)-3a(trans)
3a(trans)
Tssa(cis)-Sb(cis)
3b(cis)
Ts3a(trans)-3b(trans)
SBb(cis)-3b(trans)
3b(trans)
TS3a(cis)-3c
TSSa(trans)-Sd
3d
Ts3d-3c

3c

B3LYP/6-
311+G(d,p)
[cCSD(T)/cc-
pVTZi!
B3LYP/6-
311+G(d,p)]

B3LYP-D3/6-
311+G(d,p)
[cCSD(T)/cc-
pVTZ// B3LYP-
D3/6-
311+G(d,p)]

MP2/6-
311+G(d,p)
[CCSD(T)/cc-
pVTZ// MP2/6-
311+G(d,p)]

SCS-MP2/6-
311+G(d,p)
[CCSD(T)/cc-
pVTZ// SCS-
MP2/6-
311+G(d,p)]

MO06-2X/6-
311+G(d,p)
[cCSD(T)/cc-
pVTZ// M06-
2X/6-
311+G(d,p)]

SCS-MP2/6-
311+G(d,p)-
CPCM(benzen
e)
[CCSD(T)/cc-
pVTZ// SCS-
MP2/6-
311+G(d,p)
CPCM(benzen
e)]

00 -35 175 -139 -204 50 -366 -65 -36.0 -386 -135 -25 -159 244
[0.0] [-2.9] [-22.9] [-20.4] [-25.4] [-9.7] [46.6] [-11.1] [-45.8] [48.4] [-16.6] [-6.7] [-28.7] [15.8]

00 33 216 -178 -243 -89 404 -102 -39.8 423 -180 -7.2 -204 20.1
[0.0] [-2.9] [-22.9] [-20.4] [-25.4] [-9.8] [46.6] [-11.2] [45.8] [-48.3] [-16.5] [-6.6] [-28.6] [15.8]

00 27 -302 270 -328 -142 480 -159 473 -500 -204 -95 -309 12.9
[0.0] [-3.1] [-22.6] [-19.7] [-24.9] [10.2] [46.1] [-11.5] [45.3] [48.1] [-15.6] [-6.0] [-28.0] [17.0]

00 27 -248 220 274 97 455 -115 449 475 -139 -36 -267 18.2
[0.0] [-3.1] [-22.7] [-19.8] [-25.1] [-10.1] [46.1] [-11.5] [-45.3] [-48.1] [-16.3] [-6.2] [-28.1] [16.7]

00 -28 -229 -200 -255 92 450 -104 443 -46.7 -157 62 -256 150
[0.0] [-2.9] [-23.1] [-20.3] [-25.6] [-10.5] [46.6] [-11.9] [-45.8] [-48.4] [-16.8] [-6.7] [-28.6] [15.7]

00 29 -254 -220 -27.7 92 420 -108 434 -460 -131 -30 -254 16.2
[0.0] [-3.1] [-22.7] [-19.8] [-25.1] [10.2] [46.1] [-11.5] [-45.4] [-48.1] [-16.4] [-6.3] [-28.1] [16.4]

-64.3
[-74.9]

-68.1
[-74.8]

74.8
[-73.51

723
[-74.1]

-73.7
[-74.8]

-70.9
[-74.1]
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Table S$6: The relative free energies (AG at 298.15 K) for the reaction of 1 with 1,3-
butadiene as computed at the different level of theories. (Energies in kcal/mol).

1 w HE 2 I
hega § = a g o~ v 3B
G:mﬂ —_ = 7] -y —_ 3 = 7] 2 w o
(e e I s £ 2 8 ? 8 & @ 2 ?
oghg © L © 0 O W pid © ) E T B O
=] - i =] Y < ] = ] £ ™ ©
88 ® 5z ¢ 8 g 5 = S 3 7]
+ =3 3 ™ 7] © i ™ = -1 K] [72) ~
o+ a N L] (73] 3 o o - [72)
- [72] - n [12) =
= =

B3LYP/6-

311+G(d,p)

[CCSD(T)lcc- 00 33 58 -15 -85 7.1 -242 57 -230 -262 -07 104 25 375 -518
pvTZI/ [0.0] [-2.8] [-11.2] [-8.0] [-13.5] [2.5] [-34.3] [1.1] [-32.8] [-36.0] [-3.8] [6.2] [-15.3] [28.9] [-62.1]
B3LYP/6-

311+G(d,p)]

B3LYP-D3/6-
311+G(d,p)
[CCSD(T)/cc- 00 -32 -101 -54 -124 33 -281 20 -269 -299 53 56 70 332 -554
pVTZ// B3LYP- [0.0] [-2.7] [-11.4] [-8.0] [-13.6] [2.3] [-34.3] [1.0] [-32.9] [-36.0] [-3.8] [6.3] [-15.2] [28.9] [-62.1]
D3/6-
311+G(d,p)]

MP2/6-
311+G(d,p)
[CCSD(T)/cc-
pVTZ// MP2/6-
311+G(d,p)]

SCS-MP2/6-

311+G(d,p)

[CCSD(T)ICC- 00 -27 125 93 -150 30 -328 13 -318 -349 -09 94 -133 314 -594

pVTZII SCS- [0.0] [-3.1] [-10.4] [-7.1] [12.7] [2.6] [-33.5] [1.2] [-32.2] [-35.4] [-3.3] [6.7] [-14.8] [29.9] [-61.2]
MP2/6-

311+G(d,p)]

MO6-2X/6-

311+G(d,p)

[CCSD(T)lce- 00 -27 112 77 -136 32 327 20 -315 345 29 66 -122 281 -611

pVTZ// M06- [0.0] [-2.9] [-11.3] [7.9] [-13.7] [1.9] [-34.3] [0.5] [-33.0] [-36.1] [4.0] [6.1] [-15.2] [28.8] [-62.2]
2X/6-

311+G(d,p)]

SCS-MP2/6-
311+G(d,p)-
CPCM(benzen
e)
[CCSD(T)/cc- 00 -28 -131 93 -153 35 -293 1.9 -303 -334 -02 101 -120 294 -58.0
pVTZ// SCS- [0.0] [3.1] [-10.4] [-7.1] [-127] [2.6] [-33.4] [1.3] [-32.3] [-35.4] [3.4] [6.7] [-14.7] [29.6] [-61.2]
MP2/6-
311+G(d,p)
CPCM(benzen
e)]

00 27 -184 -145 -208 -18 357 -35 -344 378 75 33 -175 261 -620
[0.0] [3.1] [-10.8] [7.2] [12.9] [2.2] [-33.8] [0.9] [-32.4] [-35.9] [-2.7] [6.7] [-14.7] [30.2] [-60.7]
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Table S7: The relative ZPVE corrected energies for the reaction of 1 with cyclopentadiene
(CPD) as computed at the different level of theories. (Energies in kcal/mol).

1+CPD 4a TS,, 4 TS,, 4 TS,,, 4d

B3LYP/6-311+G(d,p)

0.0 462 52 162 125  -385 48  -330

CCSD(T)/cc-pVTZ/ B3LYPI6-
G [0.0] [231] [103] [225 [47.9] [529] [87  [439]
oSN . 0D 209 97 209 173 432 90  -373
LAl [0.0] [234] [105] [224] [17.8] [528 [87]  [4338]
eSO S e O 303 139 295 218 556  -115  -446
i [0.0] [224] [107] [219] [47.0] [-523] [8.6] [433]
éggﬁ%’?ﬁfg:ﬁ%ﬁg@é- 0.0 249 107 242 159 526 7.8 -430
el [0.0] [227] [108] [222] [47.5] [524] [87] [434]
SO 21 s 0.0 230 112 225 159 494 7.0 412
P [0.0] [233] [117] [228] [4182] [-528] [9.2]  [439]

2X/6-311+G(d,p)]

SCS-MP2/6-311+G(d,p)-
CPCM(benzene) 0.0
[CCSD(T)/cc-pVTZ/I SCS-
MP2/6-311+G(d,p)
CPCM(benzene)]

: 253 420 245  -155  -51.1 74 413
[0.0] [228] [105] [22.3] [17.7] [524] [9.0] [43.4]

Table S8: The relative free energies (AG at 298.15 K) for the reaction of 1 with
cyclopentadiene as computed at the different level of theories. (Energies in kcal/mol).

1+CPD 4a TS, 4b TS, 4c TS, 4d

B3LYP/6-311+G(d,p)

0.0 37 7.1 38 07 248 78 19.9
CCSD(T)/cc-pVTZ/! BILYP/6-

[GOSEN ’:111+'°(5(d’p)] [0.0] [-10.6] [21] [104] [47] [-39.2] [38]  [-309]
B3LYP-D3/6-311+G(d,p) ] ) ) )
Mo i plineg 8.4 27 85 4.1 205 35 243

il s [0.0] [106] [1.8] [100] [47] [392] [3.8]  [-30.8]
MP2/6-311+G(d,p) ) ] ) ) )
kS s 0.0 17.5 12 16.8 8.5 419 13 316

e [0.0] [9.6] [20] [92] [37] [-386] [42] [30.3]

DT s 0.0 424 18 M7 29 393 49 -30.
MP2/6.311+G(d ] [0.0] [102] (.71 [98] [45] [391] [40]  [-30.5]

BT i 0.0 404 13 100 28 357 57 282
R T [0.0] [107] [.3] [103] [-5.0] [39.2] [35] [-30.9]

SCS-MP2/6-311+G(d,p)-

[ccs%’(:%%ﬁer{fzfgﬁ)scs- 0.0 128 05 121 26  -378 5.0 285
MP2/6.311 +G(d,p) [0.0] [103] [20] [99] [48 [391] [35] [-30.]
CPCM(benzene)]
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Table S9: The relative ZPVE corrected energies for the reaction of 1 with furan as
computed at the different level of theories. (Energies in kcal/mol).

1 + Furan

5a

5b

5d
TSSd-Se
TSSa-Se

TSSh-Sc
5c
TSSc-Sd

5g

Se
Ts5c-5f
5f
TSﬁc—5g

B3LYP/6-
311+G(d,p)
[CCSD(T)lec

c-pVTZ!I

B3LYP/6-
311+G(d,p)]

B3LYP-
D3/6-
311+G(d,p)
[CCSD(T)/c
c-pVvTZ//
B3LYP-
D3/6-
311+G(d,p)]

MP2/6-
311+G(d.p)
[CCSD(T)/c

c-pVTZI

MP2/6-
311+G(d,p)]

SCS-MP2/6-
311+G(d,p)
[CCSD(T)/c
c-pVTZII
SCS-MP2/6-
311+G(d,p)]

MO6-2X/6-
311+G(d,p)
[CCSD(T)/c

c-pVTZ/I

M06-2X/6-
311+G(d,p)]

SCS-MP2/6-
311+G(d.p)-
CPCM(benz
ene)
[CCSD(T)/c
c-pVTZlI
SCS-MP2/6-
311+G(d,p)
CPCM(benz
ene)]

[0.0]

0.0
[0.0]

0.0
[0.0]

0.0
[0.0]

0.0
[0.0]

0.0
[0.0]

B
[-20.6]

17.4
[-20.5]

-19.1
[-20.0]

17.9
[-20.1]

-19.5
[-20.8]

-19.2
[-19.9]

-10.5
[-17.1]

-14.9
[17.1]

o]
[-16.4]

178
[-16.8]

-16.9
[-17.5]

-18.6
[-16.8]

38 -104 61 -21.3 135 211
[-8.0] [-15.7] [-12.9] [-34.6] [1.8] [14.7]

76 -148 -103 -254 92 169
[-8.1] [-15.7] [-13.0] [-34.6] [1.8] [14.8]

95 -211 -13.2 -333 46 1458
[-7.5] [-15.6] [-11.9] [-34.0] [2.6] [15.1]

66 -167 93 -326 64 180
[-7.5] [-15.9] [-12.1] [-34.0] [2.4] [15.0]

71 160 94 -301 81 17.9
[-8.3] [-16.6] [-12.8] [-34.6] [1.9] [14.8]

91 -17.8 94 -321 68 193
[6.7] [-15.9] [-12.2] [-33.9] [2.4] [14.9]

638 -0.7 -19.1 20
[-71.4] [4.6] [-29.2] [-5.1]

-23.8
[-35.0]

68.1 46 -232 -20
[-71.4] [4.6] [-29.2] [-5.1]

-28.1
[-34.9]

672 24 272 -34
[-70.9] [-4.0] [-28.6] [4.4]

329
[-34.4]

857
[-34.3]

679 -03 270 -15
[-71.1] [4.0] [-28.6] [4.7]

692 04 -256 -17
[-71.8] [4.9] [-29.3] [5.3]

315
[-35.1]

668 -1.3 -258 -25
[-71.1] [4.4] [-28.6] [-5.0]

313
[-34.4]
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Table S10: The relative free energies (AG at 298.15 K) for the reaction of 1 with furan as
computed at the different level of theories. (Energies in kcal/mol).

1+ Furan

5a

5b

TSSb-Sc

5c

5d

TSSC-Sd
TSSd-Se

TSSa-Se

5e

TSSc-Sf

5f

TSSc—Sg

59

B3LYP/6-
311+G(d,p)
[CCSD(T)/c

c-pVTZII

B3LYP/6-
311+G(d,p)]

B3LYP-
D3/6-
311+G(d.p)
[CCSD(T)/c
c-pVvTZ//
B3LYP-
D3/6-
311+G(d,p)]

MP2/6-
311+G(d,p)
[cCSD(T)/c

c-pVTZII

MP2/6-
311+G(d,p)]

SCS-MP2/6-
311+G(d,p)
[CCSD(T)lc

c-pVTZI

SCS-MP2/6-
311+G(d,p)]

MO6-2X/6-
311+G(d.p)
[CCSD(T)/c

c-pVTZII

MO06-2X/6-
311+G(d,p)]

SCS-MP2/6-
311+G(d,p)-
CPCM(benz
ene)
[CCSD(T)/c
c-pVTZI
SCS-MP2/6-
311+G(d,p)
CPCM(benz
ene)]

[0.0]

0.0
[0.0]

0.0
[0.0]

0.0
[0.0]

0.0
[0.0]

0.0
[0.0]

2
[-9.0]

5.9
[-9.0]

74
[-8.4]

6.0
[-8.2]

79
[-9.1]

7.3
[-8.0]

1.5
[-5.2]

-2.9
511

9.7
[-3.9]

5.6
[-4.6]

-4.7
[5.3]

6.4
[-4.6]

8.7
[4.5]

5.0
[4.5]

2.9
[4.9]

5.5
[4.6]

52
[3.9]

3.4
[5.9]

1.6
[-3.6]

2.7
[-3.6]

-8.7
[-3.1]

45
[-3.8]

-3.8
[-4.5]

5.7
[-3.7]

71 79 268
[0.3] [21.1] [15.2]

29 -119 225
[0.2] [-21.1] [15.2]

-0.1 -198 18.0
[1.2] [-20.5] [16.0]

36 -195 195
[0.8] [-20.8] [15.4]

38 -166 215
[0.4] [-21.2] [15.3]

35 -190 199
[0.7] [-20.8] [15.5]

33.6
[27.3]

29.4
[27.4]

27.6
[27.9]

30.6
[27.6]

30.6
[27.5]

31.9
[27.5]

51.4
[-58.9]

-55.6
[-58.9]

-54.5
[-58.2]

-55.4
[-58.6]

-56.6
[-59.2]

54.2
[-58.6]

12.0
[8.1]

8.1
[8.1]

10.2
[8.6]

12.3
[8.6]

12.2
[7.7

11.4
[8.3]

6.1
[-16.2]

-10.2
[-16.2]

-14.3
[-15.7]

-14.3
[-15.8]

A48T
[-16.3]

A8
[-15.8]

14.3
[7.2]

10.3
[7.2]

9.0
[8.0]

10.9
[7.8]

10.7
[7.0]

10.1
[7.6]

-10.8
[-22.0]

-15.1
[-21.9]

-19.9
[-21.4]

-19.9
[-21.6]

185
[-22.1]

185
[-21.6]
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Table S11: The relative ZPVE corrected energies for the reaction of 1 with benzene as
computed at the different level of theories. (Energies in kcal/mol).

1+benzene 6a TS, 6b TS,, 6c TSy, 6d

B3LYP/6-311+G(d,p)
[CCSD(T)/cc-pVTZ/I B3LYP/6-
311+G(d,p)]

0.0 35 12 26 104 -103 151 30
[0.0] [10.3] [5.2] [9.5] [0.8] [27.9] [8.0] [-15.9]

B3LYP-D3/6-311+G(d.p) 0.0 87 53 79 50 -155 102 -7.8

[CCSD(T)’%ﬂ‘ffgﬁl’fp'a)]?’LYp‘D"”G' [00]  [10.3] [57] [95] [0.8] [-27.9] [7.8] [-15.8]

MP2/6-311+G(d,p)

0.0 164 -85 -155 28 -283 67 -138
CCSD(T)/cc-pVTZ/ MP2/6-

[ (3)1 ‘;i&d ol [0.0] [-0.8] [5.4] [8.9] [1.8] [27.4] [9.5] [15.3]
SCS-MP2/6-311+G(d,p) ) ) ) ] )
SRR T I 0.0 118 56 -108 24 271 107  -14.

311+G(d,p)] [0.0] [9.8] [-54] [8.9] [21] [-269] [9.0] [-15.0]
Mg 26 S11+GLD) 0.0 102 57 92 46 230 119 -115

[CCSD(T)/cc-pVTZ/I M06-2X/6-
311+G(d,p)]

SCS-MP2/6-311+G(d.p)-
CPCM(benzene) 0.0 -12.7 6.5 -11.9 3.1 -25.9 111 -12.6
[CCSD(T)/cc-pVTZ/I SCS-MP2/6- [0.0] [-9.6] [4.7] [8.7] [2.0] [-26.9] [8.8] [-15.0]
311+G(d,p) CPCM(benzene)]

[0.0] [10.7] [5.9] [9.8] [A] [27.7] [7.8] [-15.8]

Table S12: The relative free energies (AG at 298.15 K) for the reaction of 1 with benzene
as computed at the different level of theories. (Energies in kcal/mol).

1+benzene 6a TS, 6b TS,, 6c TS,, 6d

B3LYP/6-311+G(d,p)

0.0 7.6 9.2 8.6 238 3.4 27.8 9.9
CCSD(T)/cc-pVTZ// B3LYP/6-
[ ( )311+pG(d,p)] [0.0] [0.8] [5.2] [1.71 [141] [-14.1] [20.7] [-3.0]
B3LYP-D3/6-311+G(d,p) gy
[CCSD(T)/cc-pVTZI/ B3LYP-D3/6- 0.0 25 5.6 3.5 18.2 1.7 23.0 5.1
311+G(d,p)] [0.0] [0.9] [5.2] [1.8] [14.1] [-14.1] [20.6] [-3.0]
MP2/6-311+G(d,p) ) ; ) B
[CCSD(T)/cc-pVTZ/I MP2/6- 0.0 4.0 3.2 3.1 10.3 145 475 1.0
311+G(d,p)] [0.0] [25] [64] [3.5] [14.8] [13.6] [50.3] [-2.5]
SCS-MP2/6-311+G(d,p) 5 ¥ 2
[CCSD(T)/cc-pVTZ/l SCS-MP2/6- 0.0 0.2 57 0.7 14.8 142 230 1.8
311+G(d,p)] [0.0] [1.8] [6.2] [27] [14.5] [14.0] [21.2] [-2.7]
MO06-2X/6-311+G(d,p) .
[CCSD(T)/cc-pVTZ/ M0B-2X/6- 0.0 1.8 4.4 2.7 17.9 9.2 246 1.3
311+G(d,p)] [0.0] [1.3] [4.2] [2.1] [14.3] [-14.0] [20.5] [-3.0]
SCS-MP2/6-311+G(d,p)-
CPCM(benzene) 0.0 -1.1 57 -0.4 155 -13.0 234 -0.4
[CCSD(T)/cc-pVTZ// SCS-MP2/6- [0.0] [2.0] [6.5] [2.8] [14.5] [-14.0] [21.1] [-2.7]
311+G(d,p) CPCM(benzene)]
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Table S13. NBO analysis of the R—B (R is C=C in C2H4, 1,3-butadiene, cyclopentadiene,
furan and benzene respectively; and C=C in C2H2) interaction for complexes 1a, 2a, 3a-
cis, 3a-trans, 4a, 4b, 5b, 5c, 6a and 6b formed at the B3LYP-D3/6-311+G(d,p)level of
theory.

AE® %R® %B(®! Occ. R® Occ.B®
1a 319.7 771 224 1.557 0.502
2a 313.7 7.7 21.9 1.574 0.505
3a-cis 290.5 771 214 1.559 0.490
3a-trans 291.7 76.9 21.3 1.555 0.488
4a 244.6 77.6 19.9 1.572 0.462
4b 2449 77.9 19.5 1.576 0.475
5b 192.7 791 17.8 1.598 0.437
5¢ 208.1 78.2 18.5 1.586 0.477
6a 65.5 791 9.8 1.591 0.319
6b 71.4 79.1 10.5 1.593 0.337

(a) NBO second order perturbation interaction energy associated with the R—B interaction, in kcalmol™. (b)
Percentage of the donor and acceptor NBO in the corresponding NLMO. (c) Occupancy of the donor and acceptor
NBO orbitals.
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Table S14. NBO plots for the (a) donor NBO, (b) acceptor NBO and (c) corresponding
NLMO associated with the R—B (R is C=C in C2H4, 1,3-butadiene, cyclopentadiene, furan
and benzene respectively; and C=C in C2Hz2) interaction for complexes 1a, 2a, 3a-cis, 3a-
trans, 4a, 4b, 5b, 5¢, 6a and 6b at the B3LYP-D3/6-311+G(d,p) level of theory.

> g o N O N
1a
J
(a)
2a I ! ! !
3a-cis
3a-trans
4a
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4b

Sb

5¢c

6a

6b
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Table S15. Boron-carbon coordinate Scan for the complexes 1a, 2a, 3a(cis), 3a(trans), 4a,
4b, 5a, 5b, 6a, and 6b and boron-oxygen coordinate scan for the complex 5a at the B3LYP/6-
311+G(d,p) level of theory.

Scan Calculation for the complex 1a

B - C Distance (A)

1.5 2 25 3 35 . 5

AE (kcal/mol)

Scan Calculation for the complex 2a

L B - C Distance (A)

15 2 25 3 4 45 5

AE (kcal/mol)
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Scan Calculation for the complex 3a(cis)

B - C Distance (A)

5 2 25 3 35 4.5

-4
-6
E 8
g
£
w -10
<]
=12
-14
-16
-18
-20
Scan Calculation for the complex 3a(trans)
B - C Distance (A)
0 T T T d
1 2 25 3 - 4
25
2|
&1
-8 4
©
£
_5_‘“3 -10 4
w
<

-20 -

$15
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Scan Calculation for the complex 4a

AE(kcal/mol)

B - C Distance (in A)
1[s 2 25 3 25 A . : 5

6.5

o

-20

Scan Calculation for the complex 4b

AE(kcal/mol)

14 4

=20 4

B - C Distance (in A)

15 2 25 3 35 T8 5

&
L

iy
o
'

e
N
L

55
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Scan Calculation for the complex 5a

B - O Distance (in A)

13 1.8 23 2.8 33 4.3
25
5
3
E
E
£
-7
<
-10
-12.5
-15
Scan Calculation for the complex 5b
B - C Distance (in A)
0 T T *
1|5 25 35 4.5 5 6.5 7.5
2:d
-4
3
£
g
iy
<
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Scan Calculation for the complex 5¢

AE(kcal/mol)

B - C Distance (in A)

15 2 25 3 35

H2d

45

Scan Calculation for the complex 6a

B - C Distance (in A)

3 4 5

-0.5

-15

AE(kcal/mol)

-2.5 1

-3.5

4.5 -
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Scan Calculation for the complex 6b

B - C Distance (in A)

25 3 35 45

0.5

AE(kcal/mol)

-2.5

-35

Table S$16. Intrinsic reaction Coordinate (IRC) path for the reactions of 1,2-Azaborine with
Ethene (C2H4), Ethyne (Cz2H2), 1,3-butadiene, cyclopentadiene, furan and benzene
respectively at different level of theories.

IRC for TS1a-1n

—s—BILYP/B-3114G(d,p)  ——BALYP-D3/6-311+G(d,p)

" TS
13 A
1
9
7
5
3
1
EJ \\\ 3 8 9 21
g i *1a 4
< : &, ﬁ
-9 J
1"
13 J

Intrinsic Reaction Coordinate

$19
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IRC for TS1a-1c

AE(kcal/mol)

42

36

30

24

24

-30

-36

42

—e—B3LYP/6-311+G(d,p)  —e—B3LYP-D3/6-311+G(d,p)

TSiaact—

Intrinsic Reaction Coordinate

21

IRC for TS1a-14

AE(kcal/mal)

—e—B3LYP/6-3114G(d,p)  —e—B3LYP-D3/6-311+G(d,p)

Intrinsic Reaction Coordinate
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IRC for TS2a-2b

—e—B3LYP/6-3114G(d,p)  —e—B3LYP-DI/6-311+G(d,p)

gk\ﬂ'—'*'rsu-zb

AE (kcal/mol)

=21

24

20

2a

Intrinsic Reaction Coordinate

IRC for TSZa-Zc

-20

AE (kcal/mol)
o
3

o
[S]

-40
44
-48
-52
56
-60
64
68

—e—BILYP/6-311+G(d,p)  —+—B3LYP-D3/6-311+G(d,p)

2a

9

Intrinsic Reaction Coordinate
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IRC fOI' TSZa-Ze
—e—B3LYP/6-311+G(d,p) —e—B3LYP-D3/6-311+G(d,p)
28
24
20

AE (kcal/mol)
I

0
5 10 15
2a
+1 &30
8
-12 4
o
_16 4
9
-20

Intrinsic Reaction Coordinate

IRC for TS2e-2d

—s—B3LYP/6-311+G(d p) —e—B3LYP-D3/6-311+G(d.p}
60 -

50 4

40

w
=]
L

AE (kcal/mol)

(]
(=]
"

5 10 18 20 25 30

Intrinsic Reaction Coordinate

-10 -
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IRC for TSaza(cis)-3b(cis)

—e—B3LYP/6-311+G(d,p)  —e—B3LYP-D3/6-311+G(d,p)

s 30
B
E
w™
=3
w
<
6 | 3b(cis)
214
Intrinsic Reaction Coordinate
IRC for TSaa(cis)-sa(trans)
—e—B3LYP/6-311+G(d,p)  —e—B3LYP-D3/6-311+G(d p)
45
4 4
o Tssa{cis).aa(mns)
3 1 * )
2.5 1 ]
2 p
__ 154
a
£ 1
™
Q
X 05
w
= 0 4
15 20
0.5 3a(cis)
A4
Q X
-1.5 4 J
2 ) J
25 1 3a(trans)
_3 J

Intrinsic Reaction Coordinate
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IRC for Ts3a(trans)-3b(trans)

AE (kcal/mol)

. 5 10 15
| 3a(trans)

—e—B3LYP/6-311+G(d,p) ——B3LYP-D3/6-311+G(d.p)

~* TS3a(trans)-3b(trans)

%

3b(trans)
»

Intrinsic Reaction Coordinate

IRC for TSab(cis)-sbitrans)

0.8

0.6 1

0.4

0.2

—e—B3LYP/B-3114G(d,p)  —e—B3LYP-D3/6-311+G(d,p)

—‘*Tsab(cin)-ab(m-m)

AE (kcal/mol)
>

1 2 3 4 5
3b(cis)

J3I:|(trans)

9

Intrinsic Reaction Coordinate
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IRC for TS3a(cis)-3c

—e—B3LYP/6-3114G(d,p)  —*—B3LYP-D3/6-311+G9d,p)

54
04 ; i
24 28
Tss::cis)-ac
54
-10 4
-15 { P
E 20
T
Q
2
w28
<
-30 4
,35 4
-40 4
-45 4
-50 4 . . .
Intrinsic Reaction Coordinate
IRC for TSsa(trans)-3d
——B3LYP/6-311+G(d,p)  —*—B3LYP-D3/6-311+G(d,p)
18 1
‘_( TSsatrans)3d ==
15 }
9 ™
12
3
£
g ¢
=
w
<
BES
4
)
3 e
3a(trans) 3d
J
0 - : : - - )
0 5 10 15 20 25 30

Intrinsic Reaction Coordinate
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IRC for TS3d-3c

45

40

35

25

20

AE (kcal/mol)

—e—B3LYP/B-3114G(d,p)  —*—B3LYP-D3/6-311+G(d,p)

o Tssd-Sc

Intrinsic Reaction Coordinate

IRC for TSap-ac

—e—B3LYP/6-311+G(d,p)  —e—B3LYP-D3/6-311+G(d,p)

AE(kcal/mal)

-20

16

9

Intrinsic Reaction Coordinate

S26

81



Publication 1
Supporting Information

IRC for TSab-44

AE(kcal/mol)

—e—B3LYP/6-311+G(d,p)  ——B3LYP-D3/6-311+G(d,p)

30

Intrinsic Reaction Coordinate

IRC for TSsa-se

AE(kcal/mol)

38

28

18

—e—B3LYP/6-311+G(d,p)  —e—B3LYP-D3/6-311+G(d,p)

e,

TS 5a-5¢

o

ox
(¥

-32

42

-52

35

J

Intrinsic Reaction Coordinate
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IRC for TSsq-5e

—e—B3LYP/6-311+G{d,p)  —e—B3LYP-DI/6-311+G(d,p)

37

32

27

22

AE(kcal/mol)

8
13
-18
25
-28
33
-38
43 o " ’
Intrinsic Reaction Coordinate
IRC for TSsc-5q
== B3LYP/6-311+G(d,p) =g B3LYP-D3/6-311+G(d,p)
5 -
—* TSg sy
3 4
1 4
2 4 6 8
=
5c oA
e
o 34
E
=
a *
= {
-5 A
<
J
=
9 4
-1 4
-13 4

Intrinsic Reaction Coordinate
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IRC for TSsc.sf

AE(kcal/mol)

—e—B3LYP/6-311+G(d,p) —*—B3LYP-D3/6-311+G(d,p)

Ts_r,c.gf —

9

Intrinsic Reaction Coordinate

IRC for TSscsq

AE(kcal/mol)

14

12

10

—e—B3LYP/6-311+G(d,p)  —*—B3LYP-D3/6-311+G(d,p)

TSsc.59

Intrinsic Reaction Coordinate

36

38
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IRC for TSeb-6c

AE (kcal/mol)

—e—B3LYP/6-311+G(d,p)  —#—B3LYP-D3/6-311+G(d,p)

9

Intrinsic Reaction Coordinate

IRC for TSeb-6d

AE (kcal/mol)

—e—B3LYP/6-311+G(d,p)  —#—B3LYP-D3/6-311+G(d,p)

Intrinsic Reaction Coordinate
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Table S17. Cartesian Coordinates of Stationary Points at different levels of theories.

1,2-Azaborine (1) B3LYP/6-311+G(d,p)

N -1.31781100 -0.76723000 0.00000000

C -1.23513500 0.58838300 0.00000000

C 0.00000000 1.23880900 0.00000000

C 1.21031400 0.51001000 0.00000000

C 1.28218200 -0.89661700 0.00000000

H 0.03056300 2.32157000 0.00000000

H -2.16209100 1.15729400 0.00000000

H 2.14341000 1.06848000 0.00000000

H 2.22354900 -1.42159000 0.00000000

J B -0.11098300 -1.27973100 0.00000000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -1.31840200 -0.76766600 0.00000000 N -1.33419500 -0.77743300 0.00000000
C -1.23562300 0.58843500 0.00000000 C -1.23886400 0.58877100 0.00000000
(] 0.00000000 1.23943100 0.00000000 C 0.00000000 1.23829500 0.00000000
C 1.21090700 0.51048900 0.00000000 C 1.21728800 0.51365900 0.00000000
C 1.28283000 -0.89671800 0.00000000 C 1.29388300 -0.89877300 0.00000000
H 0.03035800 2.32223400 0.00000000 H 0.02810400 2.32380300 0.00000000
H -2.16261300 1.15736800 0.00000000 H -2.16675800 1.16015700 0.00000000
H 2.14397700 1.06904400 0.00000000 H 2.15119100 1.07596100 0.00000000
H 2.22472800 -1.42128300 0.00000000 H 2.23955400 -1.42065300 0.00000000
B -0.11126400 -1.28070500 0.00000000 B -0.10931300 -1.26979000 0.00000000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -1.32268300 -0.76818700 0.00000000 N -1.33956900 -0.78133800 0.00000000
C -1.22955700 0.58298900 0.00000000 c -1.23921500 0.58792800 0.00000000
C 0.00000000 1.23637800 0.00000000 c -0.00179200 1.23836800 0.00000000
C 1.20821900 0.50692200 0.00000000 C 1.22013200 0.51093000 0.00000000
(] 1.28356900 -0.89329100 0.00000000 C 1.29309200 -0.89959100 0.00000000
H 0.02886700 2.31790200 0.00000000 H 0.02678200 2.32458100 0.00000000
H -2.15502600 1.15370900 0.00000000 H -2.16713200 1.16050400 0.00000000
H 2.14005800 1.06665900 0.00000000 H 2.1537320 1.07494900 0.00000000
H 2.22511000 -1.41638200 0.00000000 H 2.23644800 -1.42727800 0.00000000
B -0.11072200 -1.26851200 0.00000000 B -0.11464200 -1.27086600 0.00000000
Ethyne (C:H2) B3LYP/6-311+G(d,p)
C 0.00000000 0.00000000 0.59977000
J C 0.00000000 0.00000000 -0.59977000
J ‘ ‘ H 0.00000000 0.00000000 1.66296800
H 0.00000000 0.00000000 -1.66296800
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C 0.00000000 0.00000000 0.59977000 C 0.00000000 0.00000000 0.60807900
C 0.00000000 0.00000000 -0.59977000 C 0.00000000 0.00000000 -0.60807900
H 0.00000000 0.00000000 1.66296800 H 0.00000000 0.00000000 1.67281300
H 0.00000000 0.00000000 -1.66296800 H 0.00000000 0.00000000 -1.67281300
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C 0.00000000 0.00000000 0.59851700 & 0.00000000 0.00000000 0.60738400
C 0.00000000 0.00000000 -0.59851700 C 0.0000000 0.00000000 -0.60738400
H 0.00000000 ©0.00000000 1.66295100 H 0.0000000 0.00000000 1.67326600
H 0.00000000 0.00000000 -1.66295100 H 0.0000000 0.00000000 -1.67326600
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Ethene (CzH4)

B3LYP/6-311+G(d,p)

C -0.66442100 0.00000000 0.00000400
C 0.66442100 0.00000000 -0.00000300
H -1.23518100 -0.92269500 -0.00001100
H -1.23518100 0.92269500 0.00002200
H 1.23518100 0.92269500 0.00001000
H 1.23518100 -0.92269500 -0.00002400
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -0.66442100 0.00000000 -0.00000400 C -0.66957400 0.00000000 -0.00000300
C 0.66442100 0.00000000 0.00000300 C 0.66957400 0.00000000 0.00000300
H -1.23518100 0.92269500 0.00001100 H -1.23586800 0.92598300 0.00001100
H -1.23518100 -0.92269500 -0.00002200 | H -1.23586800 -0.92598300 -0.00002300
H 1.23518100 -0.92269500 -0.00001000 H 1.23586800 -0.92598300 -0.00001000
H 1.23518100 0.92269500 0.00002400 | H 1.23586800 0.92598300 0.00002300
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -0.66288300 0.00000000 -0.00000300 | C  -0.670107000  0.000000000 -0.000003000
C 0.66288300 0.00000000 0.00000300 C 0.670107000  0.000000000  0.000003000
H -1.23099500 0.92337600 0.00001100 | H  -1.237136000  0.926929000  0.000011000
H -1.23099500 -0.92337600 -0.00002300 | H  -1.237136000 -0.926929000 -0.000023000
H 1.23099500 -0.92337600 -0.00001000 H 1.237136000 -0.926929000 -0.000010000
H 1.23099500 0.92337600 0.00002300 | H 1.237136000  0.926929000  0.000023000
1,3-cis-butadiene B3LYP/6-311+G(d,p)
’ C -0.270304000  1.523990000  0.489579000
C  -0.270304000 0.682916000 -0.549037000
H 0.176301000  1.256285000  1.441433000
H -0.704940000 2.513656000 0.411923000
H  -0.680286000  1.026908000 -1.496607000
A‘ C  0.270304000 -0.682916000 -0.549037000
: C 0.270304000 -1.523990000 0.489579000
4 H 0.680286000 -1.026908000 -1.496607000
H 0.704940000 -2.513656000 0.411923000
H -0.176301000 -1.256285000  1.441433000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C  0.270963000 1.519728000 -0.490922000 | C  0.334729000 1.497314000 -0.493258000
C 0.270963000 0.682772000  0.551216000 C 0.334729000 0.655446000 0.556885000
H -0.176669000  1.245599000 -1.440642000 H -0.204204000  1.256054000 -1.405090000
H 0.706228000  2.509607000 -0.419246000 | H 0.861296000  2.445169000 -0.453092000
H 0.681450000 1.028176000  1.498122000 H 0.835399000 0.956293000 1.476417000
C -0.270963000 -0.682772000  0.551216000 c -0.334729000 -0.655446000 0.556885000
C  -0.270963000 -1.519728000 -0.490922000 | C  -0.334729000 -1.497314000 -0.493258000
H -0.681450000 -1.028176000  1.498122000 H -0.835399000 -0.956293000 1.476417000
H  -0.706228000 -2.509607000 -0.419246000 |H  -0.861296000 -2.445169000 -0.453092000
H 0.176669000 -1.245599000 -1.440642000 | H 0.204204000 -1.256054000 -1.405090000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C  0.308161000 1.497278000 -0.489949000 | C 0.334653000  1.506843000 -0.491772000
C  0.308161000 0.668218000 0.552355000 | C  0.336373000 0.658365000  0.553173000
H  -0.194273000 1.236578000 -1.415448000 |H  -0.201924000 1.272693000 -1.408052000
H 0.794716000  2.463686000 -0.441573000 H 0.860576000 2.456192000 -0.445466000
H 0.772014000 0.986405000  1.482584000 H 0.840800000 0.952673000 1.473978000
C -0.308161000 -0.668218000 0.552355000 | C  -0.336373000 -0.658365000  0.553173000
C -0.308161000 -1.497278000 -0.489949000 C -0.334653000 -1.506843000 -0.491772000
H  -0.772014000 -0.986405000 1.482584000 |H  -0.840800000 -0.952673000 1.473978000
H -0.794716000 -2.463686000 -0.441573000 H -0.860576000 -2.456192000 -0.445466000
H 0.194273000 -1.236578000 -1.415448000 H 0.201924000 -1.272693000 -1.408052000
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1,3-trans-butadiene B3LYP/6-311+G(d,p)
r C  0.601369000 1.748818000 -0.000094000
C  0.601369000 0.410438000  0.000108000
H  -0.324751000  2.315211000 -0.000192000
H 1523433000 2.317506000 -0.000172000
H 1549999000 -0.122798000  0.000280000
C  -0.601369000 -0.410438000  0.000108000
C  -0.601369000 -1.748818000 -0.000094000
H  -1.549999000  0.122798000  0.000280000
* H  -1.523433000 -2.317506000 -0.000172000
H  0.324751000 -2.315211000  -0.000192000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C  -0.601369000 1.748818000 0.000094000 [ C  -0.608203000 1.751007000  0.000014000
C  -0.601369000 0.410438000 -0.000108000 | C  -0.608203000  0.403899000 -0.000016000
H  0.324751000 2.315211000 0.000192000 | H  0.323167000 2.311157000  0.000032000
H  -1.523433000 2317506000 0.000172000 |H  -1.533801000 2.316737000  0.000018000
H  -1.549999000 -0.122798000 -0.000280000 | H  -1.556222000 -0.133797000 -0.000035000
C 0601369000 -0.410438000 -0.000108000 | C  0.608203000 -0.403899000 -0.000016000
C  0.601369000 -1.748818000 0.000094000 | C  0.608203000 -1.751007000  0.000014000
H 1.549999000  0.122798000 -0.000280000 | H 1.556222000  0.133797000 -0.000035000
H 1523433000 -2.317506000 0.000172000 | H 1.533801000 -2.316737000  0.000018000
H  -0.324751000 -2.315211000  0.000192000 | H  -0.323167000 -2.311157000  0.000032000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C  -0.607560000 1.738350000 0.000005000 | C  0.603979000 1.755812000 -0.000026000
C  -0.607560000 0.405277000 -0.000005000 | C  0.609063000 0.408326000  0.000006000
H  0.321764000 2.208734000 0.000011000 | H  -0.328589000 2.316064000 -0.000046000
H  -1.528976000 2.306919000  0.000006000 | H 1.528568000  2.325570000 -0.000029000
H  -1.550678000 -0.136105000 -0.000013000 | H 1.559678000 -0.126268000  0.000025000
C  0.607560000 -0.405277000 -0.000005000 | C  -0.609063000 -0.408326000  0.000006000
C 0607560000 -1.738350000 0.000005000 | C  -0.603979000 -1.755812000 -0.000026000
H 1550678000  0.136105000 -0.000013000 | H  -1.559678000  0.126268000  0.000025000
H 1.528976000 -2.306919000  0.000006000 | H  -1.528568000 -2.325570000 -0.000029000
H  -0.321764000 -2.298734000  0.000011000 | H  0.328589000 -2.316064000 -0.000046000
cyclopentadiene B3LYP/6-311+G(d,p)
C  -0.009112000 -1.216109000 -0.000002000
C  -1.181428000 -0.272786000 -0.000009000
C  -0.726681000 0.995760000 -0.000008000
C  0.741601000 0.984698000  0.000061000
C  1.177165000 -0.290541000 -0.000047000
H  -0.014207000 -1.877494000 0.877160000
H  -0.014229000 -1.877510000 -0.877150000
H  -2.214959000 -0.591161000 -0.000012000
H  -1.333654000 1.892164000  0.000002000
H 2205892000 -0.624084000 -0.000075000
H 1.361884000  1.871956000  0.000107000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C  0.002082000 -1.215719000 -0.000037000 | C  1.217897000 -0.000232000  0.000022000
C  -1.179168000 -0.283722000 0.000001000 | C  0.287549000  1.180350000  0.000003000
C  -0.735900000 0.988770000 0.000042000 | C  -0.995716000  0.734025000 -0.000022000
C  0.732533000 0.991240000 -0.000040000 | C  -0.995995000 -0.733646000 -0.000003000
C 1.180119000 -0.279745000  0.000044000 | C  0.287099000 -1.180459000 -0.000005000
H 0.003151000 -1.876356000  0.877537000 | H 1.872178000 -0.000355000 -0.882819000
H  0.003171000 -1.876287000 -0.877665000 | H 1.872144000 -0.000358000  0.882889000
H  -2.209508000 -0.611872000 -0.000002000 |H  0.612065000 2.214697000  0.000009000
H  -1.350978000 1.879626000  0.000066000 |H  -1.886050000  1.353798000 -0.000039000
H 2211615000 -0.604255000 0.000067000 |H  0.611221000 -2.214930000 -0.000006000
H 1.344551000  1.884198000 -0.000063000 | H  -1.886564000 -1.353080000 -0.000007000
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M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C  -0.000278000 -1.213961000 -0.000001000 | C  1.223071000 -0.000233000  0.000019000
C  -1.176004000 -0.280535000 -0.000007000 | C  0.285251000  1.183227000  0.000003000
C  -0.734463000  0.987811000 -0.000012000 | C  -0.996547000  0.738232000 -0.000012000
C 0734923000 0.987466000 0.000068000 | C  -0.996828000 -0.737853000 -0.000017000
C  1.175871000 -0.281086000 -0.000052000 |C  0.284801000 -1.183336000  0.000008000
H  -0.000435000 -1.870420000 0.878420000 |H  1.877038000 -0.000359000 -0.884113000
H  -0.000458000 -1.870437000 -0.878407000 |H  1.877013000 -0.000356000  0.884169000
H  -2.206852000 -0.605918000 -0.000011000 |H  0.609983000 2.218617000  0.000006000
H  -1.349128000  1.878071000 -0.000008000 | H  -1.888288000  1.357599000 -0.000024000
H 2206580000 -0.606908000 -0.000085000 |H  0.609138000 -2.218849000  0.000015000
H  1.349997000  1.877444000  0.000116000 | H  -1.888805000 -1.356880000 -0.000032000
furan B3LYP/6-311+G(d,p)

C  1.095132000 -0.346976000  0.000484000

C 0717722000 0.957851000 -0.000425000

C  -0.717720000  0.957853000  0.000175000

C  -1.095133000 -0.346974000  0.000075000

O  -0.000001000 -1.158589000 -0.000278000

H 2049628000 -0.845109000  0.000777000

H  1.373079000  1.814201000 -0.000779000

H  -1.373075000  1.814204000  0.000275000

H  -2.049630000 -0.845104000  0.000099000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C  1.095492000 -0.347023000 0.000143000 | C  -1.093311000 -0.351901000  0.000013000
C  0.717833000 0.957944000 -0.000268000 | C  -0.715993000  0.965414000  0.000085000
C  -0.717831000  0.957945000 -0.000051000 | C  0.715993000  0.965414000  0.000246000
C  -1.095493000 -0.347021000  0.000000000 | C  1.093311000 -0.351901000 -0.000110000
O  -0.000001000 -1.158868000  0.000169000 | O  0.000000000 -1.161611000 -0.000222000
H  2.050777000 -0.844105000 0.000277000 |H  -2.048709000 -0.853450000 -0.000016000
H  1.373405000 1.814042000 -0.000495000 |H  -1.378437000 1.818817000  0.000152000
H  -1.373403000  1.814044000 -0.000113000 |H  1.378436000  1.818817000  0.000469000
H  -2.050778000 -0.844101000  0.000041000 | H 2048709000 -0.853450000 -0.000240000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C  -1.088691000 -0.347798000  0.000340000 | C  1.095099000 -0.350331000  0.000016000
C  -0.717626000  0.955006000 -0.000341000 | C  0.720038000  0.964909000 -0.000101000
C 0717626000 0.955005000  0.000677000 | C  -0.720037000  0.964910000 -0.000213000
C  1.088691000 -0.347798000 -0.000386000 | C  -1.095099000 -0.350329000  0.000104000
O  0.000000000 -1.151384000 -0.000271000 | O  -0.000001000 -1.164579000  0.000218000
H  -2.043108000 -0.845941000 0.000499000 |H  2.051787000 -0.851353000  0.000062000
H  -1.375541000 1.808232000 -0.000581000 |H  1.381217000  1.820488000 -0.000192000
H  1.375541000  1.808232000 0.001207000 | H  -1.381215000  1.820490000 -0.000413000
H  2.043108000 -0.845941000 -0.000695000 | H  -2.051788000 -0.851349000  0.000222000
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Benzene B3LYP/6-311+G(d,p)
C  -0.459320000 -1.317222000 -0.000001000
C -1.370409000 -0.260816000  0.000004000
C -0.911090000  1.056393000  0.000002000
C 0459334000 1.317217000  0.000001000
C 1.370406000  0.260830000 -0.000001000
J C 0.911079000 -1.056402000 -0.000004000
H  -0.816436000 -2.341257000 -0.000001000
H -2.435803000 -0.463596000 0.000005000
H -1.619373000  1.877682000  0.000004000
H 0.816416000  2.341265000  0.000001000
‘) H 2.435807000 0.463575000 -0.000003000
H 1.619389000 -1.877668000  -0.000006000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C  -0475075000 -1.311894000 -0.000001000 | C  0.539364000 1.292194000 0.010599000
C -1.373672000 -0.244507000  0.000004000 C -0.849391000  1.113200000 -0.010601000
C -0.898598000  1.067373000  0.000002000 C -1.388755000 -0.178994000 0.010596000
C 0475089000 1.311889000  0.000001000 | C  -0.539364000 -1.292194000 -0.010599000
C 1.373669000  0.244522000 -0.000001000 C 0.849391000 -1.113200000 0.010601000
C  0.898587000 -1.067382000 -0.000004000 | C 1.388755000  0.178994000 -0.010596000
H  -0.844368000 -2.331591000 -0.000001000 | H 0.957986000  2.295117000 -0.000162000
H -2.441398000 -0.434572000  0.000005000 H -1.508637000  1.977199000  0.000159000
H  -1.597036000 1.897039000 0.000004000 | H  -2.466623000 -0.317918000 -0.000168000
H 0.844348000  2.331598000 0.000001000 | H  -0.957986000 -2.295117000  0.000162000
H 2441401000  0.434552000 -0.000003000 H 1.508637000 -1.977199000 -0.000159000
H 1597052000 -1.897026000 -0.000006000 | H 2466623000 0.317918000  0.000168000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C  -0.848389000 1.103159000 0.000001000 | C 0.539948000  1.293592000  0.007138000
C  -1.379570000 -0.183129000 -0.000002000 | C  -0.850310000  1.114405000 -0.007140000
C  -0.531199000 -1.286282000 -0.000003000 | C  -1.390258000 -0.179188000  0.007135000
C 0.848392000 -1.103156000 -0.000001000 C -0.539948000 -1.293592000 -0.007138000
C 1.379571000 0.183125000  0.000002000 C 0.850310000 -1.114405000 0.007140000
C 0.531196000  1.286284000  0.000003000 | C 1.390258000  0.179188000 -0.007135000
H  -1.508962000 1.962196000  0.000001000 | H 0.958924000  2.297363000 -0.000243000
H -2.453802000 -0.325691000 -0.000004000 H -1.510113000  1.979134000  0.000240000
H  -0.944845000 -2.287884000 -0.000005000 | H  -2.469037000 -0.318229000 -0.000249000
H 1.508957000 -1.962199000 -0.000001000 H -0.958924000 -2.297363000 0.000243000
H 2.453802000  0.325696000  0.000004000 H 1.5610113000 -1.979134000 -0.000240000
H 0.944850000  2.287882000  0.000005000 | H  2.469037000  0.318229000  0.000249000
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C 2.23756700 -0.00633900 -0.69482300

4 (] 2.23692500 -0.00563400 0.69546300

H 2.30442800 -0.93602400 -1.24378700

H 2.39911900 0.80766600 -1.25169600

‘ H 2.39855800 0.90883600 1.25152400

H 2.30375900 -0.93480800 1.24531200

N -0.04364500 -1.25058100 -0.00023600

J C -1.36544700 -1.25870500 0.00006300

C -2.15874800 -0.09173600 0.00027400

C -1.57632600 1.17906700 (0.00000900

C -0.18671500 1.30866500 -0.00049600

H -3.23951800 -0.19243200 0.00074700

H -1.87348700 -2.22532600 -0.00017700

H -2.22340900 2.05246300 0.00012600

J H 0.24042300 2.30890500 -0.00102700

B 0.57442000 0.02257600 -0.00046200

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C 2.23667500 -0.00607900 -0.69526400 C 2.20915400 -0.00211800 -0.70242500
C 2.23665000 -0.00603300 0.69534800 C 2.20915100 -0.00210200 0.70242500
H 2.30704900 -0.93522600 -1.24520000 H 2.29204200 -0.93750600 -1.24433500
H 2.39202300 0.90952900 -1.25158400 H 2.37960000 0.91856800 -1.25025400
H 2.39197400 0.90961300 1.25161400 H 2.37956600 0.91860200 1.25023500
H 2.30699900 -0.93514300 1.24535000 H 2.29201300 -0.93747300 1.24436700
N -0.04716300 -1.25549500 0.00004200 N -0.02574500 -1.26929800 -0.00000100
C -1.36906600 -1.25723300 0.00001900 C -1.35769900 -1.26287200 0.00004500
C -2.15844500 -0.08654300 -0.00003700 C -2.15148400 -0.08991800 -0.00000600
C -1.57209900 1.18280400 -0.00007000 C -1.57027800 1.18832600 -0.00000300
C -0.18183800 1.30638500 -0.00004900 C -0.17450700 1.31349200 0.00000800
H -3.23954000 -0.18383800 -0.00005300 H -3.23508800 -0.19238000 -0.00006600
H -1.88143800 -2.22152500 0.00004400 H -1.87252000 -2.22783200 -0.00008100
H -2.21623400 2.05837700 -0.00011200 H -2.22136700 2.06190200 -0.00001700
H 0.25366800 2.30283400 -0.00007600 H 0.26127000 2.31348600 0.00000900
B 0.57287600 0.01680800 0.00000800 B 0.58373700 0.01977400 -0.00002300
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)

C 2.22898800 -0.00603300 -0.69122600 C 2.221447000 -0.004467000 -0.701724000
(] 2.22896200 -0.00598500 0.69131000 C 2.221399000 -0.004138000 0.702065000
H 2.27642200 -0.93733800 -1.23913200 H 2.301882000 -0.939511000 -1.245837000
H 2.37446600 0.91072700 -1.24712900 H 2.390493000 0.916569000 -1.250833000

H 2.37441900 0.91081400 1.24715400 H 2.390394000 0.917157000 1.250755000
H 2.27637600 -0.93725200 1.23928200 H 2.301792000 -0.938925000 1.246626000
N -0.03819300 -1.25064300 0.00004200 N -0.029444000 -1.271675000 0.000387000
(] -1.35773600 -1.25617800 0.00001800 C -1.360459000 -1.265836000 0.000321000
C -2.14947600 -0.09139400 -0.00003700 G -2.156358000 -0.091112000 -0.000005000
C -1.56953600 1.17678100 -0.00007000 C -1.574698000 1.187051000 -0.000287000
(¥ -0.18152800 1.30850000 -0.00004800 C -0.176256000 1.312731000 -0.000245000
H -3.22910100 -0.19364500 -0.00005400 H -3.240651000 -0.194161000 -0.000036000
H -1.86540100 -2.22150100 0.00004100 H -1.875388000 -2.231522000 0.000523000
H -2.21751300 2.04863900 -0.00011200 H -2.225216000 2.062034000 -0.000537000

H 0.24848700 2.30680500 -0.00007400 H 0.257899000 2.314245000 -0.000468000

B 0.56623100 0.02262200 0.00001000 B 0.581068000 0.018151000  0.000110000
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1b B3LYP/6-311+G(d,p)
C -1.92310700 -0.73974900 0.00069900
C -2.08054500 0.82384300 -0.00033000
H -2.30206400 -1.24843200 -0.89044800
H -2.30007600 -1.24640800 0.89382100
H -2.58999300 1.21217000 0.88398500
‘ H -2.58744700 1.21019100 -0.88704800
N -0.45228900 -0.60106100 -0.00054200
C 0.63334700 -1.39977600 -0.00012600
C 1.86142500 -0.77695800 -0.00015100
@ 1.96295100 0.64547500 0.00010900
C 0.87595300 1.50426400 0.00036100
H 2.76085700 -1.37950400 -0.00005700
H 0.50992300 -2.47785600 0.00006200
H 2.97010800 1.05717200 0.00015300
J H 1.06866400 2.57241700 0.00075900
B -0.46882000 0.83301700 -0.00016100
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -1.92194200 -0.74014200 0.00000100 C -1.92056700 -0.73948200 0.00043800
C -2.08026100 0.82441400 0.00000200 C -2.09010500 0.81878600 -0.00034800
H -2.29835900 -1.24854100 -0.89245400 H -2.28970800 -1.24815500 -0.89576900
H -2.29835200 -1.24854200 0.89245900 H -2.28881700 -1.24689400 0.89772300
H -2.58818600 1.21139100 0.88592700 H -2.59911700 1.19973100 0.88875300
H -2.58819700 1.21139300 -0.88591600 H -2.59831700 1.19861100 -0.89041500
N -0.45242300 -0.60001700 -0.00000400 N -0.44915700 -0.59856200 -0.00022900
C 0.63180200 -1.39999100 0.00000000 C 0.63389200 -1.40725400 0.00013500
C 1.86061900 -0.77806900 0.00000100 C 1.86592800 -0.77441200 0.00016700
C 1.96302100 0.64488600 0.00000100 C 1.96803000 0.64696900 0.00006800
C 0.87643800 1.50490000 -0.00000100 C 0.87152700 1.51105300 -0.00014100
H 2.75948700 -1.38143200 0.00000300 H 2.76683000 -1.37972600 0.00036700
H 0.50534200 -2.47758000 0.00000100 H 0.50664500 -2.48736400 0.00027700
H 2.97056200 1.05566800 0.00000300 H 2.97635000 1.06211400 0.00016600
H 1.06937000 2.57303300 0.00000000 H 1.07244900 2.58017000 -0.00012400
B -0.46855300 0.83374800 -0.00000300 B -0.47489100 0.83549700 -0.00025800
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -1.91463600 -0.73741500 0.00000100 C -1.927951000 -0.738749000 0.000441000
(] -2.07981900 0.81837900 0.00000200 C -2.092689000 0.825120000 -0.000296000
H -2.28804000 -1.24347100 -0.89279000 H -2.299672000 -1.246557000 -0.896535000
H -2.28803600 -1.24347200 0.89279400 H -2.298804000 -1.245327000 0.898469000
H -2.58434100 1.20232100 0.88652100 H -2.601967000 1.207566000 0.889719000
H -2.58434800 1.20232200 -0.88651300 H -2.601050000 1.206446000 -0.891343000
N -0.44960500 -0.59861400 -0.00000200 N -0.453500000 -0.596847000 -0.000165000
(] 0.63362400 -1.39622800 0.00000000 C 0.634819000 -1.408410000 0.000178000
C 1.85734100 -0.77692900 0.00000000 G 1.865963000 -0.780817000  0.000193000
C 1.95461500 0.64648800 0.00000000 C 1.971725000 0.648977000 0.000069000
(¥ 0.87416300 1.50388400 -0.00000100 C 0.879727000 1.513408000 -0.000126000
H 2.75641700 -1.37821800 0.00000100 H 2.767521000 -1.386659000  0.000362000
H 0.50685900 -2.47347500 0.00000000 H 0.505271000 -2.488818000 0.000312000
H 2.96108100 1.05816600 0.00000100 H 2.982449000 1.060618000 0.000149000
H 1.06964100 2.57035900 0.00000000 H 1.080331000 2.583534000 -0.000125000
B -0.47074300 0.82933900 -0.00000200 B -0.473286000 0.835321000 -0.000218000
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1c B3LYP/6-311+G(d,p)
C 2.08170200 0.56593400 0.12078800
C 3.04507700 -0.32232100 -0.15609900
H 2.41132600 1.57205600 0.38271100
H 4.10094900 -0.07177500 -0.11268200
H 2.82552300 -1.34469400 -0.45855900
* N 0.01399800 -1.02783300 0.09463800
C -1.31609700 -1.32542900 0.03308600
C -2.25525200 -0.33614000 -0.05325500
J C -1.85244700 1.02878500 -0.07097000
4 C -0.52860300 1.39215700 -0.00807400
H -3.30279900 -0.60438400 -0.10001500
J H -1.58891400 -2.37408700 0.06174800
H -2.63318900 1.78339900 -0.13396000
H -0.28907600 2.45210000 -0.02480500
J B 0.53910100 0.31695200 0.07063900
H 0.63641400 -1.82046100 0.17705000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -2.08044000 0.56741900 -0.12330100 C -2.09214200 0.53944800 -0.22326500
C -3.03993100 -0.32287300 0.16033500 C -3.00566200 -0.31260000 0.29011300
H -2.40994200 1.57268300 -0.38855000 H -2.47761400 1.44620000 -0.69330500
H -4.09727700 -0.07777800 0.11962200 H -4.07566500 -0.12902100 0.22617800
H -2.81357800 -1.34260000 0.46706800 H -2.70690200 -1.21895100 0.81559800
N -0.01583300 -1.02856800 -0.09774300 N -0.02010700 -1.01586300 -0.16763300
C 1.31443800 -1.32595200 -0.03367700 C 1.30600000 -1.32885800 -0.05607600
C 2.25352200 -0.33630700 0.05530800 C 2.24754900 -0.33756700 0.09286800
C 1.85138700 1.02938100 0.07279700 C 1.85131600 1.02843900 0.12295500
C 0.52753900 1.39279100 0.00738300 C 0.52187900 1.40004600 0.01084200
H 3.30089200 -0.60494900 0.10408300 H 3.29225200 -0.61687600 0.17738200
H 1.58843100 -2.37435100 -0.06263100 H 1.57490300 -2.38032000 -0.10189800
H 2.63261400 1.78334300 0.13766000 H 2.63088100 1.78187300 0.23533900
H 0.28528500 2.45205300 0.02388100 H 0.29055700 2.46355900 0.04335500
B -0.53909200 0.31695800 -0.07340600 B -0.54256300 0.32624400 -0.13020900
H -0.63922300 -1.81996800 -0.18297300 H -0.64847900 -1.80009800 -0.30279600
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -2.08378000 0.55707700 -0.17632800 C 2.095206000 0.551560000 0.224552000
(] -3.00371200 -0.32116900 0.22959700 C 3.024202000 -0.301333000 -0.259523000
H -2.44481200 1.51458300 -0.54959000 H 2.465488000 1.477870000 0.670778000
H -4.06847500 -0.11599500 0.18279900 H 4.091802000 -0.098210000 -0.196420000
H -2.72979600 -1.28513200 0.65362800 H 2.743910000 -1.229389000 -0.758531000
N -0.02337200 -1.01647300 -0.13662900 N 0.021994000 -1.019560000 0.190087000
C 1.30158600 -1.32240600 -0.04719700 Cc -1.311860000 -1.331636000 0.083507000
(] 2.24074400 -0.34488000 0.07544600 C -2.251340000 -0.345487000 -0.080536000
C 1.84320300 1.02388200 0.10071700 G -1.852104000 1.028089000 -0.134324000
C 0.53011500 1.39736200 0.01083700 C -0.525590000 1.399786000 -0.029999000
H 3.28441400 -0.61955200 0.14381400 H -3.297747000 -0.623378000 -0.160429000
H 1.56811400 -2.37185700 -0.08506200 H -1.579721000 -2.383353000 0.144662000
H 2.62705800 1.77130500 0.19248600 H -2.633398000 1.778914000 -0.259400000
H 0.29653000 2.45747100 0.03587600 H -0.291528000 2.463086000 -0.080309000
B -0.563715000 0.32494800 -0.10476400 B 0.542711000 0.321949000 0.131007000
H -0.65260800 -1.79945100 -0.25215300 H 0.645687000 -1.804650000 0.337116000
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1d B3LYP/6-311+G(d,p)
C -1.91263900 -0.47689200 0.06008800
C -2.93409100 0.36374600 -0.08293700
H -2.10199900 -1.53517500 0.20942600
H -3.94269300 -0.02487800 -0.03429000
H -2.80876600 1.42507500 -0.24378000
N -0.52494500 -0.15737500 0.03525100
C 0.33701700 -1.23045500 -0.00239100
C 1.69280500 -1.08325900 -0.03505500
C 2.28025000 0.21063500 -0.02890600
C 1.49802400 1.33902700 0.01277100
H 2.31073900 -1.97161200 -0.06504600
H -0.12180800 -2.21240800 -0.00890000
H 3.36518500 0.27801600 -0.05453400
J H 1.98874500 2.30751100 0.02082600
J J B -0.00242900 1.19933400 0.05502600
H -0.77083900 2.10161700 0.11299200
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C 1.91505400 -0.46669900 -0.11199200 C 1.91841300 -0.42911500 -0.22441100
C 2.92334900 0.35968100 0.15343000 C 2.88362800 0.33800900 0.29783800
H 2.11606700 -1.49688900 -0.38980300 H 2.14907800 -1.34466500 -0.76484400
H 3.93916400 -0.00276800 0.06623900 H 3.92071100 0.06112400 0.14911300
H 2.77699200 1.38893200 0.45031500 H 2.65873600 1.23770800 0.85803500
N 0.52571900 -0.15545300 -0.06504300 N 0.52386500 -0.14004200 -0.12169000
C -0.33135500 -1.23110700 0.00414800 C -0.30266700 -1.23182100 0.00514800
C -1.68670500 -1.08615300 0.06381700 C -1.66665400 -1.09936200 0.11381000
C -2.27797200 0.20660200 0.05253100 C -2.27292400 0.18485800 0.09557900
C -1.50046400 1.33662200 -0.02323300 C -1.50606200 1.32976200 -0.03907000
H -2.30179400 -1.97527500 0.11926700 H -2.26474200 -1.99880300 0.21697400
H 0.12913200 -2.21236100 0.01675100 H 0.18135900 -2.20497100 0.02539900
H -3.36238100 0.27100000 0.09967300 H -3.35754300 0.24235800 0.18296300
H -1.99403200 2.30360200 -0.03727700 H -2.02257700 2.28730800 -0.05890200
B -0.00022900 1.19968600 -0.09980800 B -0.00390200 1.20900000 -0.17954600
H 0.76652600 2.09982800 -0.20302700 H 0.76502500 2.10125000 -0.35254300
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C 1.91073700 -0.46029400 -0.13894400 C -1.920057000 -0.456977000 0.226631000
(] 2.90168500 0.35747300 0.19032900 C -2.900430000 0.305468000 -0.275874000
H 2.11842500 -1.46808900 -0.48425700 H -2.136818000 -1.386507000 0.750270000
H 3.92273700 0.01688300 0.08692800 H -3.933569000 0.009087000 -0.128099000
H 2.73015100 1.35977800 0.55783500 H -2.695906000 1.221686000 -0.818964000
N 0.52264900 -0.15392700 -0.08013300 N -0.525989000 -0.146118000 0.127224000
C -0.32709400 -1.22907800 0.00474100 Cc 0.318555000 -1.227597000 -0.037103000
(] -1.67670200 -1.08878600 0.07826400 C 1.677650000 -1.077651000 -0.144723000
C -2.26679000 0.20691300 0.06429300 G 2.273921000 0.219835000 -0.085388000
C -1.49739400 1.33325700 -0.02860600 C 1.497123000 1.348800000 0.087455000
H -2.28998400 -1.97703300 0.14632600 H 2.288108000 -1.965826000 -0.278127000
H 0.14077700 -2.20688400 0.01839000 H -0.154923000 -2.205494000 -0.086610000
H -3.35003400 0.27018800 0.12321000 H 3.358597000 0.289689000 -0.173820000
H -1.99543400 2.29687000 -0.04471500 H 2.001565000 2.312893000 0.136853000
B 0.00477500 1.19580900 -0.12289400 B -0.010615000 1.203972000 0.225541000
H 0.77429500 2.08981300 -0.24877400 H -0.784655000 2.087646000 0.425275000
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TS1ab B3LYP/6-311+G(d,p)
C -1.93082200 -0.53280700 0.67401700
C -2.21162100 0.51761900 -0.29025800
H -2.24753600 -1.55238800 0.52458600
H -1.66323600 -0.26890600 1.69152200
H -2.50574100 1.47990700 0.12223400
* H -2.78248500 0.21147900 -1.16142400
N -0.24015800 -0.99328900 -0.41191100
C 1.03779500 -1.33801700 -0.11301900
C 2.03088600 -0.40493800 0.09533800
@ 1.73684200 0.98945400 0.13548000
C 0.44910000 1.44609200 -0.00744500
H 3.05425000 -0.73909600 0.23253800
H 1.28118900 -2.39965100 -0.09471000
H 2.56043000 1.67654800 0.31686000
H 0.25655800 2.51090300 0.09515600
B -0.58907900 0.39396000 -0.36161300
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -1.91734800 -0.53167300 0.68274100 C -1.77380400 -0.50452100 0.73607800
C -2.21123400 0.51408300 -0.28552300 C -2.22737000 0.46471300 -0.26871700
H -2.23859300 -1.55202800 0.54558200 H -2.08352900 -1.54010900 0.70483200
H -1.63430300 -0.26097100 1.69458600 H -1.43826200 -0.14210200 1.70664300
H -2.50172100 1.47830600 0.12543700 H -2.54093700 1.43452500 0.11190400
H -2.79258500 0.20061900 -1.14720600 H -2.84912700 0.04817800 -1.05551500
N -0.24110000 -0.99568400 -0.42024900 N -0.25684000 -1.02023800 -0.44806600
C 1.03700500 -1.33745100 -0.11564200 C 1.03425100 -1.33315400 -0.12090200
C 2.02745300 -0.40286100 0.09949900 C 2.00776800 -0.37579100 0.10944000
C 1.73193700 0.99209400 0.13765100 C 1.69637300 1.01777200 0.13024600
C 0.44477900 1.44685100 -0.01473200 C 0.39589600 1.44949500 -0.04792800
H 3.05013400 -0.73589400 0.24445200 H 3.03226400 -0.69960700 0.28075700
H 1.28157000 -2.39866600 -0.09558800 H 1.30141000 -2.39068400 -0.10014300
H 2.55370000 1.67964200 0.32551000 H 2.50500800 1.72139900 0.32812200
H 0.24743100 2.51076200 0.08716400 H 0.18553200 2.51553900 0.03213300
B -0.59069500 0.39235000 -0.37243200 B -0.62263300 0.37668900 -0.42031300
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -1.79596100 -0.49042600 0.73806400 C -1.81732200 -0.47492900 0.68768700
(] -2.23441100 0.44684100 -0.27910200 C -2.22321200 0.51639000 -0.31850600
H -2.07746900 -1.53045900 0.70684300 H -2.13467100 -1.50723200 0.62676300
H -1.47484900 -0.11939300 1.70579900 H -1.49547400 -0.13472000 1.67135200
H -2.52290400 1.43582000 0.06056000 H -2.52935700 1.48814500 0.06624300
H -2.83730900 0.02631200 -1.07459900 H -2.83486300 0.12096700 -1.12549000
N -0.23283900 -1.02876300 -0.43355400 N -0.27267500 -1.00930900 -0.50967200
(] 1.06155700 -1.31848000 -0.12339500 C 1.01619500 -1.35393100 -0.17416000
C 2.01113300 -0.35892700 0.11446600 G 1.99619800 -0.42627100 0.11991600
C 1.67531500 1.02832700 0.13138700 C 1.70476000 0.97866500 0.19154500
(¥ 0.38501700 1.43698400 -0.05599300 C 0.41987600 1.43669700 -0.00556900
H 3.03682200 -0.66179900 0.29356700 H 3.01158800 -0.77290300 0.30572300
H 1.34252600 -2.36932100 -0.11114700 H 1.26612200 -2.41600900 -0.19705000
H 2.47182800 1.74152700 0.32679100 H 2.51982800 1.65927600 0.44093000
H 0.15474500 2.49641300 0.01126700 H 0.22286400 2.50364400 0.10444800
B -0.61588500 0.34326700 -0.40735300 B -0.61348600 0.38839100 -0.43680800
$40
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TS1a1c B3LYP/6-311+G(d,p)
C -3.02585300 -0.25467900 0.32649500
C -2.05759000 0.45569000 -0.29052400
H -2.77411500 -1.13352700 0.91198400
H -4.07776900 -0.00064900 0.24018900
H -1.30962100 -0.55070200 -0.74609800
H -2.34446900 1.29073100 -0.92466200
N -0.07059400 -1.04831100 -0.09048800
C 1.23888900 -1.36188400 -0.08852700
C 2.22537300 -0.40071700 0.06655900
@ 1.89720300 0.97676100 0.13256500
C 0.59219700 1.42627100 0.03011700
H 3.26390400 -0.70805500 0.11992000
H 1.51201900 -2.41077900 -0.19242700
H 2.71462100 1.68667800 0.23871700
J H 0.39722900 2.49381600 0.04159800
B -0.42179100 0.32440200 -0.02318400
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C 3.02038100 -0.25944700 -0.32080700 C 3.01501700 -0.27422400 -0.31412100
C 2.05514400 0.46445200 0.28545200 C 2.05776300 0.48721200 0.27311900
H 2.76162000 -1.14552000 -0.89250300 H 2.73272300 -1.18075800 -0.84483000
H 4.07349900 -0.00892700 -0.23980700 H 4.07106100 -0.02157300 -0.25816600
H 1.30221000 -0.53819200 0.75864100 H 1.27848400 -0.48493100 0.76817800
H 2.34199400 1.30992600 0.90601700 H 2.34837800 1.35493900 0.86200300
N 0.07546200 -1.04914900 0.08702600 N 0.08887100 -1.05713500 0.08710400
C -1.23440000 -1.36301000 0.08888200 C -1.23036300 -1.37025200 0.09435100
C -2.22306400 -0.40317700 -0.06443400 C -2.22096600 -0.40614100 -0.08627100
C -1.89801400 0.97570100 -0.13099300 C -1.90526200 0.97573400 -0.13603300
C -0.59332200 1.42641400 -0.03109500 C -0.59420100 1.43047500 -0.02147000
H -3.26112400 -0.71263800 -0.11528300 H -3.25984400 -0.72258700 -0.11693200
H -1.50615800 -2.41202000 0.19464600 H -1.50269700 -2.42083700 0.20249500
H -2.71718200 1.68392300 -0.23470500 H -2.72762500 1.68306500 -0.24505200
H -0.39756300 2.49381300 -0.04108600 H -0.40372900 2.50143000 -0.03262300
B 0.42282300 0.32561600 0.01857300 B 0.42184400 0.32687400 0.01555000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C 2.98268300 -0.26401300 -0.36058500 C -3.02958400 -0.26881800 0.31848900
(] 2.07114100 0.45826200 0.31053300 C -2.06916800 0.46796500 -0.29483500
H 2.66919400 -1.13936900 -0.92241900 H -2.75513000 -1.16181100 0.87685700
H 4.04129400 -0.02408600 -0.35219900 H -4.08532600 -0.01138300 0.25747500
H 1.32932700 -0.53280600 0.75081800 H -1.28244100 -0.51604500 -0.75242800
H 2.38301700 1.29414900 0.92763800 H -2.35584500 1.32244600 -0.90596100
N 0.07760000 -1.04357500 0.12390900 N -0.08874900 -1.06014700 -0.07254800
(] -1.23025900 -1.35743500 0.08853900 C 1.23738600 -1.37153100 -0.07841800
C -2.21342000 -0.40201700 -0.08116600 G 2.22414500 -0.40597300 0.06763900
C -1.88549900 0.97438500 -0.14383900 C 1.90123900 0.98222200 0.12907800
(¥ -0.58780400 1.42946100 -0.02519700 C 0.59083900 1.43280300 0.01991800
H -3.24932800 -0.71098900 -0.14945100 H 3.26576600 -0.71653500 0.11460700
H -1.50198200 -2.40668400 0.18144900 H 1.50958100 -2.42387900 -0.17365400
H -2.70220700 1.68161200 -0.26601000 H 2.72327600 1.69248200 0.23036800
H -0.39313700 2.49556900 -0.04372600 H 0.39636400 2.50392400 0.02932300
B 0.41191500 0.32315500 0.05536500 B -0.42272100 0.31932700 -0.01367600
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TS1a-d B3LYP/6-311+G(d,p)

C -2.34666700 0.05946500 0.45178800

C -3.15673800 -0.01054900 -0.56661200

H -2.07564700 -0.06485800 1.47338600

H -1.25622800 1.41523200 0.45825000

‘ H -3.55767800 0.87717100 -1.04415100

»4 H -3.34462300 -0.96889700 -1.04380000

N N -0.24611500 -0.56027600 0.30774600

‘\ C 0.78963300 -1.37673200 0.08023900

C 2.04353100 -0.84020700 -0.18391700

J @ 2.22587300 0.56059900 -0.21935700

C 1.19114100 1.46077400 -0.00129900

H 2.88039500 -1.50663300 -0.35907800

J H 0.63647600 -2.45332700 0.11199800

H 3.22616900 0.93368400 -0.43099800

J H 1.39189000 2.52529200 -0.04728800

B -0.13171600 0.80883300 0.27248000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)

C -2.33966000 0.06188100 0.45148800 C -2.16607500 0.10459400 0.43692300

C -3.13680900 -0.01069200 -0.57817000 C -3.00208400 -0.02574300 -0.60435100

H -2.09231400 -0.06246600 1.47987000 H -2.13093200 0.03822500 1.51026300

H -1.26074800 1.41605200 0.46737400 H -1.36293700 1.37908600 0.44278700

H -3.52577400 0.87636200 -1.06640200 H -3.35973000 0.84189300 -1.14666200

H -3.31465600 -0.97091800 -1.05520700 H -3.11119500 -1.00265700 -1.06562300

N -0.25039200 -0.55966300 0.31897200 N -0.31262600 -0.50994300 0.36094400

C 0.78277000 -1.37713500 0.08458200 C 0.68003900 -1.38951700 0.10937200

C 2.03594200 -0.84172400 -0.18828500 C 1.94397700 -0.88325500 -0.18758600

C 2.22018100 0.55925500 -0.22466800 C 2.18316800 0.51324600 -0.24016500

C 1.18808000 1.46146900 0.00071200 C 118784700 1.47038300 -0.00801500

H 2.87068200 -1.50916800 -0.36956200 H 2.75621300 -1.57875200 -0.38140900

H 0.62802700 -2.45338500 0.11733300 H 0.47948800 -2.45869900 0.15640900

H 3.21953900 0.93069100 -0.44335500 H 3.19496100 0.84153700 -0.48008900

H 1.38935100 2.52580500 -0.04617600 H 1.44115500 2.52437800 -0.07501300

B -0.13287800 0.80927100 0.28187200 B -0.13597400 0.84926800 0.29513200

M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -2.19685300 0.08870900 0.44446500 C -2.19441300 0.06622100 0.46534100
(] -3.01445000 -0.01653400 -0.58590300 C -3.03548500 -0.03864200 -0.57122800
H -2.08613400 0.01004300 1.50698200 H -2.12226300 -0.01673100 1.53445100
H -1.32760800 1.39563700 0.44765800 H -1.35601900 1.37066500 0.48519100
H -3.39978300 0.85773300 -1.09242200 H -3.39937500 0.84384400 -1.08660600
H -3.16628800 -0.99032500 -1.03627800 H -3.15349300 -1.00635400 -1.05123300
N -0.30747200 -0.52393200 0.32572400 N -0.29774500 -0.53145600 0.36051600
(] 0.70033800 -1.37465700 0.09584000 C 0.72267300 -1.37749900 0.08034500
C 1.96039300 -0.87228800 -0.17799900 G 1.97232900 -0.84273700 -0.21609100
C 2.18214400 0.52365100 -0.22342200 C 218275200 0.56531600 -0.24202400
(¥ 1.18524100 1.46180400 -0.00883200 C 1.16845300 1.49093600 0.01682500
H 2.77869600 -1.55855000 -0.35620800 H 2.79827400 -1.51733400 -0.42952700
H 0.51325900 -2.44404400 0.13472500 H 0.54812900 -2.45280300 0.10685000
H 3.19225800 0.86066200 -0.44396000 H 3.18642600 0.91953000 -0.48326800
H 1.42354800 2.51610300 -0.06574500 H 1.39496600 2.55333700 -0.02802700
B -0.13530500 0.83123000 0.27205700 B -0.14551300 0.83327800 0.31787300
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2a B3LYP/6-311+G(d,p)
C -2.32321200 -0.00219000 -0.61638000
C -2.32327000 -0.00195900 0.61665700
H -2.61672800 -0.02957300 -1.64473600
aJ H -2.61644300 -0.02910700 1.64512000
* N -0.02212800 -1.26176400 -0.00008400
C 1.29971000 -1.25378700 -0.00002100
C 2.08154800 -0.07777600 0.00013500
C 1.48730900 1.18662900 0.00002000
C 0.09492500 1.29814000 -0.00020300
H 3.16338900 -0.16834000 0.00040500
H 1.81999700 -2.21418700 0.00019200
H 2.12493700 2.06703700 0.00015000
J H -0.35027600 2.28970800 -0.00035600
B -0.65440800 0.00449300 -0.00028600
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -2.32312500 -0.00216500 -0.61666800 C 2.31281200 0.00104500 0.62466600
(] -2.32315400 -0.00199000 0.61670100 C 2.31281600 0.00114800 -0.62464000
H -2.61593800 -0.02828600 -1.64557800 H 2.58637800 -0.02607600 1.66090900
H -2.61565600 -0.02795300 1.64569300 H 2.58640800 -0.02581300 -1.66088000
N -0.02028400 -1.26532000 0.00003900 N 0.03832100 -1.27702600 -0.00010100
(] 1.30163400 -1.25310000 0.00004900 C -1.29660100 -1.25645600 -0.00010700
C 2.08160100 -0.07474400 0.00007200 C -2.08052900 -0.07886000 -0.00001800
C 1.48542200 1.18912600 -0.00003500 C -1.48533600 1.19355300 0.00008600
C 0.09267900 1.29714900 -0.00014100 C -0.08754000 1.30522400 0.00010300
H 3.16362000 -0.16346900 0.00018100 H -3.16496500 -0.17127500 -0.00003100
H 1.82439800 -2.21207700 0.00023700 H -1.81944000 -2.21729700 -0.00018500
H 2.12144300 2.07068000 -0.00002100 H -2.12733200 2.07411900 0.00015300
H -0.35854900 2.28576500 -0.00021200 H 0.36406600 2.29717300 0.00018400
B -0.65353400 0.00138500 -0.00008800 B 0.65058200 0.00288500 0.00000200
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -2.32931100 -0.00334700 -0.61242700 (¢ 2.32434700 0.00048800 0.62320800
C -2.32931700 -0.00324400 0.61240600 ] 2.32435300 0.00058800 -0.62318000
H -2.55493000 -0.02647600 -1.65738400 H 2.59230300 -0.02658500 1.66120200
H -2.55495000 -0.02627900 1.65736200 H 2.59232600 -0.02632900 -1.66117300
N -0.02681500 -1.25888300 0.00010500 N 0.03457000 -1.27783000 -0.00010200
C 1.29503700 -1.25095000 0.00010500 [#] -1.29932800 -1.25793500 -0.00010800
(] 2.07622900 -0.08025000 0.00001800 C -2.08518400 -0.07820600 -0.00001800
C 1.48376600 1.18244000 -0.00009200 C -1.48962400 1.19403200 0.00008700
C 0.09365100 1.30014100 -0.00010900 & -0.08904200 1.30607900 0.00010400
H 3.15676700 -0.17255700 0.00003600 H -3.17028000 -0.17142300 -0.00003200
H 1.81118500 -2.21189400 0.00020400 H -1.82258300 -2.21928000 -0.00018800
H 2.12300200 2.06089400 -0.00016000 H -2.13063500 2.07622900 0.00015400
H -0.35208800 2.29044200 -0.00019100 H 0.36091500 2.29957300 0.00018500
B -0.63632200 0.00586100 -0.00000100 B 0.64750200 0.00294200 0.00000300
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B3LYP/6-311+G(d,p)

1.98546800 -0.61043100 -0.00008600
216792000 0.71890900 -0.00013000
2.60625400 -1.50013500 0.00017400
3.08910300 1.27973800 0.00012300
0.52141600 -0.60596500 0.00011900
-0.54562200 -1.40310800 0.00002100
-1.78669800 -0.77911900 -0.00006900
-1.87714500 0.63504700 0.00000100
-0.78921700 1.51289700 0.00003600
-2.68486400 -1.38176100 -0.00016600
-0.41885100 -2.48078400 0.00004900
-2.88256200 1.05132600 -0.00009900
-0.99230700 2.57796600 -0.00000300
0.54101600 0.85004700 0.00009000

DIIIITOOOOZIITO0

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)

DIITIIIOOOOZIIO0

1.98565300 -0.61010100 0.00007300 1.98755100 -0.61713500 -0.00722900
2.16775000 0.71956600 -0.00004900 217650700 0.72434000 -0.00401700
2.60597100 -1.50014900 0.00014500 2.58925000 -1.51624400 -0.02088100
3.08934500 1.28010000 -0.00014100 3.10530400 1.27775500 -0.01749700
0.52180100 -0.60557600 0.00014200 0.51911300 -0.60147800 0.01888800
-0.54452900 -1.40352800 -0.00004800 -0.54551000 -1.40897000 -0.00075600
-1.78624000 -0.78019900 -0.00010400 -1.79045000 -0.77813100 -0.00386300
-1.87784400 0.63448900 -0.00008800 -1.88389900 0.63437000 -0.00413400
-0.79029500 1.51347300 0.00002100 -0.78830300 1.51752400 0.00059100
-2.68379000 -1.38377600 -0.00016700 -2.68936200 -1.38449100 -0.01051400
-0.41573200 -2.48080900 -0.00005300 -0.41272800 -2.48837600 -0.00537500
-2.88367100 1.04979500 -0.00013700 -2.89110900 1.05298700 -0.00964300
-0.99345300 2.57857800 0.00002800 -0.99976300 2.58336900 -0.00725400
0.54035200 0.85061800 0.00010200 0.54384800 0.85067200 0.01108000

B LI L@ ReRZ EX® O

M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)

Cc -1.97733800 -0.60898500 -0.00003600 | C 1.99376600 -0.61869700 -0.00725700
Cc -2.16763900 0.71451900 -0.00004400 | C 217973300 0.72355200 -0.00481600
H -2.59304000 -1.50186300 -0.00001100 | H 2.60747000 -1.51674800 -0.01974800
H -3.09168700 1.26920200 -0.00003100 | H 3.10756000 1.28034200 -0.01750200
N -0.51716800 -0.60630100 -0.00007300 | N 0.52129300 -0.60352300 0.01812500
C 0.55000500 -1.39962600 0.00000800 | C -0.54865400 -1.41047200 -0.00058800
Cc 1.78460800 -0.77675000 0.00006300 | C -1.79217700 -0.78166700 -0.00416900
Cc 1.86749500 0.63881100 0.00006900 | C -1.88524800 0.63824000 -0.00407600
C 0.78549400 1.51240300 0.00002500 | C -0.79206900 1.52024400 0.00071400
H 2.68433500 -1.37511800 0.00010400 H -2.69281900 -1.38701700 -0.01067900
H 0.42205900 -2.47668000 0.00001700 H -0.41661300 -2.49059500 -0.00504000
H 2.87184300 1.05637000 0.00011700 H -2.89368900 1.05624200 -0.00968900
H 0.98796300 2.57636000 0.00005200 H -1.00245500 2.58729400 -0.00615700
B -0.54341000 0.84272100 -0.00005100 | B 0.54435100 0.84899800 0.01027700
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B3LYP/6-311+G(d,p)

C -2.15930800 0.04032900 0.00005700

C -3.36832800 0.00684700 -0.00008700

H -4.43162000 -0.01461000 -0.00047600

N 0.10239200 -1.15045300 0.00005900

C 1.46475500 -1.22064400 -0.00003700

C 2.22515200 -0.08476100 -0.00008300

C 1.60090200 1.19375600 -0.00002800

C 0.23351700 1.33449300 0.00004300

H 3.30393900 -0.17188700 -0.00016000

J H 1.90748500 -2.20964500 -0.00011400

H 2.24605100 2.06908300 -0.00013300

H -0.18439800 2.33591000 -0.00005400

J B -0.62921600 0.09127900 0.00024400

H -0.39225600 -2.03219400 -0.00000600

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)

C 2.15845200 0.04020300 -0.00004000 C 2.16263900 0.04266900 -0.00035300

(] 3.36741900 0.00679400 -0.00002100 C 3.39025400 0.00894000 0.00003300

H 443086800 -0.01404400 0.00046600 H 4.45633400 -0.01406400 0.00093100

N -0.10263800 -1.15200100 -0.00002900 N -0.09872700 -1.14533900 -0.00009400

C -1.46546100 -1.22062000 0.00004300 C -1.46244100 -1.22978800 0.00007300

(] -2.22487500 -0.08364100 0.00004100 C -2.23247400 -0.08963000 0.00017900

C -1.59986900 1.19510100 0.00003000 C -1.61775900 1.19242200 0.00013100

C -0.23221000 1.33460100 -0.00000600 C -0.24004200 1.33789100 -0.00003000

H -3.30372800 -0.17004100 0.00010000 H -3.31258600 -0.18900300 0.00031000

H -1.91009300 -2.20882400 0.00010000 H -1.89873500 -2.22428500 0.00011600

H -2.24477500 2.07060400 0.00008900 H -2.26639700 2.06809200 0.00023000

H 0.18867800 2.33471500 0.00003900 H 0.16901000 2.34575100 -0.00004700

B 0.62890300 0.09010000 -0.00017300 B 0.62791900 0.09642300 -0.00018400

H 0.39226400 -2.03353400 -0.00000200 H 0.40280700 -2.02626600 -0.00016000

M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C 2.15918800 0.04300100 0.00022100 (¢ 2.16914000 0.04182700 -0.000261000
C 3.36476600 0.00601400 -0.00008400 ] 3.39441800 0.01069800 0.000113000
H 442938300 -0.01901800 -0.00017400 H 4.46134100 -0.01027400 0.000791000
N -0.09866900 -1.14509000 0.00005800 N -0.09671500 -1.14934000 -0.000092000
C -1.45888700 -1.21984400 -0.00003900 C -1.46741000 -1.23074100 0.000069000
C -2.22186400 -0.09220800 -0.00010800 [#] -2.23559200 -0.09320400 0.000172000
(] -1.60029500 1.18959700 -0.00008200 C -1.61632400 1.19638100 0.000127000
C -0.23954700 1.33703700 0.00001200 C -0.24166500 1.34124300 -0.000026000
H -3.29929200 -0.18383500 -0.00018600 H -3.31686900 -0.18982000 0.000293000
H -1.89671500 -2.21051700 -0.00005800 H -1.90367500 -2.22605000 0.000102000
H -2.24942400 2.06114400 -0.00014300 H -2.26609400 2.07222000 0.000211000
H 0.17518100 2.33890100 0.00002600 H 0.16892400 2.34957000 -0.000053000
B 0.62187500 0.09408300 0.00010100 B 0.62801300 0.09252100 -0.000145000
H 0.40200800 -2.02304200 0.00010700 H 0.40231100 -2.03122100 -0.000164000
545
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B3LYP/6-311+G(d,p)

C 1.95564200 0.04095600 -0.00028700

C 3.15603100 0.02316000 -0.00002100

H 4.21795600 0.01213200 0.00306100

N 0.59586400 0.06155500 -0.00004700

C -0.05989400 -1.16098800 -0.00027200

C -1.41826500 -1.22984500 0.00002100

C -2.21315500 -0.04692100 0.00030900

C -1.63985700 1.19963400 0.00014500

H -1.88577900 -2.20616500 -0.00003300

H 0.57421200 -2.03763900 -0.00042500

H -3.29374700 -0.16584700 0.00063200

‘ H -2.29165400 2.06763000 0.00041500

J J B -0.13612100 1.32431700 -0.00038200

H 0.50555900 2.32145000 -0.00078000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)

C 1.95546300 0.04276000 0.00030900 C 1.95514100 0.04570200 0.00024800

(] 3.15574400 0.02164800 0.00035200 C 3.17088100 0.01639100 0.00041300

H 421747200 0.01357700 0.00055900 H 4.23490500 0.00239300 0.00060100

N 0.59587100 0.06169100 0.00010200 N 0.58698200 0.06833800 0.00008600

C -0.05940400 -1.16151800 -0.00000700 C -0.05324400 -1.15897500 -0.00013400

(] -1.41806300 -1.23040400 -0.00020100 C -1.42233300 -1.23399900 -0.00031300

C -2.21326600 -0.04710200 -0.00029600 C -2.22038500 -0.05509000 -0.00028800

C -1.64020300 1.19989700 -0.00021100 C -1.64370000 1.20195600 -0.00008800

H -1.88559700 -2.20671200 -0.00027400 H -1.88087700 -2.21723700 -0.00047500

H 0.57436300 -2.03853400 0.00007800 H 0.58905300 -2.03379100 -0.00015900

H -3.29382000 -0.16649400 -0.00043700 H -3.30347800 -0.17276100 -0.00043600

H -2.29195700 2.06793900 -0.00028700 H -2.30583900 2.06495900 -0.00008500

B -0.13580700 1.32485400 -0.00002300 B -0.13498400 1.33093400 0.00012700

H 0.50584600 2.32243100 0.00009400 H 0.51412000 2.32748600 0.00028800

M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -1.95157400 0.04615000 -0.00032400 (¢ 1.96288600 0.04683200 0.00025100
C -3.14921300 0.02125900 -0.00046600 ] 3.17678300 0.01483300 0.00041400
H -4.21203400 0.00916600 -0.00032000 H 4.24166600 -0.00159900 0.00058400
N -0.58978200 0.06535700 -0.00010700 N 0.59048700 0.07148700 0.00008400
C 0.05752700 -1.15740300 0.00000600 C -0.05444600 -1.16118500 -0.00013100
C 1.41000100 -1.23309600 0.00022200 ¢ -1.42010800 -1.23750700 -0.00031300
(] 2.20677700 -0.04783400 0.00034200 C -2.22443400 -0.05139600 -0.00029300
C 1.64240800 1.19560900 0.00024200 C -1.65036400 1.20314600 -0.00008800
H 1.87435200 -2.20980000 0.00030600 H -1.88118600 -2.22052100 -0.00047600
H -0.58346600 -2.02931100 -0.00008700 H 0.58840000 -2.03628200 -0.00014300
H 3.28637400 -0.17033900 0.00051800 H -3.30804300 -0.17191800 -0.00044800
H 2.29888600 2.05889000 0.00034500 H -2.31242100 2.06751900 -0.00008900
B 0.13539800 1.32349400 -0.00000800 B -0.13387500 1.33115800 0.00013000
H -0.50818300 2.31831700 -0.00010800 H 0.51089700 2.33173800 0.00030300
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2e B3LYP/6-311+G(d,p)
C 2.14614800 -0.04895800 0.00005900
4 C 3.35509400 0.00261000 0.00010700
H 0.13233100 1.91788000 0.85824200
H 441858100 0.02801600 0.00016700
N -0.08906800 -1.33057800 0.00009300
C -1.38167400 -1.28168000 -0.00018600
C -2.21908600 -0.08279900 0.00023400
C -1.66136400 1.14155700 0.00005600
C -0.17861300 1.30110600 -0.00036400
H -3.29580700 -0.21501000 0.00062900
H -1.92322500 -2.23464600 -0.00083600
H -2.29067000 2.02811200 0.00047000
) H 0.13226800 1.91891700 -0.85814400
B 0.61739400 -0.06404600 -0.00012400
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C 2.14466800 -0.05367400 0.00057600 C 2.14370200 -0.04633000 -0.00031500
(] 3.35329100 0.00435400 -0.00070100 C 3.37053600 0.00736200 0.00013300
H 0.14155400 1.91217500 0.85936800 H 0.14153800 1.90633800 0.86403800
H 4.41679800 0.03535900 -0.00047500 H 4.43680500 0.03475400 0.00033000
N -0.09317800 -1.33507500 -0.00003400 N -0.08405600 -1.34745700 -0.00024100
(] -1.38571200 -1.27949300 -0.00006700 C -1.38566700 -1.28443700 0.00003100
C -2.21916200 -0.07639800 -0.00001400 C -2.22320100 -0.08083400 0.00028400
C -1.65692700 1.14596500 -0.00008300 C -1.66563900 1.15275200 0.00008400
C -0.17320600 1.29851900 0.00018200 C -0.18136000 1.30254200 0.00000800
H -3.29641100 -0.20473600 -0.00013200 H -3.30206100 -0.21213600 0.00042600
H -1.93157200 -2.22992800 -0.00024900 H -1.93152800 -2.23615800 -0.00003000
H -2.28174600 2.03554500 -0.00034400 H -2.29976500 2.03844500 0.00007100
H 0.14196400 1.91308900 -0.85816400 H 0.14156500 1.90735700 -0.86325800
B 0.61679000 -0.07032100 0.00017600 B 0.61032100 -0.06254600 -0.00025000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C 2.14403400 -0.05143200 -0.00006500 (¢ 2.15029200 -0.04738200 -0.00034900
C 3.34928000 0.00453000 -0.00009500 ] 3.37489000 0.00381300 0.00011400
H 0.14493000 1.90460300 0.85997300 H 0.14029500 1.91232400 0.86647500
H 441397400 0.03608600 -0.00013300 H 4.44198400 0.02911300 0.00034500
N -0.09520100 -1.33677200 -0.00006600 N -0.08485700 -1.34986800 -0.00020900
C -1.38037200 -1.27928200 -0.00003700 ¢ -1.38385100 -1.28909300 0.00003200
(] -2.21568200 -0.07246200 0.00000100 ] -2.22631200 -0.07916400 0.00019800
C -1.65495200 1.14422700 0.00004600 C -1.67100500 1.15398100 0.00009800
C -0.17266700 1.29667200 0.00014700 C -0.18020000 1.30917300 0.00004400
H -3.29161500 -0.20215500 -0.00003500 H -3.30579100 -0.21350500 0.00031900
H -1.92778600 -2.22766200 -0.00007400 H -1.92990300 -2.24132700 0.00008200
H -2.28025700 2.03277900 0.00003600 H -2.30626800 2.03978400 0.00014600
H 0.14509500 1.90518100 -0.85918700 H 0.14030400 1.91331500 -0.86565700
B 0.60884300 -0.06898900 -0.00002000 B 0.61161100 -0.06151000 -0.00032800
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TSza20 B3LYP/6-311+G(d,p)
C -2.05224600 -0.49675400 0.57042700
C -2.29445400 0.44403600 -0.24016300
H -2.10895600 -1.18851700 1.38592800
H -3.05975600 1.14981600 -0.51172500
* N -0.27741400 -1.03413900 -0.39694900
C 1.01079800 -1.32589700 -0.09332100
C 1.97378900 -0.35558600 0.10307700
C 1.63517200 1.02744300 0.12933000
C 0.32899300 1.43792700 0.01110700
H 3.00882600 -0.65430200 0.23419300
H 1.29313400 -2.37762400 -0.07471400
H 243610800 1.74486300 0.29233300
H 0.10004200 2.49537200 0.10802600
B -0.66796100 0.33646900 -0.30762800
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -2.04790200 -0.49714000 0.57365600 C -1.97897800 -0.50452200 0.57714200
(] -2.29397600 0.44337400 -0.23704700 C -2.30649600 0.43533800 -0.22744500
H -2.10080400 -1.18687600 1.39168000 H -1.99981600 -1.17295600 1.42012400
H -3.06099800 1.14963000 -0.50364000 H -3.08348800 1.13892400 -0.47337200
N -0.27755900 -1.03580200 -0.40165500 N -0.29242800 -1.04317000 -0.41302300
(] 1.01052000 -1.32588800 -0.09415800 C 0.99858100 -1.33027600 -0.08665400
C 1.97239000 -0.35480800 0.10623400 C 1.96497600 -0.34869100 0.10082000
C 1.63367400 1.02888500 0.13063000 C 1.63140900 1.03607800 0.11677400
C 0.32785300 1.43878200 0.00707700 C 0.31186100 1.44498500 0.01416600
H 3.00693100 -0.65326900 0.24192400 H 3.00109900 -0.65264100 0.23499000
H 1.29329700 -2.37737800 -0.07431200 H 1.28430300 -2.38261300 -0.05424200
H 2.43409500 1.74620400 0.29662700 H 2.43389900 1.75622000 0.27559300
H 0.09578700 2.49553600 0.10312200 H 0.08385200 2.50485400 0.11471600
B -0.66815000 0.33550700 -0.31243600 B -0.68019500 0.34258600 -0.31909400
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -2.01307300 -0.48322700 0.58663100 (¢ -1.99634100 -0.48781300 0.60356900
C -2.31244800 0.41655400 -0.23839000 ] -2.31053200 0.43705000 -0.22044400
H -2.02307400 -1.16336500 1.41464100 H -2.01434400 -1.15014700 1.45128400
H -3.06147900 1.11296100 -0.56518000 H -3.08447400 1.13534900 -0.49258800
N -0.26817400 -1.05033000 -0.39308900 N -0.29240200 -1.05181600 -0.41711600
C 1.02873400 -1.31428100 -0.09740700 ¢ 1.01108400 -1.33369400 -0.10135200
(] 1.97087700 -0.33189500 0.10315500 ] 1.97026000 -0.35397200 0.10005600
C 1.61024800 1.04492700 0.12429800 C 1.63064000 1.03848200 0.12242700
C 0.30144400 1.43132400 0.00409800 C 0.31454400 1.44151600 0.00827900
H 3.00795600 -0.61437700 0.24557300 H 3.00762700 -0.65351700 0.24118100
H 1.32962400 -2.35963400 -0.08164200 H 1.30007800 -2.38594300 -0.08327800
H 2.39863300 1.77529500 0.28566100 H 243251900 1.75872100 0.28921000
H 0.05315100 2.48431400 0.09110300 H 0.07987600 2.50202600 0.09822400
B -0.66845700 0.30734000 -0.30656900 B -0.67995700 0.32787400 -0.31895600
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TS2a2c B3LYP/6-311+G(d,p)
C 3.32207100 0.12879500 0.00047900
C 2.14058600 -0.19422900 0.00028800
H 4.34915600 0.41709800 0.00063400
H 1.57090900 -1.23863600 0.00017000
N -0.08631400 -1.19165000 -0.00009300
C -1.42270200 -1.25655200 -0.00028000
C -2.21564900 -0.11058400 -0.00031800
C -1.63604300 1.17560600 -0.00015300
C -0.25770900 1.37637800 0.00005200
H -3.29498800 -0.21316500 -0.00047400
H -1.89051200 -2.24001700 -0.00040500
H -2.30494600 2.03375300 -0.00018700
H 0.13659300 2.38569500 0.00018000
B 0.49093300 0.09606600 0.00006600
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -3.31866300 0.13088000 -0.00047500 C -3.32558900 0.13326800 0.00769300
(] -2.14071600 -0.20325900 -0.00028800 C -2.16802800 -0.27285100 0.00558500
H -4.34243600 0.43085900 -0.00063700 H -4.32460400 0.51272100 -0.00708100
H -1.55900000 -1.24278100 -0.00014100 H -1.40277400 -1.21024200 0.11554000
N 0.08947800 -1.19505600 0.00008800 N 0.13717800 -1.23293800 -0.02720600
(] 1.42631100 -1.25460900 0.00028000 C 1.48782400 -1.23167500 0.00922700
C 2.21497000 -0.10512800 0.00031800 C 2.21894900 -0.04292500 0.00740700
C 1.63083800 1.17965400 0.00015500 C 1.58009500 1.22039600 0.00025300
C 0.25158700 1.37552300 -0.00005200 C 0.18746800 1.35960500 0.00202500
H 3.29466600 -0.20386500 0.00047700 H 3.30442000 -0.09314000 0.01667000
H 1.89784900 -2.23617700 0.00040900 H 2.00156300 -2.19310900 0.02884800
H 2.29690700 2.03997400 0.00019400 H 2.21031100 2.11017200 0.00312700
H -0.14868600 2.38240200 -0.00017200 H -0.25963700 2.34862200 0.01153600
B -0.49032200 0.09132200 -0.00007500 B -0.47476800 0.03212500 -0.03426800
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -3.30607500 0.14275500 -0.00047700 (¢ -3.34091900 0.16297600 -0.00668400
C -2.16795500 -0.27591600 -0.00028900 ] -2.18690900 -0.24976600 0.00291000
H -4.30061800 0.53077000 -0.00064000 H -4.33900300 0.54711500 -0.01767800
H -1.43805400 -1.24337500 -0.00012300 H -1.43077700 -1.21096200 0.06711000
N 0.12402200 -1.21128200 0.00009100 N 0.09627500 -1.23414000 -0.02900200
C 1.46279700 -1.23027900 0.00028300 [#] 1.45025600 -1.27328500 -0.00585900
(] 2.21223200 -0.06282300 0.00031700 C 2.21351300 -0.10679400 -0.00363200
C 1.58730100 1.20226600 0.00015100 C 1.60620700 1.17818800 -0.00208200
C 0.20881700 1.36196500 -0.00005400 & 0.21932500 1.35726100 0.00143700
H 3.29319200 -0.12674700 0.00047400 H 3.29813400 -0.18523900 0.00123600
H 1.96034200 -2.19737300 0.00041400 H 1.93511600 -2.25029400 0.00458000
H 2.22780000 2.08087700 0.00018800 H 226276900 2.04976900 0.00348000
H -0.22372700 2.35367700 -0.00017400 H -0.19918200 2.35966400 0.01331000
B -0.47395700 0.05066800 -0.00007100 B -0.48202000 0.04524700 -0.02904700
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TS2a2 B3LYP/6-311+G(d,p)
C -1.62921700 0.61732100 0.59028500
C -2.73029400 1.11121000 0.74431300
H -3.70360400 1.50427700 0.91620300
H -0.62411900 1.07505000 -0.41616200
N -0.03076900 -1.12509100 -0.50093500
C 1.18819200 -1.56612000 -0.66108600
C 2.35467700 -0.92601200 -0.14511100
C 2.27386400 0.25538000 0.57884200
C 1.01670600 0.81096700 0.84515100
H 3.32391200 -1.36649000 -0.35822600
H 1.33531000 -2.47604800 -1.24831900
H 3.18608200 0.72948100 0.92957200
J H 0.96387200 1.75382700 1.38258600
B -0.18682300 0.07102100 0.30113200
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -1.62753000 0.61790900 0.58699400 C -1.62352600 0.60067700 0.56905200
(] -2.72705800 1.11460400 0.74481100 C -2.71597500 1.17286100 0.65967300
H -3.69872500 1.51125500 0.91850700 H -3.67514000 1.62976300 0.76655100
H -0.62911300 1.07475500 -0.41231500 H -0.53052900 1.12131800 -0.12129700
N -0.03093700 -1.12979600 -0.50251700 N -0.05139700 -1.22991200 -0.43704100
(] 1.18959600 -1.56793600 -0.66137200 C 1.20154500 -1.60215700 -0.64661900
C 2.35539600 -0.92511500 -0.14551000 C 2.36202400 -0.89515300 -0.20944400
C 2.27275900 0.25615500 0.57907400 C 2.25240100 0.28260800 0.52633800
C 1.01436900 0.80924600 0.84518300 C 0.97207600 0.75858600 0.87980300
H 3.32537500 -1.36361500 -0.35931000 H 3.34245000 -1.27874200 -0.48419800
H 1.33884300 -2.47782500 -1.24803400 H 1.36335700 -2.51518600 -1.22823300
H 3.18419900 0.73182500 0.92973400 H 3.15532900 0.80868000 0.83280400
H 0.95699600 1.75149800 1.38302600 H 0.88566000 1.68335100 1.45107300
B -0.18638100 0.06581300 0.29997500 B -0.20048500 -0.06792100 0.39978400
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -1.62225000 0.61461300 0.56932700 (¢ -1.62774600 0.61280500 0.57615100
C -2.70583900 1.14807000 0.68520700 ] -2.72899200 1.15959100 0.68215100
H -3.66776200 1.58921900 0.81055100 H -3.69695600 1.59417600 0.80675700
H -0.59931200 1.11994800 -0.19377800 H -0.56982500 1.12004600 -0.18932500
N -0.03066500 -1.19409200 -0.45677000 N -0.04908200 -1.21622400 -0.44263500
C 1.19609100 -1.58938700 -0.64892600 [#] 1.19559700 -1.60651500 -0.63465100
(] 2.35860300 -0.90274600 -0.18244300 C 2.36824000 -0.90851400 -0.18626000
C 2.25599000 0.26606100 0.54079800 C 2.26895800 0.28042900 0.52663600
C 0.98130100 0.77151600 0.86062500 & 0.98508900 0.78141600 0.85749700
H 3.33319300 -1.30544500 -0.43540300 H 3.34551200 -1.31315100 -0.44511800
H 1.35492100 -2.49675100 -1.23492200 H 1.35501100 -2.52592400 -1.20831200
H 3.15780400 0.77894200 0.86028800 H 3.17557300 0.80185400 0.83242500
H 0.90570000 1.70176800 1.41551300 H 0.90727700 1.72181500 1.40494200
B -0.17998500 -0.03294200 0.36817800 B -0.19086500 -0.03303000 0.37798700
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TS2e-24 B3LYP/6-311+G(d,p)

C -1.59899600 0.22022200 0.10202400

C -2.53260300 -0.02654500 0.83836100

H -0.91614900 1.33341000 -1.79643400

H -3.36245100 -0.20195500 1.47999100

A N -0.40709300 -0.73195300 -0.81753000

C 0.53149600 -1.40279500 -0.20907900

C 1.59509500 -0.77888100 0.41587100

,“ C 1.71864000 0.63642200 0.49462400

J C 0.76760300 1.43375500 -0.08237600

H 2.35434800 -1.40019000 0.88261500

H 0.44836800 -2.48752900 -0.17822500

H 2.57372300 1.04840100 1.02334700

J H 0.86492400 2.51186900 0.02319200

B -0.40010500 0.76531800 -0.87366500

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)

C 1.59333500 0.22005400 -0.10059100 C 1.562252400 0.16725200 -0.11920000
(] 2.51736700 -0.02594200 -0.84913500 C 2.43937000 -0.02780200 -0.91605300

H 0.91573900 1.33653000 1.80378100 H 1.02452400 0.95752100 2.02542600
H 3.33969100 -0.20175800 -1.50034800 H 3.22743900 -0.15968200 -1.62284700

N 0.40830400 -0.73162600 0.92507300 N 0.30044300 -0.93269800 0.90533100
(] -0.52818100 -1.40315800 0.21337200 C -0.68437400 -1.39008400 0.12088600
C -1.58799900 -0.78001400 -0.41913400 C -1.63624100 -0.57964000 -0.51961000
C -1.71171300 0.63557400 -0.49963500 C -1.54188500 0.82450400 -0.50110200

C -0.76595200 1.43420800 0.08465800 C -0.54661200 1.43404700 0.25732900
H -2.34317300 -1.40186800 -0.89167100 H -2.42506900 -1.06106400 -1.09571300
H -0.44292700 -2.48757200 0.18283200 H -0.75352300 -2.47227500 -0.00941600
H -2.56276700 1.04660000 -1.03558400 H -2.26242100 1.40703600 -1.07255000
H -0.86204100 2.51217300 -0.02231800 H -0.46957000 2.52155800 0.21497800

B 0.39924100 0.76658800 0.88211700 B 0.44776500 0.55322700 1.05786100

M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C 1.58005000 0.21033300 -0.10312200 (¢ 1.54948300 0.25814700 -0.11500900
C 2.47661500 -0.02698400 -0.87823700 ] 2.45814400 0.03694200 -0.91165800
H 0.95485400 1.18135400 1.89930300 H 0.90880000 1.30317100 1.87645300
H 3.27797600 -0.20275400 -1.55683200 H 3.25921500 -0.12121100 -1.59941600
N 0.35275300 -0.81244400 0.92775600 N 0.38103200 -0.76702200 1.00243400
C -0.59269900 -1.40349200 0.18029600 ¢ -0.54540400 -1.41805300 0.27416900
(] -1.59514300 -0.70085400 -0.46757400 ] -1.58176800 -0.78499200 -0.42217900
C -1.64266700 0.71422900 -0.50450600 C -1.65901400 0.62562600 -0.54505400
C -0.68113400 1.43378300 0.15006400 C -0.72495600 1.41753700 0.10241700
H -2.35920200 -1.26674100 -0.99262500 H -2.32360800 -1.40725500 -0.92269700
H -0.57096100 -2.48860800 0.11400600 H -0.49255800 -2.50865100 0.26034400
H -2.44280100 1.19016500 -1.06234500 H -2.46308200 1.05271800 -1.14321700
H -0.70845500 2.51786800 0.07157100 H -0.78562200 2.49791200 -0.04102800
B 0.42183800 0.67874700 0.95422000 B 0.38826200 0.73492000 0.95785900
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3a(cis) B3LYP/6-311+G(d,p)
N -0.364700000 0.993807000 -0.445349000
(] -1.575658000 1.487479000 -0.255799000
C -2.682011000  0.719177000  0.164857000
C -2.555987000 -0.654142000 0.399106000
C -1.327789000 -1.286338000 0.206320000
Y ‘ { H -3.635463000 1.212654000 0.324150000
H -1.724473000 2.558125000 -0.413544000
_ H -3.428140000 -1.211081000 0.732469000
H -1.264425000 -2.357966000 0.382741000
B -0.218668000 -0.397206000 -0.264037000
c 3.159736000 0.959631000 0.129560000
J C 2.353487000 0.156978000 0.832104000
H 3.271972000 0.870264000 -0.944561000
H 3.734019000 1.737731000 0.617694000
J H 2.290617000 0.278549000 1.909257000
C 1.552482000 -0.930845000 0.273442000
J (] 1.183101000 -1.094394000 -1.064626000
H 1.338109000 -1.746968000 0.955745000
H 0.908446000 -2.076802000 -1.427004000
H 1.511411000 -0.380397000 -1.809096000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.344853000 0.987264000 0.449422000 N 0.319498000 1.008135000 0.430965000
C 1.552289000 1.487895000  0.257010000 C 1.547252000 1.493044000 0.264980000
C 2.662814000 0.726271000 -0.168708000 C 2.667856000 0.721667000 -0.134260000
C 2.545778000 -0.648257000 -0.402077000 G 2.555532000 -0.656558000 -0.378459000
c 1.322619000 -1.288596000 -0.201971000 C 1.315283000 -1.287689000 -0.215511000
H 3.611172000 1.227183000 -0.335022000 H 3.627124000 1.219807000 -0.263034000
H 1.694802000 2.559682000 0.412491000 H 1.700234000 2.563206000 0.434116000
H 3.420051000 -1.198830000 -0.740429000 H 3.440464000 -1.210070000 -0.691315000
H 1.260667000 -2.360771000 -0.374227000 H 1.247088000 -2.361224000 -0.399331000
B 0.211588000 -0.405418000  0.273389000 B 0.189052000 -0.394822000 0.220921000
C -3.076898000 1.012820000 -0.128814000 C -3.193522000 0.882711000 -0.116468000
C -2.350975000  0.140641000 -0.836793000 C -2.277870000  0.204768000 -0.833647000
H -3.129833000 0.977699000 0.952741000 H -3.393256000 0.643772000 0.923478000
H -3.636904000 1.799417000 -0.619831000 H -3.757417000 1.694671000 -0.564004000
H -2.335273000 0.217426000 -1.919663000 H 2117186000  0.456695000 -1.879898000
C -1.564094000 -0.953765000 -0.275084000 C -1.481457000 -0.909753000 -0.301318000
C -1.187632000 -1.115156000 1.062438000 G -1.170964000 -1.097660000 1.061568000
H -1.347489000 -1.769998000 -0.956582000 H -1.300489000 -1.742834000 -0.978606000
H -0.909538000 -2.098183000 1.420754000 H -0.901175000 -2.084188000 1.423612000
H -1.522972000 -0.408497000 1.810850000 H -1.499795000 -0.365857000 1.792309000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.347963000 0.991680000 0.435394000 N 0.338555000 1.012546000 0.437503000
C 1.562826000 1.480716000 0.270750000 (] 1.566296000 1.494246000 0.265440000
C 2.673459000 0.714443000 -0.130673000 C 2.685038000 0.718380000 -0.138663000
C 2.552018000 -0.653686000 -0.377343000 G 2.566474000 -0.659466000 -0.382999000
C 1.319928000 -1.284849000 -0.220628000 C 1.321999000 -1.287825000 -0.217177000
H 3.631541000 1.206268000 -0.257217000 H 3.646393000 1.213702000 -0.268766000
H 1.711842000 2.547270000 0.445178000 H 1.723346000 2.564349000 0.435142000
H 3.431534000 -1.208620000 -0.691684000 H 3.448374000 -1.217733000 -0.698660000
H 1.252563000 -2.352978000 -0.411932000 H 1.250942000 -2.361305000 -0.404238000
B 0.212754000 -0.389762000 0.216588000 B 0.201847000 -0.389646000 0.223120000
C -3.205953000 0.879383000 -0.119099000 C -3.227800000 0.871002000 -0.125298000
C -2.280983000  0.230051000 -0.821084000 c -2.285873000 0.215961000 -0.828896000
H -3.442513000 0.605906000 0.902849000 H -3.450027000 0.619374000 0.908125000
H -3.757273000 1.704606000 -0.551897000 H -3.794533000 1.680341000 -0.576675000
H -2.079869000  0.509224000 -1.849714000 H -2.102698000 0.481813000 -1.868662000
C -1.508096000 -0.904741000 -0.294874000 C -1.486500000 -0.903579000 -0.291975000
C -1.203564000 -1.102713000 1.042305000 C -1.175891000 -1.094050000 1.068076000
H -1.307309000 -1.711902000 -0.991982000 H -1.310441000 -1.736479000 -0.971532000
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H -0.899483000 -2.077156000 1.399551000 H -0.902726000 -2.081023000 1.428570000
H -1.498360000 -0.367186000 1.780018000 H -1.496522000 -0.362789000 1.803663000
3a(trans) B3LYP/6-311+G(d,p)
N -0.541752000 -0.830940000 0.849135000
C -1.725198000 -1.324916000 0.527962000
c -2.653320000 -0.667162000 -0.306357000
C -2.365213000 0.587254000 -0.854469000
C -1.150761000 1.212559000 -0.571939000
‘ H -3.595888000 -1.155462000 -0.532065000
* ‘ H -1.994636000 -2.308003000 0.920357000
H -3.101543000 1.057610000 -1.501452000
J H -0.956820000 2.189791000 -1.008337000
B -0.244807000  0.454844000 0.345848000
C 3.132744000 -0.875532000 -1.041684000
J C 2.366025000 -0.524859000 -0.001576000
H 3.222173000 -0.246372000 -1.921580000
H 3.694646000 -1.801480000 -1.040714000
H 2.274209000 -1.175866000  0.860900000
C 1.644691000 0.737517000 0.051068000
J C 1.047885000 1.274916000 1.197754000
H 1.701232000 1.358702000 -0.837460000
H 0.821266000 2.332681000 1.233687000
H 1.170536000 0.772110000 2.148925000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -0.537196000 -0.817533000 0.869467000 N -0.492022000 -0.833719000 0.868577000
C -1.718158000 -1.316786000 0.547251000 C -1.685170000 -1.325412000 0.544486000
C -2.642835000 -0.671454000 -0.302060000 C -2.618904000 -0.673261000 -0.299699000
C -2.354760000 0.576704000 -0.865072000 C -2.342179000 0.582895000 -0.862711000
C -1.143236000 1.207968000 -0.582230000 C -1.122872000 1.213263000 -0.580893000
H -3.582402000 -1.165518000 -0.527784000 H -3.563176000 -1.169399000 -0.516408000
H -1.988454000 -2.295273000 0.950229000 H -1.959973000 -2.304901000 0.946963000
H -3.087853000 1.036231000 -1.523400000 H -3.085507000 1.043956000 -1.512521000
H -0.943145000 2.179218000 -1.028631000 H -0.924087000  2.190264000 -1.024155000
B -0.243023000 0.462789000 0.350410000 B -0.203510000  0.456209000 0.332547000
C 3.102549000 -0.905292000 -1.040053000 C 3.069673000 -0.884463000 -1.057705000
C 2.351080000 -0.527096000  0.001410000 C 2.309886000 -0.530490000 -0.001812000
H 3.193325000 -0.290069000 -1.929795000 H 3.140495000 -0.249924000 -1.937576000
H 3.649089000 -1.840391000 -1.030883000 H 3.630970000 -1.812917000 -1.058379000
H 2.251239000 -1.163470000 0.873895000 H 2.224324000 -1.176151000 0.868328000
C 1.645909000  0.744433000 0.039926000 G 1.582478000  0.737304000 0.036804000
C 1.055172000 1.297170000 1.182683000 C 1.034334000 1.299785000 1.211507000
H 1.698609000 1.352929000 -0.857938000 H 1.656000000 1.369291000 -0.847506000
H 0.827475000 2.355159000 1.205369000 H 0.808932000 2.360517000 1.240506000
H 1.183275000 0.806083000 2.139483000 H 1.170249000 0.786524000 2.158117000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.507218000 -0.829940000 0.838253000 N -0.500323000 -0.843429000 0.855811000
C -1.693405000 -1.321468000 0.531916000 C -1.694438000 -1.330139000 0.529321000
C -2.630174000 -0.665810000 -0.289125000 C -2.628647000 -0.669215000 -0.311177000
C -2.352387000  0.585816000 -0.839850000 G -2.347457000  0.589616000 -0.866621000
C -1.135883000 1.212506000 -0.576361000 C -1.123175000 1.215321000 -0.582517000
H -3.576026000 -1.153162000 -0.497545000 H -3.575668000 -1.161090000 -0.529242000
H -1.959228000 -2.300709000 0.932335000 H -1.971874000 -2.311555000 0.926979000
H -3.099423000 1.055327000 -1.473786000 H -3.090020000 1.058844000 -1.512766000
H -0.944794000 2.188829000 -1.014224000 H -0.923122000 2.194823000 -1.021413000
B -0.223649000 0.443126000 0.311875000 B -0.206842000 0.447867000 0.324989000
C 3.080453000 -0.878650000 -1.042403000 C 3.099809000 -0.879861000 -1.047819000
C 2.320495000 -0.534497000 -0.003753000 C 2.332174000 -0.534659000 0.004970000
H 3.177018000 -0.233671000 -1.909590000 H 3.176085000 -0.241374000 -1.925577000
H 3.625473000 -1.813843000 -1.055363000 H 3.664409000 -1.807564000 -1.050459000
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H 2.204326000 -1.187793000 0.853854000 H 2.243765000 -1.185248000 0.871742000
C 1.613305000 0.745431000  0.048653000 C 1.596647000 0.736024000 0.047166000
C 1.066709000 1.287009000 1.203169000 C 1.042620000 1.291357000 1.219687000
H 1.672705000 1.366232000 -0.839929000 H 1.673122000 1.372037000 -0.834170000
H 0.796131000  2.333254000 1.240791000 H 0.810916000  2.351320000 1.252734000
H 1.157918000 0.757467000 2.142819000 H 1.167488000 0.774316000 2.166367000
3b(cis) B3LYP/6-311+G(d,p)
N 0.157498000 -0.311587000 0.314945000
C 0.968502000 -1.387627000 0.262823000
C 2.278094000 -1.160338000 -0.096058000
* C 2.742225000 0.156990000 -0.384170000
C 1.948631000 1.290817000 -0.329748000
H 2.962944000 -1.996624000 -0.156852000
H 0.578582000 -2.372587000 0.497411000
' H 3.790913000  0.250054000 -0.658845000
' H 2.406343000 2.246926000 -0.563035000
B 0.515026000 1.050164000  0.052256000
C -3.338856000 -0.222612000 -0.725545000
C -2.283678000 -0.752059000 -0.112816000
H -3.532076000 0.844364000 -0.720776000
H -4.053804000 -0.846104000 -1.250153000
J H -2.142481000 -1.831632000 -0.140827000
C -1.263453000 0.004302000 0.676826000
J (& -0.987569000 1.526153000 0.376695000
H -1.412254000 -0.184714000 1.746452000
H -1.150481000  2.178548000 1.236834000
H -1.568677000 1.908296000 -0.464144000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.156834000 -0.305905000 0.321317000 N 0.156055000 -0.307462000 0.318926000
C 0.961856000 -1.385544000 0.268812000 C 0.961961000 -1.391753000 0.270850000
C 2.271631000 -1.163809000 -0.093694000 C 2.276357000 -1.155042000 -0.097794000
C 2.739017000 0.152094000 -0.386058000 C 2.737032000 0.161549000 -0.389050000
C 1.949248000 1.289313000 -0.333357000 G 1.934733000 1.303122000 -0.332770000
H 2.953607000 -2.002394000 -0.154565000 H 2.963396000 -1.993080000 -0.159549000
H 0.564985000 -2.367001000 0.505723000 H 0.568722000 -2.376735000 0.512248000
H 3.787317000 0.240838000 -0.663643000 H 3.786745000  0.259095000 -0.667861000
H 2.409243000 2.243164000 -0.571389000 H 2.400235000 2.257548000 -0.569138000
B 0.515741000 1.053838000 0.052727000 B 0.500126000 1.058623000  0.055550000
C -3.334933000 -0.229797000 -0.723626000 C -3.311852000 -0.224157000 -0.740440000
C -2.272878000 -0.753404000 -0.118442000 (¢ -2.254259000 -0.765702000 -0.117845000
H -3.540063000 0.834884000 -0.702216000 H -3.506779000 0.842992000 -0.708863000
H -4.042487000 -0.853848000 -1.257517000 H -4.010963000 -0.845409000 -1.290992000
H -2.111313000 -1.829600000 -0.160136000 H -2.102627000 -1.845076000 -0.161892000
C -1.252722000 0.008787000 0.677763000 & -1.250320000 0.000731000 0.690514000
C -0.987823000 1.530862000  0.373027000 C -1.011605000 1.520647000  0.382790000
H -1.417269000 -0.179306000 1.746688000 H -1.400483000 -0.191511000  1.762000000
H -1.154581000 2.186691000 1.229712000 H -1.184653000 2.174387000 1.241903000
H -1.566354000 1.907704000 -0.472063000 H -1.598890000 1.880540000 -0.465611000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.157938000 -0.306855000 0.324944000 N 0.153966000 -0.305789000 0.317224000
C 0.965689000 -1.382231000 0.269812000 C 0.962846000 -1.395686000 0.270942000
C 2.268218000 -1.156901000 -0.094071000 C 2.275429000 -1.166543000 -0.096398000
C 2.726217000 0.163273000 -0.385902000 C 2.744691000 0.155267000 -0.392598000
C 1.9383139000 1.293699000 -0.332589000 C 1.948881000  1.297280000 -0.339203000
H 2.954439000 -1.990555000 -0.156921000 H 2.961166000 -2.006905000 -0.156336000
H 0.571800000 -2.364451000 0.508563000 H 0.565827000 -2.379362000 0.513577000
H 3.773150000 0.255896000 -0.664934000 H 3.795954000 0.245777000 -0.671291000
H 2.396857000 2.246668000 -0.571635000 H 2.415480000 2.251724000 -0.577522000
B 0.505022000 1.049811000 0.056188000 B 0.507432000 1.055392000  0.052631000
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G -3.319016000 -0.224985000 -0.717554000 C -3.330559000 -0.215364000 -0.731994000
C -2.254475000 -0.757922000 -0.131854000 ] -2.269673000 -0.757244000 -0.113887000
H -3.527399000 0.837626000 -0.661878000 H -3.526180000 0.852770000 -0.705471000
H -4.023222000 -0.839067000 -1.265594000 H -4.035014000 -0.838071000 -1.276420000
H -2.084230000 -1.830734000 -0.202351000 H -2.122404000 -1.838196000 -0.155417000
C -1.245641000 0.001238000 0.679176000 C -1.253663000 0.006876000 0.692379000
C -1.000858000 1.517353000 0.373991000 (] -1.003713000 1.530295000 0.383260000
H -1.414368000 -0.190394000 1.745050000 H -1.404642000 -0.183926000 1.764765000
H -1.171914000 2.174322000 1.226303000 H -1.169331000 2.183728000 1.245750000
H -1.576505000 1.878477000 -0.478214000 H -1.591063000 1.898707000 -0.462716000
3b(trans) B3LYP/6-311+G(d,p)
N -0.101474000 -0.195985000 -0.240043000
C -0.723872000 -1.392750000 -0.254247000
C -2.080754000 -1.385640000 -0.023346000
C -2.778862000 -0.164912000 0.217158000
] C -2.179897000 1.083778000 0.241048000
H -2.623046000 -2.322705000 -0.023909000
‘ H -0.150652000 -2.295152000 -0.438529000
H -3.849785000 -0.247955000 0.390808000
H -2.807538000 1.947957000 0.434306000
B -0.697380000 1.085635000 -0.008233000
C 3.459882000 -0.730989000 0.168319000
C 2.290012000 -0.202882000 0.522311000
H 3.748583000 -0.825125000 -0.874328000
H 4173477000 -1.079508000 0.906288000
H 2.024642000 -0.123168000 1.575247000
C 1.276090000  0.329956000 -0.440024000
J ‘ C 0.737377000 1.794962000 -0.175799000
J H 1.612377000 0.177366000 -1.470497000
H 0.891818000 2.467395000 -1.022287000
H 1.177488000 2.255478000 0.711853000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -0.099644000 -0.189738000 -0.251798000 N -0.096866000 -0.179602000 -0.264420000
C -0.714098000 -1.389834000 -0.263691000 C -0.694585000 -1.392315000 -0.275680000
C -2.069821000 -1.390228000 -0.024707000 C -2.057248000 -1.396200000 -0.027984000
C -2.772081000 -0.172739000 0.223597000 C -2.766262000 -0.186407000 0.229255000
C -2.178995000 1.079327000 0.248398000 C -2.176181000 1.078913000 0.256141000
H -2.607547000 -2.329887000 -0.023969000 H -2.588673000 -2.342661000 -0.027327000
H -0.133754000 -2.286744000 -0.451552000 H -0.105530000 -2.285630000 -0.470694000
H -3.841438000 -0.261620000  0.403892000 H -3.836530000 -0.280658000  0.415998000
H -2.809152000 1.939834000 0.449768000 H -2.820222000 1.929802000 0.467590000
B -0.698030000 1.088471000 -0.010375000 B -0.693510000 1.098827000 -0.011826000
C 3.445822000 -0.740327000 0.180854000 C 3.417874000 -0.765789000 0.189869000
C 2.278819000 -0.199404000 0.523665000 C 2.254636000 -0.191257000 0.535226000
H 3.740807000 -0.839539000 -0.859658000 H 3.702189000 -0.869911000 -0.854122000
H 4.150046000 -1.094650000 0.925105000 H 4,111952000 -1.134974000 0.938213000
H 2.001011000 -0.113249000 1.572827000 H 1.976100000 -0.093458000 1.585389000
C 1.275685000 0.337352000 -0.447012000 c 1.275690000  0.354875000 -0.450356000
C 0.735716000 1.800994000 -0.177198000 C 0.744855000 1.813311000 -0.180885000
H 1.616363000 0.186428000 -1.476470000 H 1.626159000 0.199448000 -1.478473000
H 0.888620000 2.476827000 -1.021240000 H 0.894221000 2.486421000 -1.029884000
H 1.176416000 2.257572000 0.712332000 H 1.193278000 2.263915000 0.709861000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.097934000 -0.184191000 -0.264948000 N -0.096432000 -0.180300000 -0.250632000
C -0.707047000 -1.385114000 -0.273602000 C -0.705251000 -1.394518000 -0.263386000
C -2.055272000 -1.390663000 -0.026487000 C -2.065899000 -1.394120000 -0.023296000
C -2.755650000 -0.172734000 0.229905000 C -2.777415000 -0.173930000 0.225690000
C -2.171306000 1.076126000 0.256738000 G -2.185284000 1.086668000 0.249164000
H -2.591891000 -2.329781000 -0.023617000 H -2.602442000 -2.338691000 -0.021758000
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H -0.122524000 -2.278210000 -0.467127000 H -0.118871000 -2.291184000 -0.453256000
H -3.822888000 -0.265296000 0.416988000 H -3.849794000 -0.266443000 0.406025000
H -2.804641000 1.930725000 0.466818000 H -2.826329000 1.943484000 0.450149000
B -0.690320000 1.088130000 -0.012796000 B -0.694002000 1.097766000 -0.011164000
C 3.417803000 -0.748211000  0.192487000 C 3.439906000 -0.756450000 0.174839000
C 2.256906000 -0.198774000 0.529554000 C 2.274500000 -0.191201000 0.530441000
H 3.712406000 -0.845522000 -0.847722000 H 3.718719000 -0.860286000 -0.871746000
H 4.113517000 -1.110142000  0.939855000 H 4.143846000 -1.120364000 0.918223000
H 1.969886000 -0.109525000 1.575928000 H 2.005712000 -0.095772000 1.584015000
C 1.269797000 0.343276000 -0.453450000 C 1.278870000  0.350369000 -0.450044000
(0] 0.742397000 1.799945000 -0.180598000 C 0.747155000 1.814558000 -0.184842000
H 1.622724000 0.190071000 -1.477291000 H 1.619904000 0.191456000 -1.481387000
H 0.889278000  2.475914000 -1.022960000 H 0.896443000 2.485948000 -1.036713000
H 1.185499000 2.247350000 0.710461000 H 1.195150000 2.268765000 0.705775000
3c B3LYP/6-311+G(d,p)

N 0.015801000 -0.653940000 -0.046671000

C -1.080237000 -1.475891000 -0.063253000

C -2.356177000 -0.999722000 0.028233000

C -2.591177000 0.398501000  0.146265000

C -1.548217000 1.288239000 0.170479000

H -3.180237000 -1.701589000 0.009206000

H -0.882927000 -2.539172000 -0.153958000

* : H -3.621933000 0.738212000 0.216508000
H -1.779716000  2.346643000  0.262093000

B -0.121556000 0.779546000 0.070245000

C 1.319664000 -1.338409000 -0.155788000

C 2.507173000 -0.422692000 -0.137909000

2 H 1.405215000 -2.061333000 0.666704000

J H 1.328746000 -1.927953000 -1.082456000

H 3.465486000 -0.928452000 -0.219718000

C 2.459043000 0.904532000 -0.032866000

J C 1.179869000 1.681710000 0.084271000

H 3.397130000 1.455503000 -0.031867000

H 1.125561000 2.426075000 -0.723914000

H 1.201218000  2.290690000 1.000159000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.015850000 -0.655979000 -0.046785000 N 0.020582000 -0.653395000 0.044978000
C -1.080928000 -1.477055000 -0.063120000 C -1.060573000 -1.479753000 -0.100264000
C -2.356438000 -0.998976000 0.028442000 C -2.346503000 -0.989763000 -0.139389000
C -2.590381000  0.399993000  0.146286000 G -2.586883000 0.405061000 -0.029153000
C -1.546230000 1.288611000 0.170226000 C -1.538240000 1.297471000 0.118451000
H -3.181288000 -1.699906000 0.009668000 H -3.164491000 -1.691421000 -0.265659000
H -0.885393000 -2.540721000 -0.153640000 H -0.853108000 -2.544191000 -0.186716000
H -3.620955000 0.740282000 0.216462000 H -3.618521000  0.754375000 -0.069156000
H -1.773907000 2.347784000 0.261557000 H -1.781867000  2.356646000 0.193684000
B -0.121303000 0.777091000  0.069937000 B -0.115287000 0.777401000 0.171408000
C 1.320654000 -1.338649000 -0.155973000 C 1.343683000 -1.302654000 0.127470000
C 2.507980000 -0.421904000 -0.137888000 c 2.441660000 -0.418155000 -0.398525000
H 1.407359000 -2.060855000 0.666979000 H 1.534689000 -1.568689000 1.177136000
H 1.330837000 -1.927061000 -1.083319000 H 1.306047000 -2.235611000 -0.444593000
H 3.466019000 -0.928088000 -0.219656000 H 3.304563000 -0.911725000 -0.839598000
C 2.458837000 0.905235000 -0.032834000 C 2.389997000 0.922013000 -0.303457000
C 1.178257000 1.680320000  0.084249000 (] 1.219875000 1.624903000 0.332335000
H 3.395617000 1.458281000 -0.031605000 H 3.218412000 1.508903000 -0.698080000
H 1.121334000 2.424061000 -0.724080000 H 1.095786000 2.629475000 -0.087974000
H 1.196808000 2.288033000 1.000858000 H 1.432908000 1.779604000 1.402867000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.070854000 -0.642927000 0.000000000 N 0.020856000 -0.653134000 0.005636000
C -1.247307000 -1.340292000 0.000000000 C -1.074983000 -1.481689000 -0.091735000
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c -2.462289000 -0.730246000  0.000000000 C -2.359221000 -0.998029000 -0.078237000
C -2.544651000 0.692542000 0.000000000 C -2.600683000  0.406235000 0.035837000
C -1.417536000 1.462691000 0.000000000 C -1.550726000 1.296689000 0.134606000
H -3.355743000 -1.339782000  0.000000000 H -3.182204000 -1.701320000 -0.164909000
H -1.160052000 -2.422338000 0.000000000 H -0.869606000 -2.546971000 -0.180845000
H -3.533459000 1.143613000 0.000000000 H -3.635339000 0.751355000 0.038136000
H -1.533913000 2.542910000 0.000000000 H -1.789344000 2.357751000 0.215889000
B -0.052739000 0.794786000  0.000000000 B -0.116237000 0.776634000  0.131470000
C 1.143367000 -1.471282000 0.000000000 C 1.332796000 -1.333055000  0.027735000
C 2.423146000 -0.691920000  0.000000000 C 2.484069000 -0.418546000 -0.306179000
H 1.118411000 -2.126528000 0.878929000 H 1.482674000 -1.777946000  1.023083000
H 1.118411000 -2.126528000 -0.878929000 H 1.302701000 -2.158800000 -0.694383000
H 3.321223000 -1.302264000  0.000000000 H 3.404148000 -0.913818000 -0.614011000
C 2.519977000 0.633716000  0.000000000 C 2.436053000 0.920999000 -0.209223000
C 1.334627000 1.552910000 0.000000000 C 1.201921000 1.661667000 0.243802000
H 3.513431000  1.074900000  0.000000000 H 3.330138000  1.491588000 -0.463007000
H 1.389279000  2.224254000 -0.866603000 H 1.084232000 2.588768000 -0.334655000
H 1.389279000  2.224254000  0.866603000 H 1.341486000  1.992120000 1.286754000
3d B3LYP/6-311+G(d,p)
N -0.005534000 -0.664025000 -0.020294000
C -1.183567000 -1.351286000 -0.002538000
C -2.405246000 -0.732496000 0.015081000
C -2.487692000 0.682678000  0.009174000
(& -1.353505000 1.460040000 -0.007225000
H -3.300843000 -1.340823000 0.024885000
. H -1.108736000 -2.433849000 -0.014339000
H -3.475313000 1.137867000 0.017976000
H -1.470917000 2.540307000 -0.010319000
B 0.005824000 0.801073000  0.010511000
C 1.281932000 -1.527717000 -0.101473000
C 2.331761000 -0.588829000 0.386621000
H 1.407937000 -1.826813000 -1.145398000
H 1.120310000 -2.413951000 0.516032000
H 2.303577000 -0.426506000 1.465701000
J C 2.263190000 0.520747000 -0.393805000
G 1.433700000 1.637766000 0.101841000
J H 2.212109000 0.362986000 -1.474720000
H 1.430656000  2.555493000 -0.491987000
H 1.607400000 1.882683000 1.155611000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.005278000 -0.666233000 0.018370000 N -0.001834000 -0.658957000  0.024468000
C 1.183969000 -1.352185000  0.003294000 C 1.178536000 -1.352036000 -0.007419000
C 2.405130000 -0.731694000 -0.013358000 C 2.406050000 -0.725726000 -0.023827000
C 2.486551000 0.684005000 -0.009124000 & 2.490350000 0.688105000 -0.006812000
C 1.351257000 1.460047000  0.005863000 C 1.342228000 1.463418000 0.022952000
H 3.301374000 -1.339107000 -0.020751000 H 3.299998000 -1.340911000 -0.043738000
H 1.111355000 -2.434860000 0.017316000 H 1.101242000 -2.437154000 0.003057000
H 3.473933000  1.139734000 -0.017668000 H 3.477527000  1.149574000 -0.014609000
H 1.464580000 2.540666000  0.008034000 H 1.462151000  2.546045000 0.032705000
B -0.006959000 0.798713000 -0.011630000 B -0.021884000 0.807079000 -0.007243000
C -1.282504000 -1.529496000  0.099195000 € -1.267427000 -1.533217000  0.115899000
C -2.332449000 -0.587409000 -0.384359000 C -2.306604000 -0.600133000 -0.397546000
H -1.402716000 -1.834166000  1.142422000 H -1.406175000 -1.802928000  1.168049000
H -1.125621000 -2.412698000 -0.523974000 H -1.089907000 -2.429737000 -0.485886000
H -2.301533000 -0.424208000 -1.463403000 H -2.264900000 -0.429764000 -1.476151000
C -2.262399000 0.522784000  0.395735000 C -2.263697000 0.515173000 0.397817000
C -1.431266000 1.638505000 -0.101612000 C -1.444641000 1.637847000 -0.115656000
H -2.212090000 0.367563000 1.477339000 H -2.186736000 0.340619000 1.476792000
H -1.423294000 2.556124000  0.492273000 H -1.450852000 2.564266000 0.467306000
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H -1.602884000  1.883680000 -1.155836000 H -1.628857000  1.856715000 -1.175038000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.000597000 -0.660675000  0.019072000 N -0.007758000 -0.658163000  0.022743000
C 1177547000 -1.345957000 0.005728000 C 1.178030000 -1.356853000 -0.001056000
C 2.396215000 -0.732943000 -0.011803000 C 2.405472000 -0.738502000 -0.017144000
C 2.477470000 0.684069000 -0.011325000 C 2.497057000 0.684009000 -0.010110000
C 1.348738000 1.459050000 0.002173000 C 1.355864000 1.463261000 0.010470000
H 3.289830000 -1.342300000 -0.018727000 H 3.298955000 -1.356016000 -0.031029000
H 1.098973000 -2.428464000 0.019924000 H 1.096609000 -2.442152000 0.010966000
H 3.464957000 1.137953000 -0.021672000 H 3.488313000 1.138708000 -0.018877000
H 1.465687000 2.538618000  0.001565000 H 1.479523000 2.546511000 0.013588000
B -0.010829000 0.798005000 -0.011333000 B -0.018057000 0.808594000 -0.011455000
C -1.269730000 -1.524095000 0.096436000 C -1.272789000 -1.532026000 0.107527000
(0 -2.320390000 -0.585286000 -0.390604000 C -2.315038000 -0.586895000 -0.398535000
H -1.399701000 -1.823978000  1.138995000 H -1.415209000 -1.817686000 1.155774000
H -1.104776000 -2.406322000 -0.524297000 H -1.102524000 -2.422360000 -0.506823000
H -2.289092000 -0.414064000 -1.466832000 H -2.272088000 -0.412148000 -1.477256000
C -2.250179000 0.510116000 0.398167000 C -2.278948000 0.522640000 0.402936000
C -1.434799000 1.636499000 -0.094913000 C -1.440455000 1.645901000 -0.104226000
H -2.186030000 0.340142000 1.476077000 H -2.200023000 0.342511000  1.481377000
H -1.428186000 2.548954000 0.503025000 H -1.444806000 2.567338000 0.489006000
H -1.610926000 1.875460000 -1.148052000 H -1.631417000  1.883093000 -1.159750000
TS satcisyanicis) B3LYP/6-311+G(d,p)

N -0.300815000 0.704612000 0.067409000

(] -1.431446000 1.262354000 0.528212000

C -2.671221000 0.650180000 0.406403000

C -2.784730000 -0.662872000 -0.118811000

(] -1.670356000 -1.379929000 -0.506998000

H -3.563144000 1.188745000 0.709349000

* H -1.367218000  2.257107000  0.970983000
H -3.778685000 -1.101660000 -0.178989000

H -1.800993000 -2.405792000 -0.841966000

B -0.364937000 -0.622068000 -0.460043000

C 3.339381000 0.929063000 -0.282523000

C 2.425578000 0.607150000 0.644105000

H 3.425760000 0.389627000 -1.218104000

H 4.035725000 1.742730000 -0.119723000

H 2.379744000 1.163258000 1.574342000

J C 1.520451000 -0.516696000  0.525493000

C 1.157580000 -1.214000000 -0.684387000

H 1.197812000 -0.959396000 1.463199000

H 1.113226000 -2.298762000 -0.583053000

H 1.664353000 -0.895396000 -1.591467000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -0.292858000 0.709378000 0.037609000 N -0.246200000 0.774721000 -0.288779000
C -1.417641000 1.265493000 0.515843000 C -1.319809000 1.317973000  0.352051000
C -2.657612000 0.650141000 0.415096000 C -2.520833000 0.642747000 0.513167000
C -2. 777260000 -0.665555000 -0.105318000 C -2.672586000 -0.716053000 0.103818000
C -1.667708000 -1.381130000 -0.508504000 L8 -1.605175000 -1.415393000 -0.430611000
H -3.545809000 1.186895000 0.731964000 H -3.363155000 1.165997000 0.961260000
H -1.347485000 2.260611000 0.956530000 H -1.229593000 2.349513000 0.698053000
H -3.771331000 -1.106140000 -0.147534000 H -3.639835000 -1.193826000 0.261076000
H -1.798405000 -2.409018000 -0.836905000 H -1.744056000 -2.467803000 -0.676619000
B -0.362772000 -0.620361000 -0.483263000 B -0.339936000 -0.606878000 -0.690132000
C 3.333570000 0.927540000 -0.269375000 C 3.313489000 0.841096000 -0.065848000
C 2.407845000 0.609098000 0.646101000 C 2.173957000 0.654998000 0.626616000
H 3.433737000 0.382256000 -1.200256000 H 3.584302000 0.200229000 -0.898552000
H 4.025453000 1.744169000 -0.102393000 H 3.994133000  1.644551000  0.195363000
H 2.343888000 1.171248000  1.571637000 H 1.928656000 1.299195000 1.467871000
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Cc 1.503300000 -0.515323000 0.518852000 C 1.254285000 -0.458305000  0.363997000
C 1.156838000 -1.215926000 -0.697025000 (o} 1.159781000 -1.184171000 -0.902085000
H 1.172402000 -0.959057000 1.453607000 H 0.875595000 -0.966279000 1.253743000
H 1.113272000 -2.300622000 -0.596086000 H 1.170475000 -2.270634000 -0.826291000
H 1.674641000 -0.895441000 -1.597149000 H 1.752568000 -0.773423000 -1.714664000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.264516000  0.782592000 -0.246537000 N -0.251430000 0.787142000 -0.299305000
C -1.353735000  1.317578000  0.359236000 C -1.337185000  1.332964000  0.334702000
C -2.540340000 0.641207000 0.507486000 C -2.529957000 0.654214000 0.510407000
C -2.668397000 -0.717273000 0.094168000 (o] -2.676177000 -0.717581000  0.113796000
Cc -1.601746000 -1.398820000 -0.426696000 C -1.610791000 -1.411188000 -0.423551000
H -3.392278000 1.150732000 0.943456000 H -3.374343000 1.174864000  0.959574000
H -1.277009000 2.348711000 0.699898000 H -1.251606000 2.370386000 0.665182000
H -3.631711000 -1.201389000  0.233723000 H -3.640154000 -1.199577000 0.283436000
H -1.724747000 -2.446379000 -0.686079000 H -1.744717000 -2.465876000 -0.666975000
B -0.341143000 -0.578524000 -0.647876000 B -0.343414000 -0.593356000 -0.688527000
C 3.326103000 0.825374000 -0.071769000 C 3.326826000 0.837438000 -0.052519000
(7 2.200337000 0.653370000 0.616106000 C 2.187588000 0.639242000 0.637675000
H 3.600253000 0.168159000 -0.888594000 H 3.602133000 0.210268000 -0.895316000
H 4.010128000 1.628407000 0.172113000 H 4006464000 1.639472000 0.220210000
H 1.944324000  1.309406000  1.440265000 H 1.940707000  1.272120000  1.487734000
C 1.285731000 -0.468671000  0.369065000 C 1.267487000 -0.477100000  0.363064000
C 1.163929000 -1.175679000 -0.885761000 C 1.156348000 -1.182943000 -0.914159000
H 0.923840000 -0.972578000 1.262701000 H 0.890749000 -0.994227000 1.248497000
H 1.133696000 -2.259286000 -0.827897000 H 1.160879000 -2.271494000 -0.853687000
H 1.733346000 -0.768685000 -1.713578000 H 1.746658000 -0.766514000 -1.726807000
TSsa(cis)3c B3LYP/6-311+G(d,p)
N -0.222388000 -0.823494000 0.177311000
o] -1.378171000 -1.471829000 0.089029000
(o} -2.592336000 -0.806563000 -0.115804000
C -2.618777000  0.595666000 -0.209204000
C -1.459429000 1.353807000 -0.086658000
‘ H -3.498628000 -1.385249000 -0.256559000
H -1.366711000 -2.562328000 0.116631000
H -3.576502000 1.082238000 -0.382127000
H -1.5639243000 2.437568000 -0.108604000
B -0.208086000 0.567310000  0.183690000
C 2.381717000 -1.313029000 0.278825000
C 2.544153000 -0.308703000 -0.624872000
J H 2.030623000 -1.143780000  1.285055000
H 2.667774000 -2.329532000 0.035236000
H 2.963161000 -0.531996000 -1.599872000
C 1.974986000 0.971791000 -0.431913000
J C 1.220012000  1.370796000  0.699952000
) H 2.000844000  1.653903000 -1.277958000
H 1.006652000  2.432473000  0.775176000
H 1.476243000 0.922997000 1.657261000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.219756000  0.824929000  0.183141000 N 0.150124000 0.830544000 0.139125000
C 1.375683000 1.471762000  0.092565000 C 1.327249000  1.465506000 0.116591000
C 2.588927000 0.804752000 -0.117055000 C 2.536639000 0.779316000 -0.080400000
Cc 2.613760000 -0.597796000 -0.212578000 C 2.555985000 -0.624415000 -0.200807000
C 1.453442000 -1.354558000 -0.087124000 (] 1.374714000 -1.368233000 -0.112654000
H 3.495319000  1.382650000 -0.260398000 H 3.453302000  1.352698000 -0.198218000
H 1.364959000 2.562130000  0.121479000 H 1.328901000 2.557183000 0.156622000
H 3.570473000 -1.084822000 -0.389648000 H 3.513805000 -1.118859000 -0.364067000
H 1.528332000 -2.438552000 -0.109986000 H 1.444513000 -2.455733000 -0.133540000
B 0.205149000 -0.566048000  0.187665000 B 0.124140000 -0.572486000  0.141510000
C -2.373147000  1.315258000 0.275275000 C -2.193577000  1.328269000 0.280573000
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Cc -2.536964000  0.309928000 -0.628054000 C -2.413908000 0.347255000 -0.653281000
H -2.031556000  1.146586000  1.285059000 H -1.995843000 1.103374000 1.321802000
H -2.647793000 2.333601000 0.026955000 H -2.387642000 2.370297000 0.041691000
H -2.946366000  0.535557000 -1.606583000 H -2.732291000 0.621571000 -1.654688000
C -1.971221000 -0.971869000 -0.432618000 C -1.903432000 -0.958854000 -0.446816000
C -1.220929000 -1.372509000 0.702327000 C -1.2565745000 -1.371560000 0.748315000
H -1.990970000 -1.652593000 -1.279924000 H -1.899527000 -1.651841000 -1.287601000
H -1.004658000 -2.433656000 0.777035000 H -1.038006000 -2.431217000 0.846057000
H -1.479080000 -0.924976000 1.659269000 H -1.526329000 -0.882552000 1.681393000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.188673000 0.814551000  0.165572000 N 0.160743000 0.822009000  0.140193000
C 1.348705000 1.457782000 0.081605000 C 1.339193000 1.464566000 0.096511000
C 2.558814000 0.794476000 -0.111874000 o} 2.552444000 0.786728000 -0.085937000
Cc 2.585395000 -0.607501000 -0.195792000 (o} 2.580283000 -0.623806000 -0.179671000
C 1.430418000 -1.366301000 -0.077294000 C 1.405775000 -1.375812000 -0.083079000
H 3.467445000 1.370880000 -0.236543000 H 3.467994000 1.363245000 -0.203265000
H 1.338236000 2.546954000 0.117552000 H 1.332787000 2.557225000  0.126845000
H 3.544914000 -1.093355000 -0.356092000 H 3.543210000 -1.114727000 -0.330034000
H 1.509293000 -2.448886000 -0.100742000 H 1.481865000 -2.463711000 -0.098095000
B 0.187565000 -0.569556000 0.162476000 B 0.151180000 -0.576770000  0.155037000
C -2.250797000  1.317918000  0.306578000 C -2.206248000  1.333756000  0.286179000
C -2.494648000 0.355136000 -0.619586000 C -2.447822000 0.357120000 -0.647377000
H -1.953039000  1.092286000  1.319592000 H -1.989002000  1.107444000  1.323109000
H -2.451386000 2.360375000 0.089188000 H -2.387113000 2.379535000  0.049954000
H -2.873463000 0.627259000 -1.596658000 H -2.779591000 0.635459000 -1.644039000
C -1.972263000 -0.947810000 -0.445024000 C -1.946361000 -0.955584000 -0.450065000
C -1.261439000 -1.389796000 0.681700000 C -1.266771000 -1.381988000 0.720685000
H -1.999663000 -1.612352000 -1.305100000 H -1.953994000 -1.637337000 -1.301343000
H -1.031783000 -2.447496000 0.731995000 H -1.054024000 -2.445625000 0.797287000
H -1.474198000 -0.933184000 1.643541000 H -1.521476000 -0.911464000 1.668712000
TSaa(cis)-2a(trans) B3LYP/6-311+G(d,p)
N -0.559694000 1.062175000 -0.409884000
C -1.793296000  1.454422000 -0.137201000
C -2.812902000 0.586806000  0.305000000
C -2.569636000 -0.778852000 0.482460000
C -1.304616000 -1.303898000 0.215751000
H -3.795707000 0.995474000 0.517147000
* H -2.033133000 2.513472000 -0.253418000
' ) H -3.379773000 -1.414629000  0.830499000
H -1.147335000 -2.370938000 0.356898000
B -0.291150000 -0.313155000 -0.257387000
J C 3.622095000 0.540606000  0.436409000
| C 2.292202000 0.520037000 0.494678000
H 4.198359000 -0.296397000  0.054645000
H 4.180071000  1.406344000 0.774652000
H 1.742174000  1.376012000  0.866973000
C 1.499945000 -0.672015000 0.071486000
J C 1.089756000 -0.902706000 -1.238996000
H 1.476437000 -1.505334000 0.767960000
H 0.830512000 -1.899572000 -1.571908000
H 1.281757000 -0.159595000 -2.002336000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -0.558738000 1.066559000 -0.413954000 N -0.527792000 1.080174000 -0.417321000
C -1.792171000  1.456059000 -0.136695000 C -1.775142000  1.455840000 -0.143539000
C -2.809848000 0.586421000 0.308732000 C -2.794865000 0.579882000 0.305035000
C -2.565530000 -0.779605000  0.484431000 C -2.550661000 -0.789891000  0.492000000
C -1.300617000 -1.302501000  0.212447000 C -1.275872000 -1.307245000  0.224665000
H -3.791989000  0.994490000 0.525135000 H -3.781758000  0.989060000  0.513167000
H -2.033970000  2.514820000 -0.250846000 H -2.028580000 2.512971000 -0.266137000
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H -3.373969000 -1.416026000 0.835205000 H -3.362146000 -1.426314000  0.843540000
H -1.136472000 -2.368647000 0.351133000 H -1.104873000 -2.375194000 0.368775000
B -0.291180000 -0.309268000 -0.262559000 B -0.261214000 -0.308599000 -0.248945000
C 3.616317000 0.537785000  0.440338000 C 3.598802000  0.522282000  0.446195000
C 2.286354000 0.521179000  0.492384000 C 2.256505000 0.535561000  0.493866000
H 4.190428000 -0.305016000 0.067780000 H 4.148704000 -0.343804000 0.087380000
H 4.176047000 1.404566000 0.773194000 H 4172489000 1.385391000 0.769215000
H 1.732816000 1.380284000  0.851974000 H 1.720270000 1.413678000 0.839821000
C 1.497325000 -0.673474000 0.071449000 C 1.463387000 -0.660911000 0.082018000
C 1.091696000 -0.904025000 -1.240474000 C 1.067165000 -0.888744000 -1.251843000
H 1.471433000 -1.504923000 0.770034000 H 1.468617000 -1.514936000 0.758376000
H 0.829568000 -1.900040000 -1.573986000 H 0.826068000 -1.891248000 -1.591162000
H 1.288566000 -0.160381000 -2.002295000 H 1.266964000 -0.129696000 -2.001678000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.537176000 1.059953000 -0.395402000 N -0.538032000 1.082140000 -0.420544000
C -1.769707000 1.450533000 -0.124838000 c -1.785099000 1.457614000 -0.146458000
C -2.790984000 0.584929000 0.307621000 C -2.805326000 0.580441000 0.305367000
C -2.553594000 -0.779383000 0.477919000 C -2.558682000 -0.788905000 0.495112000
C -1.291253000 -1.307916000 0.214206000 C -1.281179000 -1.306977000 0.228165000
H -3.772581000 0.995567000 0.516257000 H -3.793473000 0.989062000 0.512509000
H -2.006469000 2.509314000 -0.237081000 H -2.039288000 2.514868000 -0.271796000
H -3.367510000 -1.413203000 0.818476000 H -3.369217000 -1.426962000 0.848390000
H -1.133868000 -2.375054000  0.349081000 H -1.110880000 -2.375239000  0.375953000
B -0.284764000 -0.312678000 -0.242337000 B -0.269601000 -0.306307000 -0.248136000
C 3.595980000 0.539916000 0.441234000 C 3.611139000 0.522912000 0.449724000
C 2.268913000 0.529508000  0.479311000 C 2.268335000 0.534818000  0.495215000
H 4.165809000 -0.315844000 0.093942000 H 4.165031000 -0.340850000 0.088048000
H 4.153982000 1.412313000 0.759061000 H 4184812000 1.385613000 0.777366000
H 1.706644000 1.393787000  0.810931000 H 1.730218000  1.410364000  0.845977000
C 1.495163000 -0.678344000 0.067257000 C 1.472547000 -0.664254000 0.075560000
C 1.096537000 -0.905550000 -1.237987000 c 1.074170000 -0.889595000 -1.255869000
H 1.469268000 -1.507343000 0.768195000 H 1.474836000 -1.518164000 0.752528000
H 0.810556000 -1.894483000 -1.571080000 H 0.827380000 -1.891282000 -1.595364000
H 1.271119000 -0.147765000 -1.991338000 H 1.268371000 -0.131043000 -2.008319000
TS3b(cis)-3b(trans) B3LYP/6-311+G(d,p)
N 0.172105000 -0.343234000 0.353547000
C 1.009846000 -1.398625000 0.286560000
C 2.300919000 -1.140467000 -0.114885000
C 2.720262000  0.185933000 -0.430589000
* (¢ 1.899017000  1.299014000 -0.362821000
H 3.006303000 -1.958456000 -0.188230000
H 0.651572000 -2.390005000  0.544047000
‘ H 3.757034000 0.303549000 -0.738998000
H 2.323599000 2.263969000 -0.620895000
B 0.484718000 1.025087000  0.067295000
C -3.571939000 -0.581710000 -0.021648000
C -2.265354000 -0.832286000 -0.050612000
H -3.991487000 0.210146000 0.591848000
H -4.269841000 -1.158443000 -0.617152000
H -1.887049000 -1.630018000 -0.686108000
J J C -1.232150000 -0.077887000  0.746940000
C -1.018712000 1.461283000 0.438464000
H -1.373541000 -0.265392000 1.817618000
H -1.167186000  2.103818000 1.309057000
H -1.655865000 1.818195000 -0.372413000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.172513000 -0.337839000 0.363501000 N 0.172410000 -0.334093000 0.370767000
C 1.004378000 -1.396781000 0.293777000 C 0.997524000 -1.403607000 0.307171000
C 2.295204000 -1.143475000 -0.112305000 o] 2.292878000 -1.146060000 -0.110877000
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c 2.717108000  0.181871000 -0.431712000 C 2.714616000  0.175016000 -0.440195000
Cc 1.899151000  1.298070000 -0.364547000 o] 1.891149000 1.300778000 -0.374110000
H 2.997771000 -1.963708000 -0.187214000 H 2.995293000 -1.970346000 -0.183619000
H 0.639562000 -2.385277000  0.552464000 H 0.630493000 -2.391386000 0.577301000
H 3.753172000  0.295631000 -0.743933000 H 3.751262000  0.289137000 -0.758777000
H 2.325147000 2.261052000 -0.627671000 H 2.326881000 2.259597000 -0.648560000
B 0.485444000 1.028641000 0.070736000 B 0.476237000  1.033983000  0.069761000
C  -3.564600000 -0.591092000 -0.016535000 C  -3.555279000 -0.586901000 -0.023630000
C  -2.256135000 -0.827703000 -0.059892000 C  -2.235085000 -0.822093000 -0.070407000
H -3.983862000 0.181907000  0.621028000 H  -3.970594000 0.174304000 0.632296000
H -4.262600000 -1.157112000 -0.622135000 H 4247713000 -1.146218000 -0.643868000
H -1.867484000 -1.602088000 -0.717589000 H -1.842414000 -1.585100000 -0.742221000
C  -1.231623000 -0.074565000 0.748890000 C  -1.229845000 -0.069036000 0.758943000
C  -1.019617000 1.464703000 0.437193000 C  -1.083207000  1.465355000 0.445885000
H -1.382032000 -0.262767000 1.818137000 H -1.379256000 -0.262120000  1.829287000
H -1.172871000  2.109217000  1.305487000 H  -1.181849000 2.106625000 1.319626000
H -1.656374000  1.815786000 -0.376655000 H  -1.681249000  1.806636000 -0.365748000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.171847000 -0.334789000  0.370981000 N 0.173271000 -0.334749000  0.343204000
c 1.000316000 -1.394318000  0.301541000 C 1.012577000 -1.401229000  0.271563000
c 2.284965000 -1.145697000 -0.106861000 C 2.302359000 -1.135988000 -0.146899000
c 2.703817000  0.180430000 -0.430900000 o] 2.721560000 0.198567000 -0.464473000
C 1.893571000  1.294236000 -0.367580000 C 1.895887000  1.316965000 -0.384378000
H 2.987455000 -1.964694000 -0.181512000 H 3.010404000 -1.955915000 -0.229978000
H 0.632333000 -2.380518000  0.564618000 H 0.652235000 -2.393715000 0.535777000
H 3.738757000  0.291505000 -0.745657000 H 3.759784000  0.318320000 -0.779310000
H 2.322873000 2.252918000 -0.636218000 H 2.326779000 2.283624000 -0.640956000
B 0.479094000  1.025598000  0.072404000 B 0.475611000  1.033953000  0.056730000
C  -3.547928000 -0.593306000 -0.010955000 C  -3.572309000 -0.601819000 0.026536000
C  -2.241583000 -0.818690000 -0.073714000 C  -2.253140000 -0.843236000 -0.033163000
H -3.959531000 0.160090000  0.654265000 H -3.978918000 0.184557000 0.659159000
H -4.247588000 -1.146684000 -0.624744000 H  -4.275780000 -1.178454000 -0.566750000
H -1.848778000 -1.570166000 -0.754704000 H -1.874985000 -1.628933000 -0.688207000
C  -1.227396000 -0.069795000  0.749169000 C  -1.224458000 -0.075639000 0.763329000
C -1.025852000  1.460382000  0.435884000 C  -1.036541000  1.463040000 0.443375000
H -1.387238000 -0.260255000  1.815173000 H  -1.346304000 -0.261646000  1.839244000
H -1.176862000  2.105454000 1.301662000 H -1.186195000 2.109039000  1.314805000
H -1.660020000  1.802769000 -0.381828000 H -1.689585000  1.797727000 -0.368583000
Ts3§(lﬂns)-3b(trans) B3LYP/6-311+G(d,p)
N  -1.146468000 -0.384770000 1.261415000
C  -2.100774000 -1.088581000  0.630808000
C  -2.681080000 -0.657507000 -0.552838000
C -2.204821000  0.503965000 -1.217146000
C  -1.140711000  1.230375000 -0.722585000
H  -3.515324000 -1.211988000 -0.969963000
‘ H  -2.456993000 -2.005276000 1.102214000
H -2.687114000  0.786953000 -2.150645000
H -0.769117000 2.071000000 -1.303020000
Y B  -0.620646000 0.783529000  0.624475000
o C 1.741811000 -2.122165000 2.839162000
* C 1.099629000 -0.947383000  2.757260000
H 2191412000 -2.584570000  1.966477000
H 1.835724000 -2.651624000  3.779592000
H 0.647393000 -0.499151000  3.635302000
] 1.036163000 -0.187147000  1.531389000
J J C 0.730028000  1.230766000  1.427953000
H 1.457627000 -0.669444000 0.653343000
H 1.395768000  1.779944000 0.761231000
H 0.584931000  1.734772000  2.381540000
562
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B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -1.150833000 -0.359959000 1.288444000 N -1.206303000 -0.152020000 1.512433000
C -2.089934000 -1.081786000 0.654115000 (] -2.059348000 -0.995439000 0.867561000
C -2.659079000 -0.671545000 -0.542045000 C -2.493830000 -0.771200000 -0.430684000
C -2.186317000 0.487367000 -1.215984000 C -1.988717000 0.312980000 -1.210570000
C -1.135859000 1.230131000 -0.717695000 C -1.013797000 1.154226000 -0.704674000
H -3.481090000 -1.240693000 -0.963731000 H -3.237311000 -1.439884000 -0.859925000
H -2.440627000 -1.996888000 1.132328000 H -2.441567000 -1.851149000 1.427294000
H -2.659461000  0.752312000 -2.159387000 H -2.364202000  0.430428000 -2.227319000
H -0.762251000 2.066100000 -1.303392000 H -0.610779000 1.931053000 -1.353886000
B -0.626931000 0.804539000 0.641325000 B -0.639966000 0.940727000 0.757622000
C 1.716484000 -2.129686000 2.813214000 c 1.544551000 -2.162620000 2.536712000
C 1.091423000 -0.945265000 2.743896000 C 0.975087000 -0.943652000 2.628610000
H 2.151627000 -2.593203000 1.933611000 H 1.870553000 -2.558059000 1.578248000
H 1.809479000 -2.666711000  3.749472000 H 1.689389000 -2.783185000  3.414891000
H 0.649594000 -0.494997000  3.626133000 H 0.638200000 -0.547695000  3.582825000
C 1.022335000 -0.177202000 1.522252000 C 0.829140000 -0.073797000 1.463738000
C 0.728476000 1.247015000 1.434429000 (] 0.704251000 1.392100000 1.521902000
H 1.432152000 -0.655732000 0.636128000 H 1.195024000 -0.499344000 0.525740000
H 1.392881000 1.797373000 0.767571000 H 1.389535000 1.938470000 0.874694000
H 0.595367000 1.740516000  2.395279000 H 0.617529000 1.789748000 2.530754000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -1.218419000 -0.196141000 1.483296000 N -1.227895000 -0.150636000 1.520210000
C -2.101371000 -0.993857000  0.833565000 C -2.097734000 -0.984288000 0.868987000
c -2.529449000 -0.748367000 -0.448362000 C -2.514411000 -0.767695000 -0.432495000
C -1.999609000 0.336928000 -1.207406000 G -1.985213000 0.309913000 -1.220559000
C -1.021387000 1.144870000 -0.694486000 C -1.010775000 1.143123000 -0.709755000
H -3.283566000 -1.390756000 -0.889096000 H -3.260766000 -1.431249000 -0.866735000
H -2.505145000 -1.841573000 1.383989000 H -2.500510000 -1.826883000 1.434809000
H -2.377063000 0.481253000 -2.216597000 H -2.350576000  0.423079000 -2.242327000
H -0.608883000 1.930355000 -1.321143000 H -0.596864000 1.917832000 -1.356339000
B -0.642066000 0.882929000  0.755568000 B -0.646695000  0.926786000 0.762728000
C 1.601500000 -2.133397000 2.577872000 C 1.575953000 -2.161568000 2.537323000
C 0.986708000 -0.953054000 2.636371000 C 0.988050000 -0.951087000 2.628140000
H 1.982024000 -2.524706000 1.640243000 H 1.919738000 -2.551430000 1.581655000
H 1.741269000 -2.740665000  3.463291000 H 1.719806000 -2.784345000  3.415465000
H 0.593840000 -0.559607000  3.566651000 H 0.634650000 -0.564352000 3.580619000
C 0.856602000 -0.093337000 1.460832000 C 0.845955000 -0.073146000 1.462695000
C 0.713416000 1.354549000 1.515351000 C 0.699641000 1.391478000 1.527381000
H 1.229298000 -0.524009000 0.533880000 H 1.218935000 -0.490649000 0.524026000
H 1.358388000 1.916143000 0.846329000 H 1.378133000 1.950649000 0.882157000
H 0.621351000 1.764130000 2.515815000 H 0.608017000 1.786158000 2.537981000
TSisfamidd B3LYP/6-311+G(d,p)
* N -0.432362000 -0.919281000 0.226510000
C -1.649458000 -1.434769000 0.015617000
E (] -2.755709000 -0.647119000 -0.273985000
C -2.608688000 0.751651000 -0.361863000
‘ ,/’ C -1.384035000 1.367883000 -0.160519000
H -3.715810000 -1.116658000 -0.454894000
H -1.756162000 -2.519316000 0.052263000
H -3.487030000 1.348257000 -0.599986000
P H -1.324799000 2.451107000 -0.227618000
B -0.235239000 0.462893000 0.195561000
~— G 1.605284000 -2.067281000  0.528700000
= ~o C 2.162887000 -0.951753000 1.097343000
H 1.617663000 -2.217141000 -0.543323000
H 1.273654000 -2.905894000 1.128948000
H 2.082135000 -0.815592000 2.171941000
J J C 2.089252000 0.177666000 0.270387000
Se3
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C 1.265090000 1.269753000  0.631407000

H 2.318710000 0.049638000 -0.786506000

H 1.314582000 2.168915000 0.021675000

H 1.177762000 1.478709000 1.697980000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -0.435751000 -0.922696000 0.231853000 N -0.421372000 -0.968718000 0.257215000
C -1.653043000 -1.435559000  0.0199929000 (] -1.664216000 -1.452201000 0.056192000
C -2.757280000 -0.645220000 -0.274075000 C -2.751377000 -0.636619000 -0.258953000
(9] -2.606782000 0.753391000 -0.365415000 C -2.575088000 0.756083000 -0.391132000
C -1.380483000 1.367310000 -0.163463000 C -1.321231000 1.344607000 -0.211866000
H -3.718236000 -1.112623000 -0.456078000 H -3.724754000 -1.089821000 -0.428125000
H -1.761338000 -2.519810000 0.059109000 H -1.800491000 -2.534918000 0.110976000
H -3.483393000 1.351165000 -0.606894000 H -3.437750000 1.369506000 -0.653228000
H -1.315243000 2.449971000 -0.232391000 H -1.235189000  2.425875000 -0.314499000
B -0.237395000 0.458259000 0.196998000 B -0.215243000 0.411340000 0.193595000
C 1.612865000 -2.070255000 0.527887000 C 1.606194000 -2.066153000 0.509665000
C 2.166792000 -0.951546000 1.092704000 C 2.146617000 -0.939570000 1.076060000
H 1.615865000 -2.221592000 -0.544259000 H 1.598752000 -2.190958000 -0.568938000
H 1.281464000 -2.906239000 1.131585000 H 1.335984000 -2.931743000 1.107873000
H 2.086766000 -0.815117000 2.167372000 H 2.106469000 -0.813170000 2.155445000
C 2.087282000 0.180746000 0.267653000 C 2.026263000 0.203648000  0.255260000
C 1.262634000 1.269247000  0.635695000 C 1.260765000 1.296641000 0.6906792000
H 2.315751000  0.059405000 -0.790418000 H 2.218151000  0.098714000 -0.814301000
H 1.304921000 2.170527000 0.028628000 H 1.241317000 2.204011000 0.091794000
H 1.172332000 1.472303000 1.703146000 H 1.163926000 1.445114000 1.765926000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.422153000 -0.943688000 0.227438000 N -0.408737000 -0.958183000 0.233191000
C -1.644647000 -1.439240000 0.010070000 C -1.651344000 -1.453885000 0.028539000
C -2.742554000 -0.644797000 -0.277103000 C -2.749866000 -0.649870000 -0.265145000
C -2.585889000 0.751840000 -0.359372000 C -2.592307000 0.753818000 -0.369491000
C -1.360492000 1.358684000 -0.156848000 C -1.348506000 1.355937000 -0.184083000
H -3.706028000 -1.105610000 -0.455810000 H -3.720041000 -1.111832000 -0.434048000
H -1.763122000 -2.522234000 0.046044000 H -1.773503000 -2.539494000 0.071809000
H -3.460081000 1.354452000 -0.594271000 H -3.467255000 1.359643000 -0.611709000
H -1.292304000 2.440266000 -0.223631000 H -1.277117000  2.440930000 -0.266821000
B -0.234177000 0.431705000 0.191610000 B -0.220859000 0.425981000 0.188877000
(0] 1.601498000 -2.053795000 0.533753000 (o] 1.592692000 -2.058370000 0.517355000
C 2.157173000 -0.946181000 1.102101000 C 2.152676000 -0.942920000 1.096102000
H 1.604184000 -2.190804000 -0.540702000 H 1.618814000 -2.195131000 -0.560008000
H 1.275004000 -2.898098000 1.129141000 H 1.281408000 -2.913222000 1.112156000
H 2.092411000 -0.806149000  2.175890000 H 2.077719000 -0.809028000  2.173418000
C 2.049301000 0.177797000  0.264103000 C 2.054703000 0.193173000  0.263387000
C 1.276021000 1.280686000 0.638647000 C 1.274121000 1.295662000 0.661458000
H 2.267370000 0.046585000 -0.794765000 H 2.260946000 0.070190000 -0.802219000
H 1.281591000 2.165027000  0.010023000 H 1.281037000  2.192405000 0.044139000
H 1.164620000 1.475223000 1.703320000 H 1.173149000 1.475863000 1.732730000
TSsd3c B3LYP/6-311+G(d,p)
S64



Publication

Supporting Information

N 0.010747000 -0.711256000 -0.016375000
C 1.186132000 -1.393849000 -0.024665000
C 2.402081000 -0.756143000 -0.031567000
C 2.469207000 0.655549000 0.016527000
C 1.328887000 1.431367000 0.058620000
H 3.305814000 -1.351140000 -0.057512000
* H 1.112941000 -2.475396000 -0.021801000
H 3.451220000 1.121491000 0.027678000
H 1.431385000 2.510392000 0.102228000
B 0.012786000 0.718889000 -0.013865000
C -1.275895000 -1.482570000 0.101887000
C -2.350115000 -0.561560000 -0.457495000
H -1.340750000 -1.760231000  1.178805000
J H -1.205956000 -2.403915000 -0.481064000
H -3.345937000 -1.003914000 -0.372734000
C -2.132726000 0.619334000  0.344930000
C -1.417147000 1.698768000 -0.179639000
J H -2.203984000 0.625023000  1.462341000
H -1.253694000 2.589626000  0.428496000
H -1.482786000 1.835154000 -1.258920000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.010236000 -0.714933000 -0.019964000 N -0.002629000 -0.769741000 -0.054186000
C 1.186568000 -1.395506000 -0.025683000 (@] 1.185129000 -1.426665000 -0.068374000
C 2.401495000 -0.755058000 -0.030387000 C 2.389638000 -0.743358000 -0.040093000
C 2.466573000 0.657118000  0.018388000 C 2.417532000 0.661793000 0.074673000
C 1.324548000  1.430843000 0.059573000 C 1.240756000  1.404936000 0.151595000
H 3.306302000 -1.348480000 -0.054576000 H 3.310926000 -1.315051000 -0.081647000
H 1.115920000 -2.477189000 -0.021954000 H 1.135983000 -2.512298000 -0.092357000
H 3.447979000  1.124245000 0.031411000 H 3.385495000  1.159103000  0.120592000
H 1.421627000 2.510204000  0.104429000 H 1.319263000 2.484611000 0.251371000
B 0.011729000 0.714587000 -0.015594000 B -0.047174000 0.655677000 0.013652000
C -1.276900000 -1.485200000 0.099516000 C -1.278945000 -1.536894000  0.075057000
C -2.350732000 -0.560282000 -0.454085000 C -2.324329000 -0.551786000 -0.403169000
H -1.336613000 -1.765464000 1.176282000 H -1.310049000 -1.838734000  1.146410000
H -1.211419000 -2.404916000 -0.486553000 H -1.217788000 -2.442526000 -0.537776000
H -3.347480000 -0.999186000 -0.365955000 H -3.339434000 -0.903976000 -0.177097000
C -2.129266000 0.621913000 0.347187000 C -2.001300000 0.657604000 0.359283000
C -1.416222000 1.700206000 -0.182225000 C -1.442044000 1.753031000 -0.287226000
H -2.196238000 0.628443000 1.465170000 H -2.010324000 0.728520000 1.474199000
H -1.245561000 2.591802000  0.423042000 H -1.193065000 2.666287000 0.253991000
H -1.480337000 1.832472000 -1.262147000 H -1.515430000 1.775085000 -1.373024000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.002472000 -0.735746000 -0.027050000 N -0.002732000 -0.763135000 -0.036248000
C 1.181591000 -1.401821000 -0.024580000 C 1.189940000 -1.425792000 -0.039419000
C 2.386872000 -0.752057000 -0.016910000 C 2.395469000 -0.751407000 -0.023099000
C 2.432248000 0.659879000 0.034788000 C 2.430592000 0.664334000 0.052652000
C 1.286450000 1.420282000 0.070852000 & 1.261274000 1.414383000 0.108662000
H 3.297718000 -1.334571000 -0.034489000 H 3.315426000 -1.327550000 -0.050915000
H 1.116220000 -2.484233000 -0.025133000 H 1.136871000 -2.511902000 -0.051285000
H 3.407413000  1.138154000  0.055020000 H 3.402829000 1.156499000 0.081197000
H 1.375981000 2.499595000 0.117365000 H 1.343242000 2.497223000 0.176320000
B -0.015068000 0.686354000 -0.013155000 B -0.035291000 0.662094000 0.001516000
C -1.276188000 -1.505646000 0.077342000 C -1.283900000 -1.535424000 0.075305000
C -2.334092000 -0.555190000 -0.451170000 C -2.328793000 -0.552783000 -0.428088000
H -1.338689000 -1.799035000  1.146787000 H -1.335640000 -1.839786000  1.145329000
H -1.199748000 -2.414289000 -0.523294000 H -1.212077000 -2.439730000 -0.539285000
H -3.340653000 -0.947803000 -0.283287000 H -3.349640000 -0.909790000 -0.233392000
C -2.059204000 0.628624000 0.350991000 C -2.022473000 0.649405000 0.360517000
C -1.432423000 1.729175000 -0.208340000 & -1.450972000 1.758396000 -0.251353000
H -2.080579000 0.631137000 1.465116000 H -2.019777000 0.683651000 1.477045000
H -1.216228000  2.615029000  0.385271000 H -1.211670000  2.658440000  0.317247000
S65

120



Publication

Supporting Information

H

-1.491884000

1.827780000

-1.290252000

[H

-1.520469000

1.818489000

-1.336831000s

4a

B3LYP/6-311+G(d,p)

C  -2.210309000 0.068929000 -1.174275000
C  -1.227623000 -0.943273000 -0.613871000
* C  -1.306311000 -0.884231000  0.786494000
. C  -2.187890000  0.221430000  1.165035000
C  -2.703879000 0.783318000  0.055559000
H  -3.034346000 -0.471685000 -1.663759000
- H  -1.793071000  0.740324000 -1.928874000
H  -0.932622000 -1.829536000 -1.156505000
» H  -0.930556000 -1.636711000 1.464306000
H  -3.363299000 1.641068000  0.025465000
H  -2.362722000  0.532890000  2.185813000
N 1.312749000 -1.312357000  0.033483000
C 2578581000 -0.921813000  0.013164000
) C 2982126000 0.425909000 -0.033220000
C 2033547000 1455695000 -0.036804000
J C  0.669718000  1.164566000 -0.002962000
H  4.041505000 0.660890000 -0.041335000
H  3.352349000 -1.692046000  0.043811000
J H 2382240000 2.485744000 -0.043559000
H  -0.032060000 1.992026000  0.038480000
B 0.343114000 -0.291930000 -0.022589000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C  -2.194125000 0.082875000 -1.175871000 | C  -2.159758000 0.066381000 -1.188268000
C  -1.228625000 -0.947773000 -0.619138000 |C  -1.200638000 -0.964641000 -0.630489000
C  -1.315804000 -0.900881000 0.780844000 |C  -1.265847000 -0.904574000  0.788083000
C  -2.184495000 0.212586000 1.164849000 | C  -2.128036000 0.223017000  1.160054000
C  -2.685065000  0.792634000 0.057766000 |C  -2.616341000 0.812241000  0.038423000
H  -3.022149000 -0.439877000 -1.676893000 | H  -3.005809000 -0.472641000 -1.644563000
H  -1.757351000 0.756321000 -1.916976000 |H  -1.730637000 0.710668000 -1.961934000
H  -0.940335000 -1.831576000 -1.169473000 |H  -0.913373000 -1.859952000 -1.169584000
H  -0.946280000 -1.660172000 1.454690000 |H  -0.946545000 -1.697701000  1.454814000
H  -3.320255000 1.661721000 0.031280000 |H  -3.243606000  1.697628000  0.009710000
H  -2.357464000 0518615000 2.187368000 | H  -2.293453000  0.550492000  2.180830000
N 1.319108000 -1.317998000  0.029502000 | N  1.292639000 -1.334771000  0.058701000
C 2581697000 -0.914555000 0.010953000 | C 2553859000 -0.907215000  0.001155000
C 20973153000 0437327000 -0.030404000 |C 2929244000 0.454743000 -0.066948000
C 2015836000 1.460164000 -0.029590000 |C  1.963858000 1.475512000 -0.045153000
C 0655262000 1.156036000 0.004025000 | C  0.602733000 1.154614000  0.041586000
H  4.030531000 0.681232000 -0.037317000 |H  3.986962000 0.706973000 -0.113222000
H  3.362538000 -1.677568000 0.039013000 |H  3.348111000 -1.659330000  0.010543000
H 2356142000 2.493025000 -0.031816000 |H 2298167000 2512773000 -0.066122000
H  -0.059337000 1.971898000 0.051068000 |H  -0.117276000  1.968564000  0.115121000
B 0.344440000 -0.303622000 -0.023612000 | B  0.298909000 -0.314910000  0.036568000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C  -2.178393000 0.079544000 -1.175491000 | C  -2.180402000 0.064437000 -1.188895000
C  -1.242492000 -0.967006000 -0.620174000 |C  -1.213378000 -0.966542000 -0.629337000
C  -1.291489000 -0.906442000 0.769138000 | C  -1.266408000 -0.903909000  0.784271000
C  -2.151742000 0.220012000 1.159192000 | C  -2.139553000 0.223947000  1.164532000
C  -2.648003000 0.800382000 0.057411000 | C  -2.644104000 0.802730000  0.047433000
H  -3.018299000 -0.429070000 -1.667814000 | H  -3.021626000 -0.474398000 -1.654629000
H  -1.724427000 0.737760000 -1.918775000 |H  -1.747522000 0.718492000 -1.953263000
H  -0.901856000 -1.824944000 -1.180141000 |H  -0.918856000 -1.856180000 -1.174544000
H  -0.918300000 -1.667599000 1.439083000 |H  -0.938650000 -1.692266000  1.452943000
H  -3.282705000  1.675990000 0.031776000 |H  -3.283431000 1.680463000  0.020480000
H  -2.312400000 0529639000 2.182053000 | H  -2.298771000 0.548346000 2.187861000
N 1.301411000 -1.315104000 0.044112000 | N  1.300407000 -1.331493000  0.052462000
C 2561176000 -0.910406000  0.005527000 | C  2.563901000 -0.909280000  0.004972000
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G 2.949713000 0.437361000 -0.046354000 C 2.946282000 0.452882000 -0.055754000
C 1.993542000 1.456450000 -0.039308000 ] 1.983483000 1.477079000 -0.044005000
c 0.634238000 1.157499000 0.016031000 Cc 0.617772000 1.161005000 0.025954000
H 4.005536000 0.681511000 -0.074542000 H 4.006065000 0.701133000 -0.092077000
H 3.341058000 -1.672919000 0.018543000 H 3.355086000 -1.665471000 0.017485000
H 2.334196000 2.488313000 -0.057796000 H 2.320439000 2.514305000 -0.064688000
H -0.076349000 1.976607000 0.062177000 H -0.098705000 1.880196000 0.081527000
B 0.336874000 -0.298785000 0.020162000 B 0.311135000 -0.307605000 0.026576000
4b B3LYP/6-311+G(d,p)

W EETT OO NZ T ILEI I OO0 0

2.148129000
2.618039000
2.183626000
1.375626000
1.238393000
1.665686000
2.995159000
3.196624000
2.353707000
1.038540000
1.032809000

-0.193097000
-0.832236000
-0.137026000
0.978763000
0.922554000
-0.905672000
0.246057000
-1.746094000
-0.380895000
1.795500000
1.786044000

-1.156053000
0.118428000
1.189609000
0.733123000

-0.666110000

-1.827436000

-1.703890000
0.148913000
2.228802000

-1.273528000
1.365023000

-0.021610000
0.009374000
0.040415000
0.026215000

-0.032927000
0.100979000
0.040658000
0.064328000

-0.060458000

-0.100913000

B3LYP-D3/6-311+G(d,p)

BIIIIOQOOOO0OZIIIIIIOOOON

2.138718000
2.605286000
2.183234000
1.384237000
1.238999000
1.645353000
2.988406000
3.171419000
2.351843000
1.039759000
1.042178000
-0.521321000
-1.772187000
-2.897071000
-2.742730000
-1.471088000
-3.887493000
-1.937067000
-3.632476000
-1.384988000
-0.350415000

-0.199608000
-0.838736000
-0.133331000
0.987182000
0.924961000
-0.910716000
0.229887000
-1.760025000
-0.375544000
1.796114000
1.796628000
-1.033722000
-1.471071000
-0.624795000
0.767873000
1.337508000
-1.063406000
-2.550411000
1.392035000
2.421388000
0.352042000

-1.156246000
0.119445000
1.189186000
0.730536000

-0.667649000

-1.820785000

-1.706860000
0.151618000
2.228822000

-1.277740000
1.360334000

-0.020743000
0.012382000
0.043761000
0.027204000

-0.035458000
0.107353000
0.046586000
0.066588000

-0.065115000

-0.104916000

WIITIOOONETITEIDETIETT OO

-0.526310000 -1.033773000
-1.777088000 -1.471116000
-2.900831000 -0.624669000
-2.744649000  0.767437000
-1.472837000 1.336317000
-3.891933000 -1.062200000
-1.942430000 -2.550552000
-3.633728000 1.392644000
-1.391213000  2.420819000
-0.349901000 0.351840000
MP2/6-311+G(d,p)
-2.126955000  0.202092000
-2.559690000  0.833717000

-2.107108000
-1.289598000
-1.220293000
-1.650174000
-2.988060000
-3.126496000
-2.247299000
-1.003714000
-1.002878000
0.461233000
1.721594000
2.856307000
2.718258000
1.438059000
3.847145000
1.891099000
3.615611000
1.352625000
0.300013000

0.114717000
-0.996514000
-0.926121000

0.913664000
-0.242811000

1.756984000

0.354775000
-1.783285000
-1.857474000

1.049461000

1.480245000

0.633460000
-0.763939000
-1.334452000

1.083484000

2.561385000
-1.382411000
-2.422378000
-0.357477000

-1.158466000
0.135961000
1.194032000
0.708471000

-0.709441000

-1.838551000

-1.682308000
0.124297000
2.241773000

-1.337772000
1.302768000
0.023901000
0.002527000
0.002419000
0.004499000

-0.006769000
0.018097000
0.011074000
0.013674000

-0.023812000

-0.021191000

M06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

Cc 2.136667000 -0.243995000 -1.139781000 C -2.180402000  0.064437000 -1.188895000

C 2.579380000 -0.829563000  0.168464000 C -1.213378000 -0.966542000 -0.629337000

o} 2.133598000 -0.091807000  1.195488000 C -1.266408000 -0.903909000 0.784271000

Cc 1.332745000 1.014649000 0.671665000 C -2.139553000 0.223947000  1.164532000

Cc 1.266265000 0.914859000 -0.714632000 C -2.644104000  0.802730000  0.047433000

H 1.624071000 -0.973430000 -1.768579000 H -3.021626000  -0.474398000 -1.654629000
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H 2.993927000 0.144357000 -1.705331000 H -1.747522000 0.718492000 -1.953263000
H 3.147473000 -1.746381000 0.246263000 H -0.918856000 -1.856180000 -1.174544000
H 2.274710000 -0.291395000 2.247505000 H -0.938650000 -1.692266000 1.452943000
H 1.000005000 1.726488000 -1.376355000 H -3.283431000 1.680463000  0.020480000
H 0.991958000  1.856828000  1.257453000 H -2.298771000  0.548346000 2.187861000
N -0.496847000 -1.032480000 -0.003106000 N 1.300407000 -1.331493000 0.052462000
C -1.746370000 -1.468845000 0.014413000 C 2.563901000 -0.909280000 0.004972000
C -2.871583000 -0.629075000  0.031523000 (& 2.946282000 0.452882000 -0.055754000
C -2.723169000 0.760364000 0.016020000 C 1.983483000 1.477079000 -0.044005000
C -1.455479000 1.335717000 -0.026428000 C 0.617772000  1.161005000  0.025954000
H -3.860203000 -1.071931000 0.069782000 H 4.006065000 0.701133000 -0.092077000
H -1.908369000 -2.547664000 0.033730000 H 3.355086000 -1.665471000 0.017485000
H -3.615671000 1.380111000  0.037031000 H 2.320439000  2.514305000 -0.064688000
H -1.373929000 2.419496000 -0.049568000 H -0.098705000  1.980196000 0.081527000
B -0.341673000 0.351412000 -0.054115000 B 0.311135000 -0.307605000 0.026576000
4c B3LYP/6-311+G(d,p)

UIITIE OO0 OZT TIHE I T 0O 000

-1.739324000
-1.201733000
-1.927600000
-1.999519000
-1.365339000
-1.211366000
-2.816806000
-1.257674000
-2.210567000
-1.678973000
-2.368621000

0.216728000

1.322280000

2.547130000

2.646293000

-0.000438000
-1.087514000
-0.689042000
0.647400000
1.183074000
0.013342000
-0.082884000
-2.130247000
-1.373027000
2.180629000
1.274285000
-0.612894000
-1.370381000
-0.759789000
0.656584000

1.250511000
0.294464000
-0.995353000
-0.993438000
0.289680000
2.207375000
1.412477000
0.604420000
-1.783719000
0.581208000
-1.795539000
0.159800000
0.017388000
-0.132299000
-0.142748000

BEXITIOONOCOZITIITIETOONOL

1.548901000 1.489810000 -0.014649000
3.433324000 -1.372244000 -0.237305000
1.208519000 -2.449799000 0.034744000
3.640652000 1.082389000 -0.259542000
1.716314000 2.562415000 -0.033940000
0.208315000 0.833434000 0.139977000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
-1.742061000 -0.001368000 1.249621000 -1.744910000 0.001793000 1.240681000
-1.201631000 -1.087594000 0.294072000 -1.196615000 -1.084022000 0.297293000
-1.922180000 -0.688561000 -0.998832000 -1.911395000 -0.703672000 -0.995307000
-1.993871000  0.648049000 -0.996389000 -1.990323000 0.647173000 -0.998342000
-1.365470000 1.182954000 0.290196000 -1.373528000 1.183861000 0.286612000
-1.216277000  0.011054000  2.207833000 -1.217377000  0.020354000  2.200254000
-2.819872000 -0.083979000 1.410312000 -2.826891000 -0.088205000 1.387022000
-1.257978000 -2.130334000 0.603462000 -1.242285000 -2.127313000 0.617232000
-2.198081000 -1.372253000 -1.789525000 -2.175621000 -1.390340000 -1.791649000
-1.680017000  2.180230000 0.591304000 -1.699941000 2.180115000  0.587456000

-2.355810000
0.216141000
1.320189000
2.545154000
2.644402000
1.547100000
3.431048000
1.203898000
3.638800000
1.713063000
0.207690000

1.276021000
-0.612832000
-1.370760000
-0.760166000

0.656742000

1.490481000
-1.372719000
-2.449782000

1.082076000

2.563237000

0.833522000

-1.800424000
0.163143000
0.018580000

-0.132387000

-0.142451000

-0.012773000

-0.239167000
0.034698000

-0.260562000

-0.032528000
0.142955000

0 T@ImET TGO 0 OZ T LI & T IO OO O

-2.349240000
0.213058000
1.312380000
2.544908000
2.650955000
1.546004000
3.428263000
1.187323000
3.647361000
1.724114000
0.201607000

1.268933000
-0.602261000
-1.374690000
-0.761503000

0.652651000

1.494074000
-1.382265000
-2.455618000

1.079027000

2.567375000

0.841952000

-1.812851000
0.170637000
0.022415000

-0.131770000

-0.144215000

-0.012846000

-0.239621000
0.043280000

-0.264137000

-0.035884000
0.145463000
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M06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

BIITIITOOOOZIIIIITIIOOOOND

-1.737436000
-1.193446000
-1.913738000
-1.989331000
-1.367138000
-1.208357000
-2.814392000
-1.244771000
-2.191353000
-1.685494000
-2.355594000
0.214143000
1.315130000
2.537596000
2.636093000
1.547181000
3.421737000
1.193571000
3.630967000
1.719019000
0.205239000

0.000135000
-1.083149000
-0.690448000

0.642252000

1.180209000

0.015210000
-0.086502000
-2.124723000
-1.374729000

2.175174000

1.266638000
-0.606988000
-1.365694000
-0.762557000

0.654769000

1.489602000
-1.375922000
-2.444210000

1.077578000

2.560274000

0.833883000

1.244800000
0.295914000
-0.995678000
-0.993963000
0.290154000
2.199634000
1.398319000
0.608311000
-1.784815000
0.589022000
-1.798545000
0.163643000
0.019679000
-0.131348000
-0.142549000
-0.015491000
-0.236772000
0.037737000
-0.260207000
-0.037006000
0.141945000

DZTIZTITITOOONZTITIIETIOONOO

-1.750107000
-1.197773000
-1.915885000
-1.997091000
-1.373132000
-1.225184000
-2.832971000
-1.247359000
-2.187135000
-1.700311000
-2.362816000
0.214191000
1.320277000
2.550500000
2.656374000
1.554321000
3.435972000
1.196424000
3.654141000
1.731027000
0.204382000

0.001821000
-1.086331000
-0.702681000

0.647071000

1.185795000

0.020048000
-0.087358000
-2.130557000
-1.391026000

2.183000000

1.269888000
-0.604569000
-1.376643000
-0.765567000

0.657012000

1.496909000
-1.384847000
-2.458269000

1.082424000

2.571409000

0.839891000

1.243006000
0.297261000
-1.000005000
-1.002861000
0.286983000
2.205232000
1.389608000
0.616154000
-1.793793000
0.587978000
-1.814544000
0.172562000
0.022857000
-0.130541000
-0.143647000
-0.013542000
-0.238133000
0.042615000
-0.263699000
-0.037760000
0.145993000

4d

B3LYP/6-311+G(d,p)

WZITIITOOOITIOOINE IO OO

-1.659367000
-2.724769000
-2.663553000
-1.500310000
-3.680804000
-1.818397000
-3.541967000
-1.410900000
0.985084000
1.157971000
1.078568000
1.364877000
1.924640000
2.287772000
2.610820000
2.012433000
3.333834000
3.174625000
1.985649000
-0.438962000
-0.386980000

1.528147000
0.687133000
-0.734817000
-1.376163000
1.114803000
2.598685000
-1.323085000
-2.455375000
-0.751382000
0.822279000
-1.289386000
1.228937000
-1.221231000
1.134000000
-0.208564000
-2.259870000
-0.317840000
1.558887000
1.856447000
-0.595850000
0.836466000

-0.089561000
-0.370137000
-0.297092000
0.068811000
-0.665195000
-0.173440000
-0.530629000
0.137898000
0.762887000
0.780442000
1.711870000
1.771699000
-0.314020000
-0.234249000
-0.847429000
-0.612548000
-1.649581000
0.251109000
-1.001465000
0.349400000
0.311313000

B3LYP-D3/6-311+G(d,p)

MP2/6-311+G(d,p)

OOIIOQCIIIIOOON

-1.655439000
-2.716637000
-2.652788000
-1.490435000
-3.671205000
-1.815526000
-3.527537000
-1.395029000
0.987786000
1.160779000
1.084848000
1.380802000
1.916758000
2.274225000

1.528592000
0.684680000
-0.737755000
-1.376907000
1.110214000
2.598815000
-1.327847000
-2.455650000
-0.749734000
0.823872000
-1.288186000
1.231819000
-1.221819000
1.134275000

-0.084660000
-0.374895000
-0.304166000
0.069571000
-0.677765000
-0.170147000
-0.546547000
0.135263000
0.771246000
0.787439000
1.719365000
1.775005000
-0.313445000
-0.245764000

OOITOOIT T IITQOG

-1.636017000
-2.708230000
-2.650026000
-1.487970000
-3.661321000
-1.801536000
-3.527812000
-1.395070000
0.987743000
1.179043000
1.085254000
1.406829000
1.882269000
2.282341000

1.539259000
0.692468000
-0.728068000
-1.380799000
1.124085000
2.610588000
-1.318177000
-2.462086000
-0.749935000
0.817263000
-1.289280000
1.216265000
-1.231012000
1.124988000

-0.087693000
-0.381604000
-0.302229000
0.079671000
-0.689279000
-0.180862000
-0.546235000
0.152963000
0.780222000
0.798447000
1.729948000
1.790495000
-0.323813000
-0.240690000
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O Z:I T IO

2.591571000
1.999229000
3.301960000
3.167863000
1.9556507000
-0.435479000
-0.385497000

-0.209038000
-2.261122000
-0.317428000
1.563278000
1.851794000
-0.593614000
0.838524000

-0.859994000
-0.610326000
-1.673261000
0.222860000
-1.010750000
0.362331000
0.325598000

MZITITITITO

2.556388000
1.940346000
3.237452000
3.193930000
1.967118000
-0.433857000
-0.368287000

-0.211615000
-2.269465000
-0.326293000
1.513615000
1.868736000
-0.589004000
0.843951000

-0.890031000
-0.638852000
-1.730583000
0.230962000
-0.983299000
0.373000000
0.332013000

M06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

-1.642123000

1.530441000

-0.089623000

-1.647572000

1.543064000

-0.087160000

C (]

C -2.698144000 0.690151000 -0.378237000 C -2.717760000 0.698121000 -0.377300000
C -2.643077000 -0.733028000 -0.302997000 C -2.658302000 -0.731114000 -0.299550000
C -1.488928000 -1.371182000 0.076109000 C -1.496848000 -1.380746000 0.077282000
H -3.649817000 1.116876000 -0.686246000 H -3.673380000 1.128562000 -0.681892000
H -1.801712000  2.599052000 -0.181376000 H -1.811772000 2.615689000 -0.178423000
H -3.518938000 -1.318855000 -0.547152000 H -3.538193000 -1.320362000 -0.541792000
H -1.395106000 -2.449597000 0.146098000 H -1.403636000 -2.462627000 0.149227000
C 0.982736000 -0.748094000  0.773590000 C 0.988850000 -0.753049000 0.777064000
C 1.167793000 0.815677000 0.793907000 C 1.179093000 0.818114000 0.795237000
H 1.087231000 -1.289821000 1.717380000 H 1.088356000 -1.291871000 1.727654000
H 1.385087000 1.219400000 1.782042000 H 1.405712000 1.218761000 1.788233000
C 1.893380000 -1.220834000 -0.325582000 C 1.892918000 -1.234769000 -0.326547000
C 2.271842000 1.127099000 -0.239559000 C 2.289358000 1.127072000 -0.242969000
C 2.566770000 -0.211468000 -0.872348000 C 2.571650000 -0.216090000 -0.887967000
H 1.962858000 -2.257835000 -0.632048000 H 1.954069000 -2.274717000 -0.639162000
H 3.263026000 -0.319880000 -1.696916000 H 3.261850000 -0.330286000 -1.722180000
H 3.173756000 1.534393000 0.227950000 H 3.197736000 1.520465000 0.233318000
H 1.954492000 1.855252000 -0.992469000 H 1.974939000 1.867741000 -0.990443000
N -0.434760000 -0.590841000  0.372082000 N -0.435118000 -0.588794000 0.370562000
B -0.375809000 0.834866000 0.329320000 B -0.373363000 0.842322000 0.329359000

TSuadb B3LYP/6-311+G(d,p)

"

&

DI T IO Z2@IDE TEET 00 0 @0

-2.026410000
-1.326660000
-1.758036000
-2.560709000
-2.735662000
-2.741036000
-1.348560000
-1.027614000
-1.483497000
-3.268818000
-2.934384000
0.916225000
2.201613000
3.072357000
2.622812000
1.311228000
4.098675000
2.575613000
3.326838000
1.007487000
0.503622000

1.225975000
0.505058000
-0.805646000
-1.053157000
0.120010000
1.965858000
1.772192000
1.008478000
-1.562960000
0.253519000
-2.022527000
-1.197759000
-1.315901000
-0.235924000
1.071950000
1.334224000
-0.411056000
-2.322619000
1.894499000
2.357707000
0.090738000

0.258577000
-0.880281000
-0.853379000

0.318287000

0.972433000
-0.128371000

0.923182000
-1.792106000
-1.575114000

1.905098000

0.615843000
-0.126536000

0.244000000

0.388369000

0.134473000
-0.259809000

0.691638000

0.439266000

0.247280000
-0.455071000
-0.357282000

B3LYP-D3/6-311+G(d,p)

MP2/6-311+G(d,p)

C
C
C
C
o}
H
H

-2.014874000
-1.342462000
-1.749335000
-2.512018000
-2.684893000
-2.750865000
-1.320279000

1.234528000
0.525210000
-0.790638000
-1.052035000
0.116147000
1.964311000
1.786718000

0.251252000
-0.909888000
-0.873652000

0.324169000

0.985331000
-0.112912000

0.892921000

T T 0 00

-2.044340000
-1.415236000
-1.615048000
-2.252779000
-2.515312000
-2.889354000
-1.353074000

1.303871000
0.649051000
-0.708919000
-1.027183000
0.134418000
1.927159000
1.949114000

0.207558000
-0.996846000
-0.906281000

0.369929000

1.023774000
-0.120061000

0.762218000
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BITITITOOOOQZIIIXI

-1.047971000
-1.482210000
-3.189152000
-2.856993000
0.895261000
2.175718000
3.042294000
2.595144000
1.289241000
4.063802000
2.548586000
3.295788000
0.980470000
0.489832000

1.036012000
-1.543136000
0.240643000
-2.028594000
-1.210541000
-1.324047000
-0.241266000
1.065952000
1.324303000
-0.413802000
-2.329127000
1.889848000
2.344764000
0.077410000

-1.818220000
-1.602805000
1.934811000
0.632062000
-0.135677000
0.254562000
0.408959000
0.144483000
-0.270977000
0.729394000
0.459249000
0.267378000
-0.472695000
-0.377249000

W IEIT IO 0OZIINTET

-1.115317000
-1.345341000
-2.954132000
-2.440941000
0.814070000
2.090411000
2.932727000
2.482140000
1.179895000
3.945551000
2.473718000
3.168041000
0.874289000
0.405116000

1.177479000
-1.438147000
0.226200000
-2.032957000
-1.308581000
-1.395505000
-0.294804000
1.009774000
1.250466000
-0.457826000
-2.397031000
1.844755000
2.271631000
-0.010306000

-1.894445000
-1.660800000
2.011200000
0.723936000
-0.171249000
0.266811000
0.461342000
0.186411000
-0.277892000
0.820439000
0.476937000
0.335120000
-0.492400000
-0.415205000

M06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

-2.058794000
-1.417846000
-1.635763000
-2.313781000
-2.571746000
-2.876058000

1.283995000
0.638501000
-0.704514000
-1.034861000
0.106187000
1.943673000

0.232429000
-0.969933000
-0.905488000

0.347178000

1.006180000
-0.082798000

-2.069312000
-1.426964000
-1.623373000
-2.279776000
-2.652130000
-2.908725000

1.308687000
0.647348000
-0.708637000
-1.028145000
0.132175000
1.936987000

0.208199000
-0.993640000
-0.903731000

0.372078000

1.020055000
-0.125495000

C C

C C

(7 C

C C

Cc C

H H

H -1.361690000  1.890835000 0.818541000 H -1.378815000 1.948051000 0.771726000
H -1.086832000  1.180459000 -1.844639000 H -1.115274000 1.176851000 -1.887455000
H -1.344743000 -1.429386000 -1.652623000 H -1.346253000 -1.439887000 -1.654275000
H -3.041156000  0.189580000 1.976870000 H -3.007127000  0.225384000  2.000954000
H -2.530875000 -2.041407000 0.671885000 H -2.472082000 -2.035326000  0.722227000
N 0.830381000 -1.271167000 -0.112671000 N 0.830442000 -1.309062000 -0.158585000
Cc 2.101553000 -1.369824000  0.297989000 o} 2.113559000 -1.396817000 0.267916000
o} 2.962998000 -0.286151000  0.441275000 C 2.960689000 -0.298188000  0.450675000
C 2.519012000 1.010856000  0.139916000 C 2.506997000  1.010802000  0.178236000
C 1.224406000 1.261311000 -0.301823000 C 1.201344000 1.254330000 -0.272526000
H 3.977838000 -0.450696000 0.781561000 H 3.978080000 -0.461660000 0.798915000
H 2.471144000 -2.368553000 0.530471000 H 2.496468000 -2.399314000 0.477325000
H 3.217073000  1.836804000  0.254697000 H 3.197064000  1.844649000 0.319763000
H 0.923572000  2.276923000 -0.531795000 H 0.892344000 2.275993000 -0.482844000
B 0.436390000 0.010094000 -0.386725000 B 0.427929000 -0.011563000 -0.399020000

TSap-ac B3LYP/6-311+G(d,p)

WIET TIO 0N O Z TIEI T INE O G

1.850722000
2.087481000
2.254326000
1.789957000
1.252657000
1.241015000
2.828617000
2.257410000
2.531667000
1.246392000
1.734776000
-0.405968000
-1.588199000
-2.783073000
-2.754844000
-1.560667000
-3.725197000
-1.616157000
-3.705100000
-1.602749000
-0.328528000

-0.035728000
-1.067114000
-0.425329000
0.887124000
1.110546000
-0.381389000
0.284448000
-2.107309000
-0.904195000
2.121249000
1.608541000
-0.830245000
-1.440123000
-0.716840000
0.690768000
1.402814000
-1.247741000
-2.529682000
1.220460000
2.487374000
0.553816000

-1.253167000
-0.189196000
1.032356000
0.900689000
-0.416233000
-2.084243000
-1.648016000
-0.383880000
1.960562000
-0.815184000
1.707441000
0.014982000
0.036697000
0.068452000
0.049128000
-0.011473000
0.148286000
0.077570000
0.080084000
-0.068433000
-0.076893000

B3LYP-D3/6-311+G(d,p)

MP2/6-311+G(d,p)
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BIIIIOOO0OQ0ZIIIIIIOOCNON

1.849812000
2.083865000
2.253109000
1.788340000
1.251800000
1.239320000
2.828296000
2.246587000
2.525961000
1.242830000
1.728739000
-0.402599000
-1.584516000
-2.779697000
-2.751599000
-1.556928000
-3.721915000
-1.612239000
-3.702037000
-1.595754000
-0.326838000

-0.036063000
-1.057056000
-0.423286000
0.889195000
1.111441000
-0.382147000
0.283086000
-2.108271000
-0.902185000
2.121609000
1.610475000
-0.832052000
-1.441357000
-0.717194000
0.690910000
1.402922000
-1.248064000
-2.530885000
1.220180000
2.487550000
0.552635000

-1.254105000
-0.188388000
1.032271000
0.899415000
-0.418082000
-2.084444000
-1.647566000
-0.381418000
1.961598000
-0.817962000
1.705639000
0.014847000
0.034930000
0.067545000
0.050783000
-0.008658000
0.146509000
0.074003000
0.082667000
-0.064323000
-0.075733000

WU TIET OO0 OZT ZT@ET I TN 0 0N

1.828811000
1.999581000
2.181990000
1.731984000
1.268585000
1.213646000
2.827016000
2.168335000
2.413768000
1.226863000
1.664188000
-0.334323000
-1.524709000
-2.722513000
-2.710316000
-1.509670000
-3.665583000
-1.5650149000
-3.667136000
-1.656988000
-0.278844000

-0.059736000
-1.069134000
-0.407190000
0.920085000
1.121804000
-0.394658000
0.226817000
-2.127251000
-0.871153000
2.121839000
1.666258000
-0.831800000
-1.448145000
-0.721725000
0.689384000
1.409230000
-1.261784000
-2.540279000
1.211638000
2.497318000
0.559927000

-1.268526000
-0.173552000
1.032497000
0.862067000
-0.477831000
-2.103657000
-1.642193000
-0.344439000
1.983586000
-0.802754000
1.649439000
0.062100000
0.000545000
0.040246000
0.083502000
0.078854000
0.079756000
-0.000145000
0.117140000
0.052847000
0.000047000

M06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

DIIITIIOOO0OZIITIIIIOOOOO

1.841783000
2.040591000
2.218852000
1.769912000
1.275486000
1.227982000
2.833602000
2.186958000
2.466658000
1.245492000
1.705278000
-0.372975000
-1.554197000
-2.749300000
-2.728620000
-1.543584000
-3.687396000
-1.578216000
-3.681418000
-1.591499000
-0.320851000

-0.037144000
-1.054668000
-0.423037000
0.893956000
1.123225000
-0.373281000
0.253843000
-2.109271000
-0.901667000
2.131323000
1.620248000
-0.827423000
-1.436017000
-0.721888000
0.684069000
1.404411000
-1.257733000
-2.525303000
1.206799000
2.487967000
0.553036000

-1.253922000
-0.182168000
1.033549000
0.885185000
-0.432210000
-2.084458000
-1.630605000
-0.372377000
1.968872000
-0.831277000
1.687181000
-0.007238000
0.026476000
0.077176000
0.064789000
-0.005563000
0.154673000
0.051287000
0.108989000
-0.049272000
-0.079559000

M TEEE TN O Z @ TX T T M 0.

1.840361000
2.023415000
2.204957000
1.757475000
1.273583000
1.221840000
2.836136000
2.182450000
2.441523000
1.241476000
1.692451000
-0.347572000
-1.544401000
-2.742319000
-2.728891000
-1.530082000
-3.685800000
-1.569138000
-3.686479000
-1.577866000
-0.298585000

-0.0562763000
-1.068370000
-0.415177000
0.913809000
1.123279000
-0.390504000
0.237215000
-2.127587000
-0.884330000
2.128326000
1.653953000
-0.832400000
-1.446922000
-0.723864000
0.692268000
1.412912000
-1.263330000
-2.539806000
1.215012000
2.501697000
0.558031000

-1.270834000
-0.178956000
1.032697000
0.867763000
-0.464743000
-2.102892000
-1.649790000
-0.355424000
1.980696000
-0.881640000
1.662233000
0.040668000
0.016936000
0.061447000
0.079990000
0.047905000
0.116445000
0.027190000
0.117565000
0.014442000
-0.032171000

TSubad B3LYP/6-311+G(d,p)
C -1.639820000  1.356388000  0.345889000
(] -2.844080000 0.756905000 0.008233000
C -2.916121000 -0.608243000 -0.348954000
C -1.765615000 -1.391528000 -0.381217000
* H -3.771069000 1.327133000 0.032179000
H -1.648328000 2.396924000 0.661307000
H -3.871388000 -1.053031000 -0.607133000
H -1.851598000 -2.450693000 -0.630785000
C 1.462593000 -0.498307000  0.980831000
C 1.149713000 0.855413000 0.581107000
H 1.112064000 -0.964605000 1.891132000
H 1.100500000  1.592038000  1.385785000
C 2.403431000 -1.090016000 0.083178000
C 2.119790000 1.163082000 -0.572627000
C 2.806703000 -0.146281000 -0.802466000
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W'Z I I T

2.725825000
3.528317000
2.849767000
1.620257000
-0.542063000
-0.431576000

-2.120975000
-0.307739000
1.941280000
1.512778000
-0.899707000
0.477129000

0.118078000
-1.595201000
-0.308816000
-1.482508000
-0.152881000

0.206327000

B3LYP-D3/6-311+G(d,p)

MP2/6-311+G(d,p)

WZIIIIOOOIITIOOIIIIOOOON

-1.637417000
-2.839229000
-2.906007000
-1.752920000
-3.768560000
-1.646969000
-3.859621000
-1.834866000
1.456763000
1.149447000
1.108778000
1.103783000
2.393238000
2.115229000
2.794787000
2.709190000
3.509704000
2.850221000
1.610123000
-0.531194000
-0.427178000

1.359065000
0.756018000
-0.609818000
-1.389923000
1.322439000
2.398665000
-1.057334000
-2.449279000
-0.496900000
0.859861000
-0.961725000
1.596635000
-1.091369000
1.162555000
-0.150273000
-2.124276000
-0.315315000
1.937256000
1.511813000
-0.893477000
0.483325000

0.347257000
0.007195000
-0.351708000
-0.383768000
0.030556000
0.665316000
-0.611334000
-0.633296000
0.984907000
0.586722000
1.897086000
1.391061000
0.083836000
-0.571770000
-0.804686000
0.116324000
-1.602464000
-0.312815000
-1.478530000
-0.155623000
0.207193000

WZIITITOOOITITOMIIZDTENONE

-1.652041000
-2.825916000
-2.797483000
-1.603744000
-3.793770000
-1.711110000
-3.728453000
-1.612064000
1.082437000
1.135547000
0.631659000
1.082427000
2.111669000
2.299173000
2.823962000
2.248303000
3.647692000
3.070841000
1.976360000
-0.405878000
-0.382308000

1.323520000
0.615024000
-0.716137000
-1.330411000
1.042225000
2.315996000
-1.266915000
-2.363033000
-0.345219000
1.057874000
-0.680830000
1.811646000
-1.099286000
1.151250000
-0.258458000
-2.170587000
-0.560103000
1.851433000
1.493184000
-0.681106000
0.657881000

0.464618000
0.269922000
-0.240725000
-0.591098000
0.534407000
0.911045000
-0.358831000
-0.946002000
0.816468000
0.386515000
1.747015000
1.173484000
0.113062000
-0.608346000
-0.674927000
0.207092000
-1.315933000
-0.260720000
-1.599041000
-0.573932000
-0.042615000

M06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

DZIIIITOCOOIITOOIIIIOONON

-1.651056000
-2.818859000
-2.810477000
-1.627407000
-3.781419000
-1.698486000
-3.746414000
-1.644650000
1.132908000
1.139990000
0.685349000
1.070568000
2.154893000
2.275127000
2.818412000
2.310475000
3.628665000
3.045665000
1.929492000
-0.424962000
-0.890511000

1.316499000
0.628365000
-0.701516000
-1.824044000
1.071968000
2.310951000
-1.232289000
-2.352528000
-0.355657000
1.033814000
-0.708290000
1.794788000
-1.093541000
1.148617000
-0.249188000
-2.158234000
-0.531077000
1.857326000
1.481169000
-0.706029000
0.616841000

0.456936000
0.248349000
-0.259013000
-0.584674000
0.491730000
0.891393000
-0.391143000
-0.942277000
0.844904000
0.414441000
1.765424000
1.187557000
0.118298000
-0.605644000
-0.682798000
0.214802000
-1.344157000
-0.283598000
-1.588877000
-0.529883000
-0.010310000

MZTITIOOOITOOIIIEOOHOO

-1.657978000
-2.833591000
-2.810826000
-1.621472000
-3.801084000
-1.711334000
-3.746105000
-1.633999000
1.112338000
1.138147000
0.664369000
1.085674000
2.134906000
2.293847000
2.829125000
2.280996000
3.646919000
3.065091000
1.958094000
-0.410137000
-0.385677000

1.320363000
0.621803000
-0.712793000
-1.328903000
1.052400000
2.314122000
-1.256138000
-2.358040000
-0.345234000
1.052445000
-0.682344000
1.814614000
-1.100660000
1.151865000
-0.259805000
-2.170596000
-0.558773000
1.858846000
1.485434000
-0.691205000
0.640544000

0.469438000
0.268353000
-0.254612000
-0.603941000
0.5632007000
0.916223000
-0.380315000
-0.970319000
0.842885000
0.396282000
1.774273000
1.176418000
0.124927000
-0.614576000
-0.678747000
0.226255000
-1.329870000
-0.277019000
-1.604575000
-0.569693000
-0.031934000
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5a B3LYP/6-311+G(d,p)
N 1.073426000 -1.207674000 -0.000146000
(] 2.413391000 -1.272002000 -0.000206000
C 3.240039000 -0.147573000 -0.000043000
C 2.680554000 1.142797000 0.000103000
* C 1.299703000 1.348169000 0.000111000
* H 4.316675000 -0.274654000 -0.000049000
/ H 2.869987000 -2.262714000 -0.000297000
H 3.353586000 1.997194000 0.000191000
H 0.925978000 2.367028000 0.000201000
B 0.569104000 0.065826000 0.000026000
c -3.193125000 0.671114000  0.000347000
C -1.930799000 1.140108000 -0.000143000
J C -1.822007000 -1.118983000 0.000361000
H -4,084952000 1.276903000 0.000576000
H -1.464901000 2.107861000 -0.000260000
H -1.229276000 -2.017176000 0.000646000
(o] -1.060760000 0.052892000 0.000010000
C -3.122383000 -0.769621000 -0.000430000
H -3.952755000 -1.457035000 -0.000799000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 1.077288000 -1.212733000 -0.000082000 N -1.079216000 -1.224652000 -0.140655000
C 2.417526000 -1.270359000 -0.000093000 C -2.427306000 -1.259548000 -0.066448000
C 3.239607000 -0.141782000 -0.000021000 C -3.229098000 -0.119995000 0.065560000
C 2.674977000 1.146762000 0.000066000 C -2.648772000 1.161628000 0.141036000
C 1.293135000 1.345877000 0.000085000 G -1.258344000 1.343336000 0.087292000
H 4.316774000 -0.264271000 -0.000032000 H -4.308789000 -0.232312000 0.113762000
H 2.878662000 -2.258894000 -0.000158000 H -2.906487000 -2.240222000 -0.115628000
H 3.344746000 2.003696000 0.000120000 H -3.305224000 2.024781000 0.253290000
H 0.912414000 2.361995000 0.000154000 H -0.864347000  2.353406000 0.167572000
B 0.568970000  0.059324000 0.000005000 B -0.560447000 0.048236000 -0.066480000
C -3.188294000 0.676589000  0.000032000 c 3.174445000 0.680438000 0.027383000
C -1.923251000 1.138599000 0.000081000 C 1.906752000 1.116169000 -0.201056000
C -1.826657000 -1.121303000 -0.000075000 C 1.808720000 -1.119998000  0.090967000
H -4.076712000 1.287178000 0.000058000 H 4.053922000 1.307113000 0.051931000
H -1.452386000  2.104038000 0.000142000 H 1.436409000 2.063948000 -0.404355000
H -1.241994000 -2.024910000 -0.000142000 H 1.224085000 -2.025480000 0.139624000
(@] -1.059822000 0.046832000 0.000008000 O 1.059432000 0.020350000 -0.181987000
C -3.125299000 -0.764907000 -0.000013000 C 3.110151000 -0.746310000 0.213824000
H -3.959256000 -1.447829000 -0.000033000 H 3.932434000 -1.416973000 0.415340000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 1.061730000 -1.212326000 -0.000085000 N 1.073557000 -1.231306000 0.142517000
C 2.397947000 -1.266689000 -0.000091000 C 2424039000 -1.271994000 0.077496000
C 3.220504000 -0.143133000 -0.000022000 G 3.235273000 -0.137736000 -0.040097000
C 2.656216000 1.142926000 0.000066000 C 2.660660000 1.151345000 -0.107622000
C 1.279915000 1.346117000 0.000087000 C 1.271926000 1.341310000 -0.060237000
H 4.296151000 -0.267174000 -0.000034000 H 4.315467000 -0.255860000 -0.082193000
H 2.858964000 -2.254376000 -0.000157000 H 2.896661000 -2.256921000 0.122017000
H 3.326929000 1.998374000 0.000122000 H 3.324167000 2.011901000 -0.206662000
H 0.906552000 2.364141000 0.000162000 H 0.884457000 2.355710000 -0.130363000
B 0.555030000 0.059998000 -0.000001000 B 0.561873000 0.045378000 0.075927000
C -3.166353000 0.678084000  0.000052000 C -3.178790000 0.689672000 -0.045098000
C -1.902822000 1.132590000 0.000068000 C -1.910925000 1.128630000 0.158443000
C -1.807619000 -1.115398000 -0.000057000 C -1.821126000 -1.123082000 -0.041060000
H -4.052131000 1.291306000  0.000089000 H -4.057777000 1.317164000 -0.092405000
H -1.426076000 2.096195000 0.000116000 H -1.439456000 2.084676000 0.318030000
H -1.219239000 -2.017646000 -0.000116000 H -1.242505000 -2.033765000 -0.057869000
(6] -1.050566000 0.045661000  0.000007000 (o] -1.060856000 0.028005000 0.180189000
C -3.104083000 -0.764662000 -0.000030000 C -3.119594000 -0.752039000 -0.173287000
H -3.936114000 -1.448824000 -0.000066000 H -3.946632000 -1.427138000 -0.342247000
S74

129



Publication

Supporting Information

130

5b B3LYP/6-311+G(d,p)
N -1.268023000 -1.303893000 -0.005987000
(] -2.556628000 -0.959309000 0.002180000
* C -3.003435000 0.368482000  0.013483000
C -2.085416000 1.431398000 0.030315000
C -0.710562000 1.199187000 0.032569000
H -4.069047000 0.570518000 0.026110000
H -3.296900000 -1.761155000 0.007378000
H -2.470529000 2.448196000 0.056303000
H -0.038180000  2.049960000 0.068377000
B -0.370623000 -0.244518000 -0.027944000
c 1.280177000 -0.842460000 -0.662539000
C 1.400662000 -0.910266000 0.731143000
" C 2.294995000 0.145894000 1.107383000
J I H 1.006705000 -1.594215000 -1.383074000
H 0.994690000 -1.686787000 1.357092000
H 2.583605000 0.427987000 2.106496000
C 2.677283000 0.744238000 -0.048342000
J @] 2.115445000 0.155225000 -1.130023000
H 3.312915000 1.590548000 -0.254017000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -1.276454000 -1.310686000 -0.005922000 N -1.240966000 -1.324364000 0.058930000
C -2.561445000 -0.951220000 0.003023000 C -2.525700000 -0.945190000 -0.008355000
C -2.994543000 0.381860000  0.014103000 C -2.947062000 0.396788000 -0.054852000
C -2.066081000 1.436694000 0.030332000 C -2.014559000 1.450958000 -0.015009000
C -0.694042000 1.189435000 0.032269000 G -0.641022000 1.189516000 0.074517000
H -4.058139000 0.594305000 0.027802000 H -4.011342000 0.614393000 -0.110472000
H -3.310522000 -1.744803000 0.009380000 H -3.285170000 -1.731314000 -0.028416000
H -2.441348000 2.457166000 0.056949000 H -2.384900000 2476117000 -0.034344000
H -0.007151000  2.028342000 0.069368000 H 0.046269000 2.031333000 0.137788000
B -0.372511000 -0.257935000 -0.029797000 B -0.316558000 -0.266162000 0.081659000
C 1.281960000 -0.852552000 -0.660607000 c 1.265505000 -0.900227000 -0.643557000
C 1.407719000 -0.918862000 0.733048000 C 1.331793000 -0.876481000 0.771480000
C 2.287073000  0.150505000 1.106511000 C 2.211090000 0.219341000 1.089981000
H 1.014642000 -1.608905000 -1.379173000 H 0.972842000 -1.685367000 -1.323786000
H 1.008261000 -1.697369000 1.361092000 H 0.998057000 -1.671525000 1.422736000
H 2.570318000 0.439846000 2.104906000 H 2.473243000 0.581704000 2.073493000
C 2.658063000 0.754058000 -0.050892000 C 2.596083000 0.759418000 -0.102625000
(@] 2.103813000 0.155622000 -1.131271000 o] 2.074152000 0.076323000 -1.158664000
H 3.278944000 1.611411000 -0.256438000 H 3.210565000 1.610699000 -0.357977000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -1.256890000 -1.308173000 0.056032000 N -1.244351000 -1.328545000 0.031526000
C -2.538338000 -0.947226000 -0.004137000 C -2.534892000 -0.955165000 -0.008034000
C -2.969286000  0.380855000 -0.046099000 G -2.965102000 0.384383000 -0.005838000
C -2.042008000 1.432688000 -0.015835000 C -2.034836000 1.443491000 0.052004000
C -0.673388000 1.192655000 0.057896000 C -0.657114000 1.189946000 0.111703000
H -4.030586000  0.593153000 -0.095496000 H -4.031683000  0.598379000 -0.041275000
H -3.285730000 -1.740582000 -0.023058000 H -3.288807000 -1.746725000 -0.045280000
H -2.417905000 2.452336000 -0.039721000 H -2.410800000 2.467670000 0.065058000
H 0.007947000 2.034890000 0.101977000 H 0.026494000 2.034699000 0.181409000
B -0.363866000 -0.253778000 0.078767000 B -0.333037000 -0.265793000 0.078913000
C 1.322559000 -0.902056000 -0.644967000 C 1.290495000 -0.885897000 -0.679843000
C 1.364114000 -0.885526000 0.743327000 C 1.352999000 -0.908157000 0.727494000
C 2.228343000 0.216937000 1.088653000 C 2.235976000 0.181981000 1.086849000
H 0.963208000 -1.636199000 -1.345210000 H 0.972532000 -1.633914000 -1.390220000
H 0.980188000 -1.656069000 1.390965000 H 1.011995000 -1.720016000 1.354233000
H 2477715000 0.560563000 2.078236000 H 2.497811000 0.508339000 2.083621000
C 2.617979000 0.761841000 -0.081561000 C 2.618968000 0.759856000 -0.085660000
(] 2.104036000 0.087848000 -1.139067000 (o] 2.088460000 0.113269000 -1.166765000
H 3.230589000 1.614217000 -0.324878000 H 3.233449000 1.619110000 -0.315212000
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5¢ B3LYP/6-311+G(d,p)

N 0.536444000 -1.010259000 -0.018245000

(] 1.788633000 -1.461171000  0.030988000

C 2.909443000 -0.619804000 0.062200000

C 2.750244000 0.774765000 0.031551000

* C 1.484989000 1.357832000 -0.040134000

H 3.900257000 -1.054953000 0.135571000

H 1.942768000 -2.541016000 0.077866000

H 3.640788000 1.398738000 0.066018000

H 1.410473000 2.441300000 -0.087378000

B 0.381635000 0.359867000 -0.116684000

C -2.333466000 -0.287247000 1.058933000

J C -2.530994000 -0.817019000 -0.191402000

I H -2.651685000 -0.717517000 1.993905000

J I H -3.032245000 -1.716506000 -0.513824000

1 64 -1.258025000  0.944620000 -0.519795000

H -1.155273000 1.836634000 -1.121006000

O -1.996982000 -0.067399000 -1.151533000

J C -1.563741000 0.873390000 0.861485000

H -1.225001000 1.572793000 1.609289000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.531005000 -1.011565000 -0.022018000 N 0.483445000 -1.053622000 0.055101000
C 1.783422000 -1.461729000 0.029302000 C 1.756136000 -1.468687000 0.015386000
C 2.904989000 -0.620041000  0.063327000 C 2.869080000 -0.603856000 -0.007102000
C 2.747335000 0.775100000  0.033088000 C 2.699188000 0.791799000 -0.004002000
C 1.482053000 1.358407000 -0.041169000 G 1.412204000 1.350251000 0.014229000
H 3.895288000 -1.055973000 0.139015000 H 3.869265000 -1.031148000 -0.017098000
H 1.937789000 -2.541471000  0.076008000 H 1.937430000 -2.547302000 0.017502000
H 3.638427000 1.398081000 0.070333000 H 3.584086000 1.428282000 -0.018324000
H 1.403341000 2.441449000 -0.087744000 H 1.313285000 2.436082000 -0.000307000
B 0.380979000  0.359309000 -0.120421000 B 0.322596000 0.334188000  0.030810000
C -2.324106000 -0.286234000 1.062191000 c -2.182944000 -0.177063000 1.112343000
C -2.523658000 -0.819902000 -0.186611000 C -2.509875000 -0.816923000 -0.049324000
H -2.634257000 -0.717891000 1.999077000 H -2.410796000 -0.510482000 2.113817000
H -3.019405000 -1.724263000 -0.503941000 H -3.042031000 -1.733931000 -0.254270000
C -1.259071000  0.946735000 -0.522617000 C -1.295503000 0.891830000 -0.681395000
H -1.156265000 1.838156000 -1.124926000 H -1.077648000 1.661171000 -1.407320000
(@] -1.997093000 -0.068979000 -1.150516000 O -2.040608000 -0.156864000 -1.139502000
C -1.5569618000 0.877557000  0.860375000 C -1.376133000 0.945152000 0.732171000
H -1.218177000 1.578799000 1.605224000 H -1.078732000 1.781633000 1.348422000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.514411000 -1.035423000 0.031803000 N 0.489826000 -1.064864000 0.004587000
C 1.775431000 -1.457597000  0.020608000 C 1.767477000 -1.474353000 -0.023767000
C 2.883396000 -0.602183000  0.013813000 G 2.877260000 -0.607866000  0.034546000
C 2.707863000 0.787107000 0.007124000 C 2.700323000 0.787166000 0.115965000
C 1.435080000 1.354384000 0.002765000 C 1.411241000 1.343174000 0.134922000
H 3.880580000 -1.025673000  0.019853000 H 3.880064000 -1.030705000  0.023071000
H 1.948902000 -2.534204000 0.027026000 H 1.951513000 -2.551406000 -0.082829000
H 3.591002000 1.420781000 0.003684000 H 3.583486000 1.426028000 0.162058000
H 1.339085000 2.435883000 -0.012780000 H 1.308241000 2.428016000 0.185936000
B 0.366555000 0.331539000 0.007504000 B 0.331295000 0.318373000 0.063693000
C -2.200006000 -0.154015000 1.116168000 C -2.233497000 -0.250184000 1.061278000
C -2.516777000 -0.827495000 -0.011559000 C -2.538906000 -0.823804000 -0.137339000
H -2.419736000 -0.446623000 2.128294000 H -2.478009000 -0.633841000 2.041240000
H -3.037424000 -1.754401000 -0.184652000 H -3.067913000 -1.727415000 -0.403504000
C -1.349770000 0.877886000 -0.697217000 C -1.318179000 0.921502000 -0.653036000
H -1.075545000 1.591243000 -1.455960000 H -1.061771000 1.717502000 -1.336809000
(6] -2.058292000 -0.199104000 -1.113577000 (o] -2.043773000 -0.105737000 -1.184423000
C -1.420829000 0.971138000 0.687892000 C -1.420453000 0.898468000 0.752110000
H -1.080504000 1.800738000 1.285446000 H -1.125248000 1.695492000 1.420276000
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B3LYP/6-311+G(d,p)

T T TOTOOORZITIEEIQONORO

1.380001000
2.029276000
1.950743000
1.219385000
1.682628000
1.762476000
2.393700000
2.239673000
1.325579000
-0.214997000
-0.211508000
-1.310355000
-1.543375000
-2.534435000
-1.194046000
-2.635052000
-1.715179000
-3.419220000
-3.628622000

1.129152000
0.650497000
-0.681684000
-1.027478000
-0.020266000
2.045457000
1.298022000
-1.387443000
-2.024045000
-0.607646000
0.834721000
-1.372526000
1.493637000
-0.762726000
-2.451753000
0.653548000
2.565126000
-1.375074000
1.077241000

-0.340529000
0.956923000
0.955938000

-0.349018000

-1.220284000

-0.780134000
1.742487000
1.721129000

-0.771960000

-0.171325000

-0.166847000

-0.010037000
0.015868000
0.157485000

-0.029977000
0.164914000
0.036606000
0.273562000
0.294814000

B3LYP-D3/6-311+G(d,p)

MP2/6-311+G(d,p)

ITIIITIOIOOOQOWZIIIIOOOOON

1.380395000
2.018568000
1.940068000
1.219916000
1.690627000
1.766535000
2.372173000
2.218324000
1.326496000
-0.214486000
-0.211185000
-1.307405000
-1.541095000
-2.530686000
-1.187516000
-2.631743000
-1.711955000
-3.414797000
-3.625051000

1.128663000
0.650903000
-0.681083000
-1.027254000
-0.021126000
2.045788000
1.299667000
-1.386950000
-2.025090000
-0.607023000
0.834661000
-1.373113000
1.494273000
-0.763098000
-2.451622000
0.653501000
2.565731000
-1.375414000
1.076007000

-0.340659000
0.963673000
0.963001000

-0.348892000
-1.217933000

-0.775823000
1.752612000
1.731517000

-0.768778000
-0.180843000

-0.175168000
-0.012872000
0.011899000
0.158815000
-0.031354000
0.165610000
0.034375000
0.279086000
0.300122000

TEDTOIGOQRZIITIEIEQO O

1.389894000
2.007987000
1.919836000
1.217370000
1.702060000
1.788900000
2.353391000
2.181025000
1.316611000
-0.211210000
-0.204305000
-1.299146000
-1.539041000
-2.529671000
-1.172107000
-2.637066000
-1.721410000
-3.411502000
-3.632369000

1.125142000
0.652282000
-0.693341000
-1.021839000
-0.021122000
2.039013000
1.298309000
-1.402069000
-2.018838000
-0.596802000
0.842175000
-1.376934000
1.498140000
-0.764094000
-2.457430000
0.650120000
2.570164000
-1.384221000
1.073932000

-0.340787000
0.970383000
0.968153000

-0.349104000

-1.211536000

-0.775886000
1.769148000
1.743968000

-0.778426000

-0.188623000

-0.179010000

-0.018101000
0.010534000
0.156324000

-0.042806000
0.165505000
0.035674000
0.277542000
0.301042000

M06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

ITITOIOOQOWZIIIIOOOOON

1.384745000
2.007673000
1.923252000
1.214158000
1.691898000
1.777515000
2.360372000
2.194764000
1.319385000
-0.212409000
-0.209156000
-1.301895000
-1.540817000
-2.521620000
-1.177455000
-2.622235000
-1.717461000
-3.403596000
-3.615624000

1.119272000
0.647879000
-0.679850000
-1.021776000
-0.022153000
2.032739000
1.297468000
-1.385188000
-2.018728000
-0.600647000
0.835519000
-1.367982000
1.493808000
-0.765323000
-2.446014000
0.651898000
2.563163000
-1.378434000
1.071590000

-0.348506000
0.964343000
0.968122000

-0.348731000
-1.204655000

-0.781938000
1.752597000
1.739003000

-0.769245000
-0.188052000

-0.179775000

-0.017899000
0.012844000
0.157638000

-0.038138000
0.166801000
0.037773000
0.280026000
0.304738000

IITIICIOOODRDZIIITOONOOON

1.389287000
2.024200000
1.933830000
1.217574000
1.701137000
1.786250000
2.381831000
2.205085000
1.320234000
-0.210462000
-0.206319000
-1.305077000
-1.546314000
-2.5632933000
-1.178573000
-2.641038000
-1.726821000
-3.416749000
-3.637958000

1.128688000
0.656404000
-0.688401000
-1.023170000
-0.021300000
2.042122000
1.305301000
-1.397596000
-2.021583000
-0.598744000
0.840479000
-1.378922000
1.501407000
-0.767669000
-2.460022000
0.654870000
2.574764000
-1.386146000
1.076939000

-0.346410000
0.965124000
0.966338000

-0.348880000

-1.217538000

-0.786606000
1.757261000
1.739570000

-0.775752000

-0.185264000

-0.178634000

-0.012256000
0.012031000
0.161169000

-0.033775000
0.168475000
0.035089000
0.284107000
0.304340000
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5e B3LYP/6-311+G(d,p)
N 0.271476000 0.704651000 -0.079395000
(] 1.476971000 1.357909000 0.092875000
C 2.670012000 0.710259000 0.188768000
C 2.728314000 -0.711346000 0.102878000
C 1.590538000 -1.452353000 -0.063405000
H 3.570267000 1.295264000 0.324645000
‘ H 1.419271000 2.438450000 0.147584000
H 3.702668000 -1.188399000 0.171738000
H 1.665897000 -2.533158000 -0.129439000
J B 0.253127000 -0.752414000 -0.157967000
c -2.715359000 -0.048620000 0.336345000
C -2.134112000 -1.245077000 0.190253000
C -0.862585000 1.551120000 -0.246007000
H -3.713539000 -0.044374000 0.759387000
J H -2.642583000 -2.157811000 0.483447000
J H -0.603920000 2.563071000 -0.534982000
(o] -0.916291000 -1.494446000 -0.364288000
C -2.150055000 1.233044000 -0.059730000
H -2.856051000 2.042426000 -0.214340000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.267542000 0.706045000 -0.091113000 N 0.244138000 0.707886000 -0.161828000
C 1.469514000 1.360879000 0.098363000 C 1.424340000 1.378876000 0.089741000
C 2.661824000 0.712847000  0.205696000 C 2.616343000 0.723281000 0.265064000
C 2.723272000 -0.708658000 0.115031000 C 2.682997000 -0.697419000  0.192743000
C 1.588433000 -1.450915000 -0.067646000 G 1.551664000 -1.447541000 -0.058080000
H 3.559966000 1.297822000 0.355202000 H 3.504029000 1.314985000 0.461949000
H 1.411694000 2.441231000 0.158533000 H 1.352922000 2.461837000 0.145917000
H 3.697642000 -1.184124000 0.193941000 H 3.651358000 -1.175963000 0.334613000
H 1.663862000 -2.531384000 -0.137011000 H 1.644128000 -2.529836000 -0.116678000
B 0.252846000 -0.750616000 -0.176345000 B 0.229081000 -0.742477000 -0.267141000
C -2.698134000 -0.054652000 0.372062000 c -2.569871000 -0.091348000 0.564641000
C -2.114012000 -1.247801000 0.208255000 C -1.970103000 -1.267150000 0.278345000
C -0.869453000 1.545567000 -0.268773000 C -0.901309000 1.521443000 -0.358043000
H -3.677468000 -0.051134000 0.837201000 H -3.415921000 -0.111800000 1.245860000
H -2.598979000 -2.164078000 0.529989000 H -2.301612000 -2.205155000  0.720069000
H -0.618787000 2.552078000 -0.583493000 H -0.688344000 2.509425000 -0.758532000
(@] -0.919668000 -1.482651000 -0.403548000 O -0.960918000 -1.402812000 -0.638490000
C -2.153004000 1.224029000 -0.060261000 C -2.165211000 1.176336000 -0.021451000
H -2.868254000 2.023784000 -0.222826000 H -2.926683000 1.937325000 -0.174529000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.257029000 0.701393000 -0.112401000 N 0.247801000 0.708849000 -0.142193000
C 1.446526000 1.361979000  0.106258000 C 1.441474000 1.362872000 0.129707000
C 2.634292000 0.722074000 0.238353000 G 2.627004000 0.697052000 0.282550000
C 2.701085000 -0.701352000 0.140613000 C 2.685172000 -0.729921000 0.155614000
C 1.581245000 -1.445917000 -0.075938000 C 1.550434000 -1.460907000 -0.114585000
H 3.525712000 1.308908000  0.411844000 H 3.521011000 1.273826000 0.498928000
H 1.377099000 2.441607000 0.169753000 H 1.379185000 2.444793000 0.217215000
H 3.674917000 -1.172282000 0.241323000 H 3.652885000 -1.217672000 0.275332000
H 1.666965000 -2.524583000 -0.151384000 H 1.631786000 -2.542362000 -0.211183000
B 0.245639000 -0.746004000 -0.214783000 B 0.221188000 -0.737667000 -0.278447000
C -2.645366000 -0.069266000 0.450743000 C -2.630604000 -0.041538000 0.457735000
C -2.059640000 -1.249288000 0.243920000 C -2.046290000 -1.230469000 0.207746000
C -0.880447000 1.528380000 -0.311029000 C -0.879776000 1.552064000 -0.363630000
H -3.572471000 -0.067153000 1.010758000 H -3.519943000 -0.043346000 1.083257000
H -2.486463000 -2.171289000 0.625005000 H -2.437542000 -2.159967000 0.617829000
H -0.639512000 2.520834000 -0.674455000 H -0.630990000  2.536834000 -0.752840000
(6] -0.931070000 -1.449363000 -0.488356000 (o] -0.966924000 -1.409205000 -0.621579000
C -2.151003000 1.203241000 -0.062990000 C -2.162771000 1.230969000 -0.093338000
H -2.885246000 1.980021000 -0.244850000 H -2.904264000 2.004063000 -0.284863000
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5f B3LYP/6-311+G(d,p)
N -0.40846300 -0.60640500 -0.34167700
C -1.46706500 -1.38932900 -0.05694600
Y C -2.63644900 -0.74982500 0.29342500
C -2.70902300 0.67130200 0.35219900
C -1.64688400 1.51716600 0.07074600
H -3.51227600 -1.34158700 0.52788800
H -1.36973100 -2.46839100 -0.10965600
* H -3.66931000 1.09519000 0.63771600
J H -1.80813900 2.58732500 0.14652500
B -0.37543500 0.82630100 -0.31627000
C 1.98354800 -1.15200000 0.35038800
C 2.54489700 -0.03308900 0.82705500
H 2.19517000 -2.15401600 0.69106100
H 3.26903400 0.07840100 1.62337800
J C 1.17510200 0.80015800 -0.77733200
H 1.50517400 1.24213700 -1.71666900
J (0] 2.17304000 1.13027600 0.24007400
C 1.02496200 -0.77097600 -0.73846500
H 1.12764500 -1.32838000 -1.67416500
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -0.40592700 0.60311400 0.35021600 N -0.40134200 0.59953500 0.36282400
C -1.45906100 1.38989500 0.05825500 C -1.44901100 1.39720500 0.06055600
C -2.62886700 0.75368200 -0.29735600 C -2.62065000 0.75006000 -0.30168000
C -2.70515700 -0.66787600 -0.35526100 C -2.69751400 -0.66997900 -0.35991500
C -1.64685700 -1.51741400 -0.06832700 C -1.63302600 -1.52514600 -0.06135700
H -3.50155700 1.34781800 -0.53735600 H -3.49290700 1.34653100 -0.55008900
H -1.35501600 2.46822300 0.10922500 H -1.34244200 2.47812700 0.11025100
H -3.66524500 -1.08876100 -0.64586400 H -3.65677400 -1.09432200 -0.65730700
H -1.81009500 -2.58711900 -0.14579300 H -1.80525300 -2.59578700 -0.14187700
B -0.37586600 -0.82935800 0.32464500 B -0.36266000 -0.83471000 0.34344600
C 1.97793000 1.15335300 -0.34811300 C 1.95347400 1.16256800 -0.35044400
C 2.53337700 0.03563700 -0.83447100 C 2.49900100 0.03506000 -0.85693400
H 2.18342100 2.15635500 -0.68889700 H 2.15081100 2.16562600 -0.70384500
H 3.24926200 -0.07174900 -1.63898100 H 3.19028600 -0.07129900 -1.68568000
C 1.17699200 -0.80381400 0.77923500 C 1.19357100 -0.80004600 0.78729700
H 1.51580000 -1.24693500 1.71493300 H 1.55727100 -1.23255200 1.72073800
(0] 2.16631500 -1.13035300 -0.24924700 (@] 2.15578800 -1.13041200 -0.25969000
C 1.02559800 0.76778800 0.74447400 C 1.02801600 0.76765800 0.75464200
H 1.13000100 1.32247400 1.68135500 H 1.13223500 1.31950800 1.69534900
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.40507700 0.59963600 0.35698000 N -0.401937000 -0.598843000 -0.356733000
C -1.45868600 1.38393300 0.06641200 C -1.456948000 -1.398710000 -0.056910000
C -2.62113400 0.74918100 -0.29250600 G -2.626912000 -0.755471000  0.304023000
C -2.68864900 -0.67316600 -0.35731400 C -2.705902000 0.673026000 0.364133000
(¥ -1.63468200 -1.51927700 -0.07628600 C -1.644570000 1.527579000 0.069153000
H -3.49562200 1.33950600 -0.53086700 H -3.500862000 -1.351835000 0.550479000
H -1.35622100 2.46193700 0.12349300 H -1.349722000 -2.479887000 -0.109391000
H -3.64673800 -1.09492400 -0.65106100 H -3.667814000 1.094259000 0.660431000
H -1.79753200 -2.58740300 -0.16092400 H -1.815866000 2.599311000 0.148841000
B -0.36591000 -0.82662200 0.32326000 B -0.367740000 0.833106000 -0.334982000
C 1.95448300 1.15168000 -0.36535000 C 1.967141000 -1.158868000 0.344776000
C 2.51391200 0.03587900 -0.83951200 C 2.522950000 -0.031236000 0.836426000
H 2.14739100 2.15079200 -0.72254700 H 2.165110000 -2.161803000 0.701155000
H 3.22277500 -0.07709100 -1.64876900 H 3.228438000 0.079244000 1.653232000
C 1.18580800 -0.79616600 0.78001100 C 1.189914000 0.802907000 -0.793248000
H 1.51518600 -1.22990300 1.72200000 H 1.535966000 1.234718000 -1.734833000
(e} 2.16533500 -1.11911800 -0.23297400 (o] 2.169239000 1.136392000 0.237900000
C 1.01915200 0.76768700 0.74188000 C 1.026210000 -0.768079000 -0.757261000
H 1.13194500 1.32718800 1.67328900 H 1.129102000 -1.321553000 -1.697917000
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59 B3LYP/6-311+G(d,p)
C -1.729531000 1.492558000 -0.024408000
(] -2.721385000  0.579321000 -0.335885000
C -2.546402000 -0.838643000 -0.320893000
{ C -1.341399000 -1.402040000 0.022835000
H -3.709437000 0.938913000 -0.615283000
H -1.972419000  2.549048000 -0.069614000
H -3.376940000 -1.482336000 -0.581236000
* H -1.161075000 -2.470760000 0.050118000
C 2.110136000 1.110526000 -0.420378000
C 2.473746000 -0.089429000 -0.869980000
H 2425189000 2.051267000 -0.846590000
H 3.110502000 -0.368527000 -1.696141000
C 1.050116000 -0.616606000 0.796393000
H 1.172380000 -1.151997000 1.738875000
(o] 1.960060000 -1.161763000 -0.156639000
J C 1.164052000 0.956350000 0.745583000
H 1.488771000 1.462364000 1.657435000
B -0.403039000 0.887429000 0.339510000
N -0.342608000 -0.546178000 0.336913000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -1.726442000 1.492006000 -0.021243000 C -1.735663000 1.487409000 -0.007949000
C -2.714025000 0.576067000 -0.340176000 C -2.714781000 0.550977000 -0.339086000
C -2.535997000 -0.842142000 -0.325682000 C -2.513274000 -0.862610000 -0.331157000
C -1.331718000 -1.402886000 0.025822000 C -1.297248000 -1.415593000 0.025823000
H -3.700732000 0.933351000 -0.627208000 H -3.707250000 0.897370000 -0.629009000
H -1.970400000 2.548107000 -0.069550000 H -2.005651000 2.539762000 -0.054426000
H -3.362858000 -1.487462000 -0.593483000 H -3.329483000 -1.522567000 -0.607067000
H -1.145000000 -2.470364000 0.051225000 H -1.091799000 -2.482571000 0.049431000
C 2.095092000 1.111045000 -0.429914000 C 2.050202000 1.112270000 -0.479138000
C 2.454238000 -0.089404000 -0.882386000 C 2.410811000 -0.110740000 -0.904686000
H 2.398725000 2.051344000 -0.864765000 H 2.323326000 2.038280000 -0.968327000
H 3.077207000 -0.367282000 -1.719558000 H 3.003011000 -0.412073000 -1.758937000
C 1.053527000 -0.614867000  0.802535000 (#] 1.067063000 -0.580891000 0.821001000
H 1.181559000 -1.149536000 1.744590000 H 1.188488000 -1.086434000 1.781503000
(@] 1.954801000 -1.161465000 -0.158327000 o} 1.962943000 -1.158147000 -0.117606000
C 1.166485000 0.958880000 0.750336000 C 1.173660000 0.987047000 0.740963000
H 1.502924000 1.466574000 1.656708000 H 1.543974000 1.512643000 1.625388000
B -0.401647000  0.888920000  0.351723000 B -0.399706000  0.900603000 0.365655000
N -0.339794000 -0.544257000 0.350613000 N -0.324892000 -0.532780000 0.359914000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -1.727088000 1.487227000 -0.015434000 Cc -1.732269000 1.505076000 -0.002378000
C -2.702200000  0.568508000 -0.335843000 C -2.718488000  0.584070000 -0.341364000
C -2.519330000 -0.850044000 -0.327232000 G -2.530409000 -0.840184000 -0.346213000
C -1.317191000 -1.401547000 0.023176000 C -1.322497000 -1.406580000 0.004029000
H -3.690493000 0.920307000 -0.621944000 H -3.709116000  0.941342000 -0.627554000
H -1.980520000 2.540080000 -0.060425000 H -1.990074000 2.561905000 -0.036354000
H -3.342307000 -1.497268000 -0.598446000 H -3.355684000 -1.487649000 -0.628066000
H -1.122773000 -2.467601000 0.046980000 H -1.127619000 -2.476168000 0.018032000
C 2.072739000 1.104991000 -0.451712000 C 2.088996000 1.105944000 -0.430798000
C 2.426758000 -0.098511000 -0.889266000 C 2.445843000 -0.112188000 -0.871632000
H 2.366447000 2.037913000 -0.907365000 H 2.386211000  2.039309000 -0.893253000
H 3.036437000 -0.387242000 -1.732033000 H 3.059722000 -0.403112000 -1.715019000
C 1.057188000 -0.600326000 0.807939000 C 1.055539000 -0.606128000 0.819265000
H 1.178678000 -1.122513000 1.756538000 H 1.164050000 -1.129657000 1.772430000
(6] 1.948657000 -1.152719000 -0.138573000 0] 1.961465000 -1.173561000 -0.120376000
C 1.168656000 0.965166000 0.746879000 C 1.175482000 0.965832000 0.766679000
H 1.517950000 1.480957000 1.640901000 H 1.529941000 1.470538000 1.670808000
B -0.397783000 0.887519000  0.355158000 B -0.397319000 0.896198000 0.367495000
N -0.331565000 -0.539037000 0.351077000 N -0.333057000 -0.535491000 0.344884000
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136

TSs.5c B3LYP/6-311+G(d,p)
N -1.049385000 -0.731670000 0.718673000
C  -2.348140000 -0.480420000  0.942042000
C  -3.088300000 0.479706000  0.251331000
C  -2.480270000 1.252537000 -0.753644000
C  -1.137686000  1.086029000 -1.086834000
H  -4.136369000 0.622757000  0.491659000
H  -2.847576000 -1.070818000  1.713168000
H  -3.084160000 1.991124000 -1.277936000
H  -0.705881000  1.701738000 -1.870602000
B -0.464447000 0.040571000 -0.267941000
C  1.283027000 -0.235288000 -0.636031000
C  1.730526000 -1.270020000  0.217606000
/ C 2570650000 -0.719553000  1.178271000
J J H  1.240769000 -0.320200000 -1.717093000
H  1.368406000 -2.285563000  0.175467000
H  3.014971000 -1.204199000  2.032300000
C 2694303000 0.617948000  0.836290000
J O  2.010376000 0.928901000 -0.239109000
H  3.226317000  1.425452000  1.319284000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -1.035823000 -0.742917000 0717531000 | N -0.990018000 -0.830162000 0.733293000
C  -2.331679000 -0.482337000 0.949089000 | C  -2.278146000 -0.506457000  0.996769000
C  -3.070845000  0.482737000 0.262910000 | C  -2.989460000 0.495650000  0.326017000
C  -2465725000 1.252295000 -0.747070000 |C  -2.384167000  1.245116000 -0.701437000
C  -1.126543000 1.076744000 -1.089599000 |C  -1.053567000  1.015712000 -1.084791000
H  -4.116083000 0.632602000 0.511271000 | H  -4.021947000 0.689416000  0.605116000
H  -2.820607000 -1.068738000  1.724080000 | H  -2.781792000 -1.074743000  1.782630000
H  -3.068794000 1.995215000 -1.266107000 | H  -2.969677000 2.016321000 -1.203606000
H  -0.691558000 1.688194000 -1.874718000 |H  -0.611266000 1.612803000 -1.878199000
B -0.457312000 0.026222000 -0.275006000 | B  -0.444169000 -0.062986000  -0.270024000
C  1.200975000 -0.238639000 -0.658231000 | C  1.431713000 -0.245342000 -0.796807000
C  1.726033000 -1.270328000 0.203312000 |C  1.696418000 -1.259647000  0.123100000
C 2542315000 -0.712685000 1.181396000 | C  2.368012000 -0.661018000  1.207948000
H  1.247421000 -0.320810000 -1.738956000 | H  1.266407000 -0.294611000 -1.864427000
H  1.363774000 -2.285354000 0.157998000 | H  1.335741000 -2.275634000  0.048041000
H 2967874000 -1.192877000 2.047275000 |H  2.661487000 -1.118538000  2.140922000
C 2666698000 0.624309000 0.839588000 | C 2552342000 0.659124000  0.849076000
O  2.003336000 0.929913000 -0.251600000 |O  2.027751000 0.920167000 -0.355779000
H  3.182674000  1.435486000  1.333737000 | H  2.981469000  1.503858000  1.369058000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.983727000 -0.767011000 0.735252000 | N -0.995023000 -0.817887000  0.757055000
C  -2.268550000 -0.483025000 0.989186000 | C  -2.289116000 -0.497531000  1.012860000
C  -3.005915000  0.480489000  0.307308000 | C  -3.004589000  0.490386000  0.327160000
C  -2411627000 1.226531000 -0.723768000 | C  -2.397373000  1.232600000 -0.711126000
C  -1.086800000  1.033193000 -1.096364000 | C  -1.065246000  1.008436000 -1.089249000
H  -4.041874000 0.648668000 0.575177000 | H  -4.040040000 0.682503000  0.599323000
H  -2.756296000 -1.051520000 1.781465000 | H  -2.790381000 -1.058844000  1.805901000
H  -3.014960000 1.971369000 -1.237711000 | H  -2.987333000 1.994196000 -1.224304000
H  -0.659230000 1.629599000 -1.894403000 | H  -0.622227000 1.598341000 -1.888114000
B -0.439220000 -0.013690000 -0.271512000 |B  -0.459692000 -0.058688000 -0.252106000
C  1.395119000 -0.226789000 -0.756726000 | C  1.467444000 -0.230977000 -0.809607000
C  1.687731000 -1.248734000 0.137757000 |C  1.695772000 -1.250485000  0.107985000
C 2407388000 -0.683636000 1.202326000 |C  2.367935000 -0.663774000  1.210919000
H  1.252616000 -0.272052000 -1.826441000 | H  1.278689000 -0.265599000 -1.873774000
H  1.314298000 -2.257834000 0.063889000 | H  1.329587000 -2.264028000  0.020013000
H 2722739000 -1.159278000 2.115190000 |H 2641238000 -1.132355000  2.145331000
C 2587361000 0.631567000 0.857354000 |C 2577551000 0.650319000  0.859593000
O  2.040154000 0.919578000 -0.309145000 | O  2.071196000 0.926743000 -0.356647000
H  3.057924000  1.451605000  1.378065000 | H  3.018738000  1.485678000  1.385688000
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TSscsd B3LYP/6-311+G(d,p)
N 0.349320000 -0.743388000 -0.010016000
(] 1.497197000 -1.409338000 0.104601000
C 2.720453000 -0.740825000 0.077763000
C 2.754424000 0.658182000 -0.082710000
C 1.597039000 1.420460000 -0.220857000
H 3.638641000 -1.305720000 0.190391000
* H 1.468093000 -2.491127000 0.232632000
H 3.728563000 1.143040000 -0.099419000
H 1.694306000 2.493685000 -0.358742000
B 0.327698000 0.636794000 -0.191654000
C -2.179913000 -0.386662000 1.063869000
C -1.905065000 -0.938449000 -0.223699000
J H -2.459074000 -0.947702000 1.941469000
H -2.065021000 -1.943042000 -0.585870000
J C -1.285058000 1.147284000 -0.371593000
H -1.457283000 2.076899000 -0.903810000
J O -1.786575000 0.014075000 -1.127520000
C -1.837031000 0.927200000 0.967818000
H -1.802451000 1.655682000 1.765151000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.346248000 -0.744840000 -0.018852000 N 0.328998000 -0.758407000 0.021819000
C 1.493046000 -1.410553000 0.100585000 C 1.494156000 -1.421969000 0.103778000
C 2.716526000 -0.740852000  0.080829000 C 2.712655000 -0.736000000 0.075708000
C 2.750795000 0.658881000 -0.077487000 C 2.742067000 0.667835000 -0.067195000
C 1.593507000 1.421146000 -0.220658000 G 1.569210000 1.426456000 -0.185185000
H 3.634399000 -1.305396000 0.197653000 H 3.637988000 -1.297259000 0.175976000
H 1.462781000 -2.492360000 0.227173000 H 1.475186000 -2.507566000 0.219667000
H 3.724978000 1.143785000 -0.087906000 H 3.715158000 1.160217000 -0.087395000
H 1.688982000 2.494753000 -0.356164000 H 1.660345000 2.503186000 -0.319164000
B 0.325521000 0.636102000 -0.198639000 B 0.316116000 0.617852000 -0.154987000
C -2.173893000 -0.385588000 1.065381000 C -2.154980000 -0.387150000 1.060006000
C -1.903655000 -0.939118000 -0.223705000 C -1.929681000 -0.937276000 -0.228489000
H -2.443837000 -0.946978000 1.945434000 H -2.401278000 -0.945356000 1.951972000
H -2.060693000 -1.945349000 -0.582496000 H -2.108422000 -1.939090000 -0.596648000
C -1.286414000 1.147449000 -0.376547000 C -1.313306000 1.136693000 -0.403478000
H -1.459596000 2.077993000 -0.907143000 H -1.436165000 2.064648000 -0.953509000
(@] -1.792940000 0.013267000 -1.129769000 (@] -1.790255000 0.011624000 -1.136952000
C -1.830817000  0.928203000 0.966753000 G -1.801868000  0.938988000  0.948405000
H -1.786675000 1.656503000 1.763362000 H -1.717660000 1.669622000 1.743476000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N 0.340481000 -0.760614000 -0.021624000 N 0.338932000 -0.775338000 0.006203000
C 1.496103000 -1.408436000 0.094066000 C 1.514908000 -1.422444000 0.108901000
C 2.712879000 -0.733742000 0.083066000 G 2.731407000 -0.733622000 0.087149000
C 2.738234000 0.664754000 -0.064998000 C 2.754836000 0.673393000 -0.066968000
C 1.581088000 1.420446000 -0.205789000 C 1.579348000 1.422662000 -0.202035000
H 3.633388000 -1.292521000  0.196432000 H 3.659548000 -1.289912000 0.198136000
H 1.478636000 -2.491325000 0.210972000 H 1.504108000 -2.508497000 0.231085000
H 3.708926000 1.155360000 -0.069655000 H 3.726379000 1.171250000 -0.080782000
H 1.670923000 2.494154000 -0.333392000 H 1.663549000 2.500586000 -0.340467000
B 0.331157000 0.613535000 -0.190564000 B 0.326565000 0.604269000 -0.177688000
C -2.167771000 -0.380696000 1.066473000 C -2.178473000 -0.382642000 1.061882000
(9] -1.933671000 -0.931129000 -0.222015000 C -1.970437000 -0.928784000 -0.236890000
H -2.424642000 -0.937415000 1.952241000 H -2.438517000 -0.944601000 1.948363000
H -2.096317000 -1.935544000 -0.583601000 H -2.1565639000 -1.930573000 -0.603967000
C -1.303080000 1.132697000 -0.392945000 C -1.299364000 1.135360000 -0.397061000
H -1.443051000 2.062440000 -0.930839000 H -1.437587000 2.065449000 -0.942020000
(e} -1.793222000  0.009995000 -1.119877000 (o] -1.803433000 0.012996000 -1.137105000
C -1.803384000 0.926722000  0.954254000 C -1.805512000 0.935629000  0.955929000
H -1.728414000 1.658366000 1.745599000 H -1.712354000 1.661867000 1.755140000
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TSscst B3LYP/6-311+G(d,p)

N -0.60036800 -0.89390300 -0.40828600

C -1.78602600 -1.44279400 -0.12654000

C -2.88217300 -0.67364300 0.25546500

C -2.77029300 0.72875600 0.35993600

C -1.58041800 1.39811400 0.09450500

H -3.82724700 -1.16274600 0.46520600

* H -1.88786700 -2.52549400 -0.20934200
H -3.65578000 1.28572700 0.66071300

H -1.56127200 2.47921200 0.20292000

B -0.44216000 0.52231100 -0.30911400

C 2.48318900 -1.00994100 -0.03566300

C 2.63633900 0.06047500 0.82183300

H 2.97872800 -1.96357400 0.04925000

H 3.25632800 0.14308200 1.70633800

J C 1.12428900 0.77308000 -0.68379000

H 1.35915800 1.53331100 -1.43211100

J (0] 1.92845200 1.11734700 0.51565400

C 1.54686200 -0.61070400 -0.99217800

H 1.32611500 -1.11357100 -1.91825600

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)

N -0.59954000 -0.89809300 -0.42124700 N -0.58654800 -0.90389600 -0.54124900

C -1.78360900 -1.44433900 -0.12906700 C -1.76535300 -1.45393300 -0.18035900
C -2.87618900 -0.67378100 0.26280100 C -2.82798100 -0.68152300 0.29262000
C -2.76242100 0.72890700 0.36693700 C -2.70746100 0.72038500 0.42751900
C -1.57358700 1.39673700 0.09148900 C -1.52234300 1.39113900 0.10760100
H -3.81989800 -1.16216700 0.48034300 H -3.76319700 -1.17324600 0.55024600

H -1.88757300 -2.52688000 -0.21113800 H -1.88269300 -2.53559900 -0.27982400
H -3.64469000 1.28638000 0.67614000 H -3.57032200 1.27389400 0.80071100
H -1.54903800 247754100 0.20099300 H -1.48659800 2.47006800 0.25214900
B -0.44196400 0.51792000 -0.32271400 B -0.42667600 0.51075700 -0.40320600
C 2.47765000 -1.00759300 -0.03446800 C 2.40896200 -1.00597200 0.00364400
C 2.61901300 0.06142700 0.82785900 C 2.51529400 0.09096100 0.85077700
H 2.97021700 -1.96208800 0.05640600 H 2.87248600 -1.96944200 0.15665800
H 3.22563400 0.14022400 1.72204800 H 3.05158100 0.18292400 1.78984100
C 1.12477200 0.77421200 -0.69462600 C 1.14633500 0.78299600 -0.76986100
H 1.36040100 1.53694400 -1.43998100 H 1.40078200 1.53117200 -1.52374800
(0] 1.91549200 1.11879400 0.51397400 (@] 1.86029500 1.15122800 0.46073800

C 1.565332000 -0.60753700 -1.00125500 C 1.54829300 -0.61018200 -1.02202400

H 1.33786400 -1.11155900 -1.92795300 H 1.38100000 -1.12668200 -1.95569200

M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.57831800 -0.89451400 -0.45154400 N -0.582614000 -0.903585000 -0.491659000
C -1.75814600 -1.44101700 -0.14676000 C -1.772715000 -1.452500000 -0.155985000
C -2.84332800 -0.68001000 0.26643000 G -2.849443000 -0.681199000 0.282542000
C -2.72961200 0.71999700 0.38429000 C -2.735661000 0.727808000 0.403152000
(¥ -1.55153600 1.39414700 0.10257000 C -1.548263000 1.399292000 0.099913000
H -3.78197400 -1.17129700 0.49302500 H -3.789306000 -1.173100000 0.525912000
H -1.86228200 -2.52210100 -0.23555400 H -1.883177000 -2.536436000 -0.246003000
H -3.60867600 1.27117800 0.71114900 H -3.610331000 1.282204000 0.749399000
H -1.562992400 2.47250300 0.22285800 H -1.520681000 2.481845000 0.225744000
B -0.43194800 0.51418400 -0.33760800 B -0.433102000 0.512144000 -0.370465000
C 2.42859000 -1.01293900 -0.01286700 C 2437458000 -1.012547000 -0.013783000
C 2.57221000 0.06783300 0.82866200 C 2.556898000 0.076564000 0.842289000
H 2.89315900 -1.97707100 0.10641600 H 2.909669000 -1.975773000 0.117552000
H 3.15543400 0.15441100 1.73718200 H 3.123556000 0.161746000 1.764959000
C 1.14314400 0.78921900 -0.71628400 C 1.141967000 0.785272000 -0.738750000
H 1.36151700 1.53868600 -1.47675900 H 1.395967000 1.536290000 -1.491632000
(e} 1.90837000 1.12912700 0.47410700 (o] 1.886557000 1.138849000 0.484210000
C 1.563371900 -0.60039600 -1.00259000 C 1.550994000 -0.608536000 -1.016509000
H 1.32545700 -1.10689300 -1.93018100 H 1.368084000 -1.113292000 -1.954343000
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TSscsq B3LYP/6-311+G(d,p)
C -1.444059000 2.147696000 0.061298000
C -2.662241000 1.582337000 -0.304683000
C -2.831242000 0.188858000 -0.439585000
C -1.765937000 -0.677184000 -0.206716000
H -3.524185000 2.219853000 -0.493365000
* H -1.380330000 3.227975000 0.158293000
H -3.795678000 -0.217158000 -0.724433000
H -1.918360000 -1.752720000 -0.305385000
C 2.120410000 1.672019000 -0.467367000
C 2.740755000 0.539391000 -0.797704000
J H 2.171608000 2.605113000 -1.005523000
g H 3.388065000 0.222655000 -1.596080000
i C 1.570641000 0.014022000 0.989234000
H 1.301515000 -0.607851000 1.826904000
(@] 2.426116000 -0.478482000 0.137515000
C 1.263464000 1.400014000 0.714933000
H 1.275439000 2.094807000 1.555504000
B -0.356439000 1.151602000 0.269622000
N -0.545517000 -0.244820000 0.136376000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -1.431059000 2.148363000 0.061264000 C -1.306591000 2.139754000 -0.067498000
C -2.645990000 1.584141000 -0.318104000 C -2.508408000 1.570227000 -0.497712000
C -2.815561000  0.189988000 -0.450950000 C -2.716688000 0.170937000 -0.486564000
C -1.754677000 -0.678055000 -0.201979000 C -1.734308000 -0.699831000 -0.015860000
H -3.504353000 2.222290000 -0.520452000 H -3.313336000 2.204129000 -0.872481000
H -1.362929000 3.228619000 0.154428000 H -1.196050000 3.221501000 -0.128052000
H -3.777145000 -0.215136000 -0.746531000 H -3.659773000 -0.239050000 -0.839640000
H -1.907827000 -1.753487000 -0.299615000 H -1.917075000 -1.776445000 -0.015233000
C 2.097433000 1.673418000 -0.462798000 C 1.967160000 1.761567000 -0.346060000
C 2.707016000 0.539492000 -0.809863000 c 2.457063000 0.640330000 -0.913200000
H 2.133390000 2.606739000 -1.001204000 H 1.972698000  2.749089000 -0.785268000
H 3.332411000 0.223206000 -1.625819000 H 2.930279000 0.405939000 -1.853301000
C 1.573796000 0.012194000 1.000581000 C 1.549318000 -0.055983000 0.959748000
H 1.318420000 -0.610491000 1.842234000 H 1.443945000 -0.756082000 1.774310000
(@] 2.411356000 -0.479411000 0.130653000 (0] 2.250994000 -0.462659000 -0.070760000
C 1.266045000 1.400029000 0.736455000 C 1.296993000 1.367248000 0.914495000
H 1.282812000 2.094492000 1.576361000 H 1.390461000 1.957091000 1.824576000
B -0.350831000 1.149028000 0.287866000 B -0.314539000 1.144587000  0.444959000
N -0.538283000 -0.247293000 0.156310000 N -0.558119000 -0.254224000 0.482376000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -1.413518000 2.156266000 0.043643000 C -1.447392000 2.166959000 0.089728000
C -2.611292000 1.576510000 -0.346162000 C -2.656874000 1.584551000 -0.299499000
C -2.774079000  0.180543000 -0.456919000 C -2.796775000 0.181510000 -0.457426000
C -1.719349000 -0.674512000 -0.169980000 C -1.721659000 -0.675806000 -0.224462000
H -3.468394000 2.204740000 -0.578946000 H -3.532250000 2.209230000 -0.489034000
H -1.354719000  3.237682000  0.111026000 H -1.404973000 3.250185000 0.203349000
H -3.727208000 -0.233096000 -0.763054000 H -3.755314000 -0.237972000 -0.755998000
H -1.863478000 -1.751223000 -0.252283000 H -1.854870000 -1.754891000 -0.336287000
C 2.079160000 1.686061000 -0.438994000 G 2.113180000 1.671539000 -0.469096000
C 2.628909000 0.540355000 -0.833386000 C 2.680804000 0.503021000 -0.816625000
H 2.135611000 2.630089000 -0.956284000 H 2.183018000 2.599079000 -1.021278000
H 3.219171000 0.229480000 -1.676969000 H 3.292778000 0.160680000 -1.636541000
C 1.532927000 0.002235000 0.981067000 C 1.530622000 0.021470000 0.988444000
H 1.300326000 -0.630223000 1.822593000 H 1.278631000 -0.580061000 1.850403000
(6] 2.331256000 -0.483872000 0.081065000 (0] 2.360414000 -0.501908000 0.130275000
C 1.276085000 1.408662000 0.775500000 C 1.273838000 1.426908000 0.735361000
H 1.317537000 2.074261000 1.634414000 H 1.327788000 2.107581000 1.587880000
B -0.337499000 1.164418000 0.318919000 B -0.338560000 1.178559000 0.291692000
N -0.517418000 -0.230251000 0.213589000 N -0.498378000 -0.222510000 0.137954000
S84

139



Publication

Supporting Information

TSsa.se B3LYP/6-311+G(d,p)
N 0.479879000 -0.837715000 0.188883000
(] 1.621938000 -1.425174000 -0.192357000
C 2.756187000 -0.650768000 -0.393084000
C 2.712427000 0.750758000 -0.197672000
C 1.564175000 1.431913000 0.192187000
H 3.680631000 -1.127733000 -0.696442000
* H 1.639166000 -2.503584000 -0.334254000
H 3.631951000 1.306451000 -0.367266000
H 1.608539000 2.508129000 0.317011000
B 0.395879000 0.536211000 0.381683000
c -2.612262000 0.314466000 -0.845979000
C -1.847777000 1.244898000 -0.260224000
C -1.415601000 -1.026961000 0.648948000
H -3.340649000  0.537311000 -1.612245000
H -1.836499000  2.319403000 -0.340415000
H -1.241856000 -1.642679000 1.514267000
J (o] -1.033377000 0.697330000 0.758233000
C -2.451195000 -0.975841000 -0.204879000
H -3.180165000 -1.772732000 -0.258757000
B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.479423000 -0.845512000 0.201147000 N -0.433712000 -0.826774000 -0.300487000
C 1.619527000 -1.427531000 -0.192970000 C -1.540595000 -1.446948000 0.158856000
C 2.750927000 -0.649702000 -0.401292000 C -2.666255000 -0.675331000 0.434412000
C 2.705739000 0.751589000 -0.201669000 C -2.653842000 0.731560000 0.251818000
C 1.558535000 1.428137000 0.199955000 G -1.533460000 1.439163000 -0.199520000
H 3.673609000 -1.124080000 -0.714048000 H -3.569431000 -1.166155000 0.785813000
H 1.637672000 -2.505332000 -0.339081000 H -1.531587000 -2.529187000 0.284724000
H 3.622131000 1.310096000 -0.378886000 H -3.569709000 1.274706000 0.485382000
H 1.597840000 2.504510000  0.325409000 H -1.603657000 2.518989000 -0.297090000
B 0.394772000 0.527959000 0.397371000 B -0.367881000  0.554129000 -0.456318000
C -2.591574000  0.325374000 -0.859483000 c 2.452229000 0.295810000 0.954697000
C -1.827231000 1.247842000 -0.261001000 C 1.755112000 1.245685000 0.286733000
C -1.432915000 -1.034285000 0.650114000 C 1.382237000 -0.965279000 -0.679857000
H -3.303313000 0.555504000 -1.638927000 H 3.084374000 0.514581000 1.806602000
H -1.799984000 2.321648000 -0.350134000 H 1.762177000  2.324399000 0.330195000
H -1.263815000 -1.653399000 1.513174000 H 1.321012000 -1.558666000 -1.583780000
(@] -1.033341000 0.697775000 0.769879000 O 1.074481000 0.689399000 -0.836223000
C -2.455476000 -0.967456000 -0.215405000 C 2.359605000 -0.972141000 0.272315000
H -3.192420000 -1.756160000 -0.280919000 H 3.056168000 -1.792207000 0.386212000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
N -0.420828000 -0.789520000 -0.262569000 N 0.440952000 -0.828438000 0.260086000
C -1.520538000 -1.431467000 0.151899000 C 1.563655000 -1.433856000 -0.193113000
C -2.657955000 -0.692316000 0.408488000 G 2.690186000 -0.656241000 -0.436633000
C -2.656975000 0.717095000 0.243741000 C 2.669490000 0.753141000 -0.225469000
C -1.555663000 1.451327000 -0.164987000 C 1.542554000 1.446250000 0.225169000
H -3.559229000 -1.195813000 0.732886000 H 3.600449000 -1.135798000 -0.787681000
H -1.492230000 -2.510899000 0.268389000 H 1.559467000 -2.513328000 -0.345205000
H -3.586093000 1.236625000 0.463670000 H 3.588338000 1.302861000 -0.435112000
H -1.641335000 2.527033000 -0.250937000 H 1.606233000 2.524539000 0.350949000
B -0.376596000 0.588805000 -0.411810000 B 0.375048000 0.546371000 0.453379000
C 2.511074000 0.241810000  0.899220000 C -2.512564000  0.299899000 -0.901140000
(9] 1.831578000 1.228808000 0.300347000 C -1.798446000 1.242560000 -0.246797000
C 1.299457000 -0.899504000 -0.689104000 C -1.379098000 -0.990854000 0.676437000
H 3.200927000 0.413887000 1.712826000 H -3.176620000 0.525481000 -1.727641000
H 1.856720000 2.302122000 0.351126000 H -1.793490000 2.321852000 -0.294641000
H 1.223679000 -1.439676000 -1.622840000 H -1.285106000 -1.591249000 1.572995000
(6] 1.063727000 0.689724000 -0.792280000 (o] -1.064292000 0.679495000  0.840346000
C 2.308515000 -1.015366000 0.231704000 C -2.386762000 -0.987442000 -0.240481000
H 2.959544000 -1.870777000  0.292307000 H -3.099888000 -1.798266000 -0.322215000
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TSsase B3LYP/6-311+G(d,p)

C -1.438222000 1.233142000 -0.053796000

(] -2.395599000  0.352897000 -0.730128000

C -2.239776000 -0.924656000 -0.344499000

C -1.019663000 -1.114965000 0.452538000

(o] -1.004123000 0.587027000 1.204696000

H -1.733150000 2.265920000 0.107761000

H -3.126358000 0.714518000 -1.442488000

H -2.865062000 -1.765926000 -0.610604000

H -0.970234000 -1.918473000 1.186141000

N 0.179583000 -0.747724000 -0.159248000

B 0.093269000 0.750852000 -0.058580000

C 1.374882000 -1.416847000 -0.058838000

C 1.446826000 1474997000 -0.126647000

(] 2.547482000 -0.732849000 -0.126977000

H 1.333057000 -2.496870000 0.035614000

C 2.573172000 0.710984000 -0.182207000

H 1.550423000 2.555444000 -0.152901000

H 3.477733000 -1.286476000 -0.121109000

H 3.552095000 1.179814000 -0.252660000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
C -1.436621000 1.232999000 -0.053700000 C -1.449618000 1.241623000 -0.055816000
C -2.398832000 0.353787000 -0.726421000 C -2.395225000 0.363166000 -0.734751000
C -2.241418000 -0.924509000 -0.344218000 C -2.234880000 -0.924053000 -0.337750000
C -1.017175000 -1.115187000 0.447832000 C -1.012428000 -1.117992000 0.443023000
(@] -0.995737000  0.585020000 1.203044000 (o] -0.976167000 0.593979000 1.198413000
H -1.729084000 2.266647000 0.108379000 H -1.743614000 2.273088000 0.121510000
H -3.132393000 0.717296000 -1.434636000 H -3.126014000 0.721573000 -1.452556000
H -2.866358000 -1.766021000 -0.609407000 H -2.873557000 -1.762056000 -0.592717000
H -0.964867000 -1.916094000 1.183607000 H -0.953313000 -1.946230000 1.155067000
N 0.178718000 -0.750656000 -0.170962000 N 0.176748000 -0.749839000 -0.175275000
B 0.093129000 0.748780000 -0.065621000 B 0.087449000 0.743687000 -0.044893000
C 1.374592000 -1.417735000 -0.061124000 C 1.370973000 -1.422758000 -0.051471000
C 1.445486000 1.474932000 -0.130967000 C 1.436507000 1.477075000 -0.127715000
(03 2.546935000 -0.732833000 -0.122607000 C 2.550591000 -0.731304000 -0.118643000
H 1.332022000 -2.497458000 0.035831000 H 1.325133000 -2.504957000  0.049273000
C 2.572570000 0.711742000 -0.179969000 C 2.575936000 0.711266000 -0.186707000
H 1.545935000 2.555576000 -0.157196000 H 1.544023000 2.559464000 -0.159473000
H 3.477509000 -1.285840000 -0.109907000 H 3.479952000 -1.291256000 -0.097850000
H 3.551923000 1.180363000 -0.245888000 H 3.553842000 1.186335000 -0.265599000
M06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)
C -1.449960000 1.242868000 -0.072267000 Cc -1.441243000 1.247481000 -0.065605000
C -2.404100000  0.350864000 -0.724862000 C -2.430531000 0.368412000 -0.705269000
C -2.240666000 -0.919232000 -0.330864000 G -2.253963000 -0.919820000 -0.334975000
C -1.001580000 -1.099169000 0.437374000 C -0.996054000 -1.134962000 0.400728000
(@] -0.952639000  0.595868000 1.139576000 (o]} -0.936795000 0.599970000 1.178104000
H -1.749179000  2.269503000  0.106253000 H -1.725447000 2.282063000 0.116144000
H -3.148860000 0.703991000 -1.425830000 H -3.199824000 0.735578000 -1.378342000
H -2.866492000 -1.765187000 -0.575685000 H -2.898368000 -1.758135000 -0.578695000
H -0.939951000 -1.885604000 1.189553000 H -0.930162000 -1.960838000 1.115514000
N 0.176908000 -0.758394000 -0.211148000 N 0.171733000 -0.768755000 -0.241911000
B 0.087717000 0.736248000 -0.049651000 B 0.081925000 0.737807000 -0.080091000
(9] 1.376460000 -1.422307000 -0.076997000 C 1.381458000 -1.427388000 -0.055466000
C 1.444800000 1.468442000 -0.113394000 C 1.442350000 1.476485000 -0.154228000
C 2.541726000 -0.740341000 -0.115258000 c 2.555007000 -0.733315000 -0.079863000
H 1.333166000 -2.502940000 0.009058000 H 1.340568000 -2.510215000 0.047880000
C 2.565279000 0.710359000 -0.167501000 C 2.583051000 0.720286000 -0.170608000
H 1.547320000 2.548334000 -0.133822000 H 1.542100000 2.560244000 -0.203092000
H 3.472329000 -1.291236000 -0.088380000 H 3.486792000 -1.287952000 -0.013381000
H 3.544056000 1.178742000 -0.230085000 H 3.563737000 1.193863000 -0.230773000
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B3LYP/6-311+G(d,p)

N -1.646321000 -1.268730000 0.000220000
C -2.926729000 -0.851788000 0.000217000

C -3.285249000 0.496387000 -0.000021000

G -2.297078000 1.5602172000 -0.000145000

C -0.932765000 1.205169000 -0.000100000

H -4.334524000  0.769046000 -0.000104000

H -3.706503000 -1.613494000 0.000245000

H 2619993000 2.541029000 -0.000310000

H -0.201563000 2.002607000 -0.000214000

B -0.754290000 -0.252929000 0.000070000

C 1.189996000 -1.111454000 -0.702872000

C 1.978598000 -0.175669000 -1.401126000

c 2734757000 0.748098000 -0.703489000

C 2.734782000  0.748253000 0.703203000

C 1.978646000 -0.175363000 1.401067000

C 1.190019000 -1.111300000  0.703043000

H 0.658946000 -1.885559000 -1.240266000

H 1.987062000 -0.186729000 -2.484493000

H 3.338109000 1.471520000 -1.240138000

J H 3.338151000 1.471792000 1.239673000

H 1987147000 -0.186188000  2.484436000

H 0.658997000 -1.885295000  1.240624000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N -1.647873000 -1.278526000 -0.000043000 N 1573614000 -1.285482000 -0.000186000
C -2.922133000 -0.837773000 -0.000008000 C 2.830851000 -0.799828000 -0.000169000
C -3.256606000 0.516901000  0.000039000 C 3.138755000 0.568529000  0.000006000
C -2.251111000  1.507359000 0.000058000 c 2.116661000 1.540156000 0.000136000
C -0.892257000 1.186718000 0.000032000 C 0.766609000 1.168692000 0.000113000
H -4.301037000 0.807524000 0.000058000 H 4181751000 0.876279000 0.000046000
H -3.715071000 -1.585523000 -0.000029000 H 3.649225000 -1.524143000 -0.000231000
H -2.556863000 2551345000 0.000091000 H 2397980000 2.593626000 0.000264000
H -0.141796000 1.965711000  0.000043000 H 0.007765000 1.948069000  0.000220000
B -0.745530000 -0.273891000 -0.000014000 B 0.583341000 -0.306110000 -0.000047000
C 1.210409000 -1.143943000 -0.703226000 C -1.038736000 -1.121499000 0.713400000
C 1.959250000 -0.176980000 -1.401571000 C -1.856281000 -0.190963000 1.410726000
C 2.672294000 0.780497000 -0.702982000 C -2.602768000 0.741387000 0.708801000
i 2.672268000 0.780334000 0.703209000 e -2.602796000 0.741549000 -0.708521000
C 1.959200000 -0.177306000 1.401548000 C -1.856338000 -0.190641000 -1.410690000
C 1.210385000 -1.144109000 0.702950000 G -1.038764000 -1.121335000 -0.713608000
H 0.700222000 -1.932366000 -1.240618000 H -0.563642000 -1.939860000 1.243119000
H  1.964101000 -0.184821000 -2.484801000 H  -1.877243000 -0.212019000  2.496785000
H 3.239433000  1.532711000 -1.239352000 H -3.214953000  1.460713000  1.246537000
H 3.239387000  1.532426000  1.239774000 H -3.215003000  1.460998000 -1.246068000
H 1.964011000 -0.185401000 2.484776000 H -1.877345000 -0.211450000 -2.496753000
H 0.700186000 -1.932662000  1.240139000 H -0.563691000 -1.939575000 -1.243534000
MO06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)

N 1.592049000 -1.273861000 -0.000171000 N 1591452000 -1.280802000 -0.000175000
C 2.851355000 -0.816276000 -0.000137000 C 2.853997000 -0.795179000 -0.000145000
C 3.180309000 0.536505000 -0.000001000 C 3.164626000 0.570898000 0.000008000
c 2.169891000 1.515972000  0.000136000 G 2.140065000 1.546555000  0.000139000
c 0.821707000 1.180677000 0.000129000 C 0.788057000 1.181750000 0.000123000
H 4222553000 0.831218000 -0.000001000 H 4208334000 0.878569000  0.000024000
H  3.652825000 -1554522000 -0.000257000 H  3.669829000 -1.523061000 -0.000242000
H 2.467430000 2.561647000  0.000245000 H 2424514000 2.600151000  0.000256000
H 0.071591000 1.962032000  0.000236000 H 0.029227000 1.961062000  0.000227000
B 0.650958000 -0.284372000 -0.000040000 B 0.618417000 -0.295696000 -0.000043000
C -1.111540000 -1.129454000 0.702054000 C -1.069178000 -1.136230000 0.709212000
& -1.891528000 -0.181140000 1.400542000 C -1.876978000 -0.195322000 1.411927000
C  -2624327000 0750865000  0.705116000 C  -2.625230000 0.734542000  0.710891000
C -2.624350000 0.751028000 -0.704856000 C -2.625257000  0.734705000 -0.710614000
C  -1.891574000 -0.180817000 -1.400520000 C  -1.877033000 -0.194997000 -1.411893000
c -1.111563000 -1.129293000 -0.702276000 C -1.069206000 -1.136067000 -0.709426000
H -0.597285000 -1.916556000  1.236849000 H -0.580817000 -1.944409000 1.243533000
H -1.899647000 -0.194188000 2.483198000 H -1.888715000 -0.212212000  2.498769000
H -3.214893000 1.485231000 1.239793000 H -3.233693000 1.459154000 1.247292000
H -3.214934000 1.485516000 -1.239345000 H -3.233742000 1.459441000 -1.246824000
H -1.899728000 -0.193616000 -2.483179000 H -1.888812000 -0.211637000 -2.498739000
H -0.597325000 -1.916270000 -1.237269000 H -0.580866000 -1.944123000 -1.243952000
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-3.150199000
-3.150120000

-1.590340000
-1.590686000

-1.238632000
1.238375000

6b B3LYP/6-311+G(d,p)
N 0.774428000 -1.037805000 -0.000218000
C 2.022810000 -1.526989000 -0.000387000
C 3.161266000 -0.713348000 -0.000099000
C 3.036722000 0.687179000  0.000061000
* ) C 1.789011000  1.320082000  0.000100000
i H 4.144032000 -1.171169000 -0.000021000
H 2.144403000 -2.610990000 -0.000337000
H 3.944171000  1.287096000  0.000227000
H 1.732697000 2.402419000  0.000268000
B 0.717385000  0.311471000  0.000007000
C  -1.221565000  1.155571000 -0.703345000
C  -1.941112000 0.167821000 -1.401867000
J C  -2.614245000 -0.815374000 -0.702953000
I C  -2.614203000 -0.815569000  0.702879000
! C  -1.941021000 0.167427000  1.402024000
! C  -1.221519000 1.155373000  0.703732000
Jﬁ ) H -0.757684000 1.968754000 -1.246521000
H -1.947323000 0.175727000 -2.485066000
H
H
H
H

1947158000 0175026000  2.485226000

-0.757599000  1.968401000  1.247107000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.748972000 -1.029919000 -0.000153000 N 0.619456000 -1.028228000 -0.000168000
C 1.995178000 -1.525835000 -0.000249000 C 1.859441000 -1.540515000 -0.000276000
C 3.138962000 -0.718026000 -0.000148000 C 3.034120000 -0.763194000 -0.000138000
C 3.023655000 0.683872000  0.000045000 c 2967132000 0.640349000 0.000050000
C 1.779108000  1.324186000  0.000152000 C 1.725361000 1.298309000 0.000139000
H 4.118855000 -1.181928000 -0.000222000 H 3.999457000 -1.263834000 -0.000170000
H 2.110723000 -2.610381000 -0.000390000 H 1.955393000 -2.630056000 -0.000360000
H 3.934889000 1.277919000 0.000116000 H 3.896117000 1.211201000  0.000140000
H 1.723751000  2.406373000  0.000303000 H 1.705255000 2.387674000  0.000290000
B 0.705294000 0.319278000 0.000035000 B 0576929000 0.356750000  0.000035000
C -1.234813000 1.175061000 -0.703627000 (] -1.077484000 1.160033000 -0.713042000
(& -1.925779000 0.167808000 -1.402512000 C -1.838952000 0.188325000 -1.411346000
C -2.565044000 -0.837580000 -0.702848000 o] -2.512046000 -0.796962000 -0.70748S8000
i -2.565022000 -0.837768000 0.702710000 e -2.512027000 -0.797153000 0.707360000
C -1.925733000  0.167434000 1.402621000 C -1.838911000  0.187942000 1.411463000
C -1.234789000 1.174873000 0.703982000 G -1.077464000 1.159839000 0.713400000
H -0.785318000 1.997231000 -1.245819000 H -0.655588000 2.003194000 -1.250062000
H 1928389000 0.173520000 -2.485558000 H  -1.856087000 0.204365000 -2.497308000
H -3.072292000 -1.631634000 -1.238271000 H -3.064441000 -1.563369000 -1.244388000
H -3.072252000 -1.631964000  1.237937000 H -3.064406000 -1.563706000 1.244067000
H -1.928307000 0.172856000 2.485668000 H -1.856010000 0.203684000  2.497430000
H -0.785278000  1.996899000  1.246378000 H -0.655550000 2.002853000  1.250636000
MO06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)

N 0.679689000 -1.025109000 -0.000140000 N 0.642192000 -1.032780000 -0.000143000
C 1.915121000 -1.525925000 -0.000230000 C 1.886565000 -1.545381000 -0.000231000
C 3.072121000 -0.740387000 -0.000150000 C 3.059733000 -0.767951000 -0.000138000
c 2.977701000 0.658023000  0.000039000 G 2.989809000 0.639421000  0.000053000
c 1.744512000 1.308318000 0.000150000 C 1.749657000 1.301366000 0.000157000
H 4.042315000 -1.221851000 -0.000236000 H 4.026813000 -1.266689000 -0.000215000
H 2019512000 -2.611288000 -0.000377000 H 1981202000 -2.635470000 -0.000375000
H 3.896863000  1.238562000  0.000098000 H 3.919643000 1.210625000 0.000119000
H 1.709504000 2.392258000 0.000296000 H 1.728150000 2.390780000 0.000304000
B 0.636135000 0.335655000  0.000040000 B 0.611961000 0.346668000  0.000044000
G -1.152497000 1.165955000 -0.702394000 C -1.108166000 1.169727000 -0.709272000
e -1.870638000 0.174412000 -1.401075000 C -1.860105000 0.188989000 -1.412704000
C  -2527209000 -0.811243000 -0.703887000 C  -2.536630000 -0.792901000 -0.709610000
C -2.527193000 -0.811432000 0.703737000 C -2.536611000 -0.793092000 0.709475000
C  -1.870607000  0.174034000  1.401176000 C  -1.860067000 0.188608000 1.412816000
c -1.152481000 1.165766000 0.702747000 C -1.108146000 1.169536000 0.709628000
H -0.697654000 1.985111000 -1.244017000 H -0.672504000 2.004685000 -1.249702000
H -1.876769000 0.184586000 -2.483544000 H -1.868943000 0.201930000 -2.499408000
H -3.055467000 -1.591686000 -1.237862000 H -3.086773000 -1.562919000 -1.245210000
H -3.055440000 -1.592019000 1.237514000 H -3.086740000 -1.563255000 1.244882000
H -1.876715000 0.183917000  2.483648000 H -1.868876000 0.201256000  2.499524000
H -0.697624000 1.984774000 1.244582000 H -0.672470000 2.004348000 1.250271000
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6¢c

B3LYP/6-311+G(d,p)

N 0.341796000 -0.627492000 0.000000000
C 1.477534000 -1.359562000 -0.000012000

C 2.706386000 -0.742421000 -0.000036000

G 2794372000 0.673565000 -0.000050000

C 1.675690000 1.484022000 -0.000040000

H 3.601188000 -1.351190000 -0.000045000

H 1.376846000 -2.440290000 0.000001000

‘ H 3789293000 1.113472000 -0.000071000

H 1.820188000 2.560305000 -0.000054000

B 0.331988000  0.813445000 -0.000012000

C -1.787645000 0.652613000 -1.233357000

C -1.735990000 -0.679894000 -1.230011000

C -1.030140000 -1.244985000 0.000032000

C -1.735946000 -0.679863000 1.230086000

C -1.787612000 0.652643000  1.233395000

C -1.205867000  1.332412000  0.000003000

H -2.179975000 1.243179000 -2.052516000

H -2.110919000 -1.328235000 -2.010755000

H -0.947641000 -2.330708000 0.000044000

H -2.110847000 -1.328185000  2.010859000

H  -2.179920000 1.243230000  2.052549000

H -1.335405000  2.412466000 -0.000009000

B3LYP-D3/6-311+G(d,p) MP2/6-311+G(d,p)
N 0.341427000 -0.629188000 0.000003000 N 0.337833000 -0.618177000 0.000003000
C 1.477105000 -1.360461000 -0.000003000 C 1.469998000 -1.363101000 -0.000005000
C 2.706100000 -0.742431000 -0.000031000 C 2.706375000 -0.741279000 -0.000033000
C 2.793301000 0.674169000 -0.000053000 c 2.799403000 0.672320000 -0.000053000
C 1.673814000  1.484399000 -0.000047000 C 1.670051000 1.487651000 -0.000046000
H 3.601408000 -1.350619000 -0.000037000 H 3.599140000 -1.357820000 -0.000038000
H 1.377115000 -2.441272000 0.000013000 H 1.359287000 -2.445640000 0.000011000
H 3.788207000 1.114379000 -0.000074000 H 3.795705000 1.114944000 -0.000074000
H 1.815653000 2.560994000 -0.000063000 H 1.821835000  2.565489000 -0.000062000
B 0.331387000 0.812360000 -0.000018000 B 0.323804000 0.819285000 -0.000017000
C -1.785779000  0.653309000 -1.234595000 C -1.786302000 0.656268000 -1.229905000
C -1.736049000 -0.679613000 -1.230854000 C -1.729311000 -0.690744000 -1.225311000
C -1.031167000 -1.245398000  0.000029000 C -1.022155000 -1.244713000  0.000030000
i -1.736014000 -0.679586000 1.230921000 e -1.729274000 -0.690717000 1.225380000
C -1.785732000  0.653336000 1.234640000 C -1.786259000 0.656295000 1.229948000
C -1.205341000 1.332893000 0.000004000 G -1.213280000 1.335374000 0.000004000
H -2.174395000 1.244743000 -2.054551000 H -2.177793000 1.241274000 -2.057123000
H  -2109141000 -1.328045000 -2.012119000 H  -2.102222000 -1.338794000 -2.010974000
H -0.951998000 -2.331389000  0.000040000 H -0.926420000 -2.332364000 0.000041000
H -2.109083000 -1.328002000 2.012211000 H -2.102162000 -1.338749000 2.011068000
H -2.174317000 1.244788000 2.054598000 H -2.177723000 1.241319000 2.057166000
H -1.331800000  2.413241000 -0.000005000 H -1.348973000 2.417030000 -0.000005000
MO06-2X/6-311+G(d,p) SCS-MP2/6-311+G(d,p)

N 0.338944000 -0.622702000 0.000004000 N 0.340119000 -0.620325000 0.000002000
C 1.471470000 -1.354884000 -0.000002000 C 1.478864000 -1.365166000 -0.000007000
C 2.697786000 -0.744595000 -0.000031000 C 2.713210000 -0.746245000 -0.000034000
c 2.785246000 0.672445000 -0.000054000 G 2.806699000 0.675764000 -0.000052000
c 1.674241000 1.483455000 -0.000049000 C 1.680985000 1.490392000 -0.000044000
H 3.590409000 -1.354591000 -0.000036000 H 3.607795000 -1.361612000 -0.000041000
H 1364985000 -2.435013000  0.000014000 H 1369520000 -2448392000 0.000007000
H 3.780589000 1.109816000 -0.000076000 H 3.804644000 1.116935000 -0.000073000
H 1.821872000 2.558217000 -0.000065000 H 1.833041000 2.569170000 -0.000059000
B 0.329626000 0.812659000 -0.000018000 B 0.328039000 0.818665000 -0.000015000
C -1.783116000 0.649406000 -1.229431000 C -1.795691000 0.656458000 -1.233500000
& -1.729655000 -0.679667000 -1.226890000 C -1.733808000 -0.689489000 -1.230149000
C  -1.021138000 -1.241026000  0.000029000 C  -1.022666000 -1.245865000  0.000031000
C -1.729623000 -0.679641000  1.226956000 C -1.733769000 -0.689460000 1.230220000
C  -1783069000 0.649432000 1.229477000 C  -1.795652000 0.656487000  1.233541000
c -1.204919000 1.330569000  0.000005000 C -1.210247000 1.336848000 0.000004000
H -2.179806000  1.237754000 -2.047230000 H -2.197328000  1.241991000 -2.056579000
H -2.106664000 -1.327260000 -2.006282000 H -2.108205000 -1.339036000 -2.015267000
H -0.933312000 -2.325749000 0.000039000 H -0.930252000 -2.334567000  0.000042000
H -2.106611000 -1.327217000 2.006371000 H -2.108142000 -1.338989000 2.015365000
H -2.179729000 1.237798000  2.047278000 H -2.197263000 1.242039000  2.056620000
H -1.335801000 2408895000 -0.000004000 H -1.348337000 2.419548000 -0.000007000
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6d

B3LYP/6-311+G(d,p)

J

J

J

ITIIIIIOOOOOOWIIIIOONOOZ

-0.64258100 -0.58137200
-1.65383100 -1.39078600
-2.80823800 -0.78219700
-2.91666200 0.63799000
-1.90711300 1.50973700
-3.64440100 -1.39601400
-1.53080300 -2.46710700
-3.86206200 1.03798700
-2.09435200 2.57559400
-0.64953100 0.84911400

0.87154200 0.87556000
0.74068600 -0.70542700
1.71234800 -1.44173100
2.56261900 -0.78575000
2.64587300 0.67215000
1.89637100 1.43707900
0.98101600 1.29265200
0.70354100 -1.14680500
1.71962000 -2.52653300
3.24684700 -1.35054100
3.35797000 1.12731800
2.00678100 2.51772700

0.37856400
0.00421900
-0.43550000
-0.48746900
-0.11233100
-0.74563900
0.05675500
-0.84778600
-0.19235300
0.37008400
0.94148700
0.92715800
0.05043800
-0.75446600
-0.79608900
0.01483400
1.94759000
1.92902800
0.09601300
-1.38040200
-1.47535800
-0.00189900

B3LYP-D3/6-311+G(d,p)

MP2/6-311+G(d,p)

IIITIIIIOQOOOOOWIIIIOONONONZ

-0.63335600
-1.63271600
-2.78469800
-2.89940300
-1.83901000
-3.61330600
-1.50027000
-3.84164300
-2.08851600
-0.64568000
0.87583100
0.74763500
1.71189400
2.53517800
260339200
1.87329800
1.00247300
0.71306000
1.72760100
3.20990700
3.29098300
1.97319000

-0.58093500
-1.39401500
-0.78860100
0.63201000
1.50720600
-1.40462100
-2.46933300
1.02905900
2.57270200
0.84900500
0.87782700
-0.70403900
-1.43992200
-0.78178800
0.67649800
1.44051500
1.29885700
-1.14659800
-2.52398700
-1.34391800
1.13338900
2.52182400

0.39642100
0.00119300
-0.44989900
-0.49483600
-0.10207300
-0.77546400
0.04700500
-0.86653400
-0.18118400
0.39356000
0.95981200
0.94431700
0.05964100
-0.77106200
-0.82430300
0.00532800
1.96176700
1.94546300
0.11411700
-1.40958400
-1.52725400
-0.01979300

IIIIIITOOOO0OO0OO0OWIIIIOOOOZ

-0.59277400 -0.57763200
-1.55622700 -1.42153300
-2.72317200 -0.82887300
-2.88408900 0.58655800
-1.91096800 1.48805000
-3.52794200 -1.46326100
-1.38816400 -2.49557000
-3.83443300 0.96741800
-2.14406900 2.54908300
-0.64240100 0.85279200
0.88656600 0.90484300
0.77218300 -0.67206100
1.74998500 -1.41715100
2.49052400 -0.76785900
247456700 0.68436300
1.78999300 1.46134600
1.06798700 1.34890600
0.70860200 -1.09285600
1.84296600 -2.49375400
3.16580100 -1.33737500
3.07904800 1.14460000
1.85545500 2.54618200

0.40292500
-0.03030500
-0.48546700
-0.49050400
-0.05292800
-0.84342000
-0.01111200
-0.86581500
-0.10621000

0.44458900

0.99636200

0.99086900

0.13846500
-0.79216200
-0.92605700
-0.05023200

1.98095000

2.00138300

0.26699200
-1.42748000
-1.70282900
-0.12418900

MO06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

ITIIIIIOOOQOOOWIIIIOOOOZ

-0.62680400
-1.61614700
-2.76326000
-2.88147100
-1.88508000
-3.58618200
-1.47578200
-3.82308700
-2.09366600
-0.64028300
0.88030400
0.74575000
1.70162400
2.51130600
2.57630400
1.86201800
1.01698900
0.71310100
1.71870500
3.17782900
3.25106600
1.96189100

-0.57485800
-1.39233000
-0.79531600
0.62579900
1.50450100
-1.41259600
-2.46667700
1.01771400
2.56713100
0.84932800
0.88003000
-0.69011100
-1.43404900
-0.78786500
0.67325200
1.43639000
1.30589300
-1.12745600
-2.51716800
-1.35579500
1.12737300
2.51714100

0.40617600
0.00067400
-0.45602000
-0.49710600
-0.09960500
-0.79010700
0.04587100
-0.87402300
-0.17953400
0.40298200
0.96723100
0.95502500
0.06916400
-0.77585100
-0.84170100
-0.00557600
1.96324700
1.95693900
0.13392600
-1.41637600
-1.55722800
-0.03827700

ITITITITOOOO0OOBIIITEZNHOOOZ

-0.607053000
-1.589360000
-2.761354000
-2.918778000
-1.937262000
-3.576951000
-1.424904000
-3.876982000
-2.166830000
-0.654993000
0.875762000
0.768645000
1.743671000
2.534057000
2.556559000
1.834591000
1.034073000
0.727371000
1.791913000
3.212044000
3.207400000
1.907820000

-0.578679000
-1.429390000
-0.845681000
0.578201000
1.483260000
-1.483651000
-2.503945000
0.952127000
2.545232000
0.850824000
0.912320000
-0.668868000
-1.414280000
-0.761026000
0.703601000
1.475953000
1.345440000
-1.092100000
-2.498828000
-1.329875000
1.163744000
2.561838000

0.392564000
-0.001886000
-0.445886000
-0.479432000
-0.080217000
-0.774338000

0.039412000
-0.844135000
-0.148072000

0.407355000

0.960594000

0.961007000

0.093002000
-0.789246000
-0.888556000
-0.043434000

1.955628000

1.973015000

0.182851000
-1.423629000
-1.628477000
-0.104285000
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TSeasb

B3LYP/6-311+G(d,p)

I~

...__..-.

J
J

IITITITITIITOOOOOOOBIIIIOOHONOZ

-1.327078000

0.177434000

1.337908000

B3LYP-D3/6-311+G(d,p)

IITIIIITITOOOOO0OO0OWIIIIOOOOZ

-1.240958000
-2.491597000
-3.315187000
-2.869495000
-1.597447000
-4.309087000
-2.850462000
-3.545719000
-1.282485000
-0.932812000
1.661982000
2.533011000
2.997809000
2.590637000
1.720356000
1.246084000
1.297665000
2.846110000
3.671676000
2.943670000
1.380815000
0.615630000

0.042155000
0.532409000
0.856039000
0.681494000
0.183434000
1.245579000
0.670736000
0.948489000
0.062846000
-0.074158000
-0.475564000
0.583704000
0.815501000
-0.005560000
-1.064136000
-1.300145000
-0.660345000
1.226920000
1.643218000
0.186358000
-1.687193000
-2.160203000

1.344786000
1.511173000
0.431530000
-0.896185000
-1.213683000
0.618227000
2.529923000
-1.705182000
-2.239405000
0.058603000
-1.332590000
-1.088918000
0.205433000
1.257787000
1.017670000
-0.278563000
-2.336314000
-1.903059000
0.396340000
2.264130000
1.835308000
-0.477489000

ITIITITIITIIOQOO00BIITITIOOONOZ

-2.594167000 0.622603000 1.509431000
-3.450291000 0.847307000 0.430669000
-3.022371000 0.616628000 -0.894296000
-1.736921000 0.156179000 -1.219616000
-4.456922000 1.203551000 0.614833000
-2.936887000 0.803308000 2.526881000
-3.726315000  0.807865000 -1.701190000
-1.440766000 -0.007715000 -2.244236000
-1.055427000 0.007066000 0.056032000
1.749017000 -0.426195000 -1.331298000
2663971000 0.591157000 -1.065414000
3.148303000 0.768277000 0.229994000
2.717352000 -0.066852000 1.261389000
1.803277000 -1.083314000 0.998679000
1.314440000 -1.264991000 -0.298956000
1.377725000 -0.571879000 -2.339340000
2.998182000 1.242690000 -1.864712000
3.858222000 1.561180000 0437574000
3.089319000 0.079185000 2.268880000
1.456598000 -1.724015000  1.800339000
0.640933000 -2.087892000 -0.514029000
MP2/6-311+G(d,p)
-1.104411000 -0.111603000 1.341027000
-2.335606000 0.441500000 1.495388000
-3.134062000 0.862614000 0.426153000
-2.691121000 0.727903000 -0.906231000
-1.438557000 0.172680000 -1.222150000
-4.108631000 1.296989000 0.631919000

-2.707106000
-3.344717000
-1.131015000
-0.757920000
1.635211000
2.370631000
2.833270000
2433643000
1.599811000
1.116427000
1.181768000
2.673625000
3.479791000
2.780560000
1.261909000
0.556695000

0.550104000
1.067071000
0.081605000
-0.191595000
-0.493739000
0.603407000
0.867859000
0.058019000
-1.038782000
-1.304654000
-0.708396000
1.236918000
1.722962000
0.275746000
-1.647976000
-2.217054000

2.516459000
-1.710619000
-2.257379000

0.032368000
-1.328107000
-1.097940000

0.196442000

1.268251000

1.044735000
-0.252394000
-2.332621000
-1.926668000

0.375736000

2.274114000

1.876549000
-0.445510000

MO06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

IIIIIIOOOO0OO00O0WIIIIOOOOZ

-1.159470000
-2.393747000
-3.239030000
-2.833881000
-1.587367000
-4.218382000
-2.724203000
-3.528057000
-1.301389000
-0.914689000
1.697578000
2.457653000
2.844079000
2.469189000
1.710473000
1.320500000
1.394210000
2.744661000
3.430887000
2.756766000
1.396976000
0.747436000

0.117556000
0.643313000
0.919224000
0.655682000
0.114158000
1.339247000
0.849804000
0.888700000
-0.075037000
-0.068427000
-0.5602302000
0.621279000
0.859749000
-0.019547000
-1.144835000
-1.388322000
-0.691147000
1.311054000
1.738758000
0.176817000
-1.817299000
-2.276948000

1.361602000
1.519742000
0.448691000
-0.875520000
-1.200680000
0.638183000
2.535700000
-1.678944000
-2.223423000
0.074029000
-1.367000000
-1.061795000
0.254429000
1.265184000
0.961994000
-0.354744000
-2.390243000
-1.846163000
0.483491000
2.280617000
1.750703000
-0.596331000

IDTITITOOOO0OO0O0OWMIITITIOONHOOZ

1.362090000
2.614737000
3.266473000
2.654048000
1.370278000
4.261137000
3.109796000
3.203463000
0.912781000
0.899235000
-1.318721000
-1.899646000
-2.551270000
-2.630292000
-2.055911000
-1.395113000
-0.808440000
-1.811733000
-2.989090000
-3.129392000
-2.104773000
-0.959656000

-0.549858000
-0.021299000
0.732739000
1.014135000
0.544245000
1.119409000
-0.209309000
1.616070000
0.765091000
-0.206776000
-1.656617000
-1.105220000
0.126700000
0.837213000
0.318954000
-0.942715000
-2.613585000
-1.643817000
0.544566000
1.803040000
0.883283000
-1.357246000

1.109553000
1.273860000
0.291146000
-0.958266000
-1.286946000
0.498392000
2.228517000
-1.683833000
-2.243782000
-0.108306000
0.115831000
1.285403000
1.233850000
0.029577000
-1.131251000
-1.103683000
0.155448000
2.225132000
2.137376000
0.002664000
-2.060321000
-2.010358000
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TSeb-6c

B3LYP/6-311+G(d,p)

IIITTITITOOOOOOOBIIIIONONZ

-0.473278000
-1.611477000
-2.842771000
-2.887108000
-1.735322000
-3.756093000
-1.566199000
-3.865028000
-1.837486000
-0.455373000
1.666760000
1.944641000
1.716868000
1.944618000
1.666736000
1.155831000
1.675557000
2.180058000
1.741567000
2.180016000
1.675515000
1.049257000

-0.748144000
-1.439330000
-0.786444000
0.621411000
1.403707000
-1.369724000
-2.527851000
1.098822000
2.485058000
0.634446000
0.765127000
-0.564807000
-1.263029000
-0.565089000
0.764845000

-0.000090000
-0.000183000
-0.000121000
0.000042000
0.000145000
-0.000198000
-0.000308000
0.000086000
0.000269000
0.000070000
-1.230253000
-1.228929000
-0.000127000
1.228839000
1.230462000

B3LYP-D3/6-311+G(d,p)

IIIIITITOOOOO0OO0OWIIIIOOOOZ

-0.471410000
-1.608883000
-2.840450000
-2.884496000
-1.732128000
-3.754018000
-1.562338000
-3.862533000
-1.831062000
-0.453962000
1.664839000
1.943518000
1.713800000
1.943493000
1.664815000
1.154445000
1.668858000
2.175081000
1.732898000
2.175038000
1.668815000
1.045235000

ITIITIIIOQOOO00RIIITICONOZ

-0.462320000
-1.619965000
-2.841944000
-2.873061000
-1.702283000
-3.766118000
-1.587898000
-3.846942000
-1.792689000
-0.445765000
1.644726000
1.925578000
1.727984000
1.925555000
1.644707000
1.190685000s
1.616020000
2.136907000
1.790119000
2.136869000
1.615989000
1.030903000

IIIIIITOOOO0OO00O0WIIIIOOOOOZ

-0.465704000
-1.611395000
-2.836767000
-2.872024000
-1.720125000
-3.753016000
-1.576808000
-3.846923000
-1.814503000
-0.460745000

1.645780000

1.938715000

1.732518000

1.938690000

-0.749161000 -0.000090000
-1.440159000 -0.000183000
-0.786284000 -0.000120000
0.622138000  0.000042000
1.404374000  0.000145000
-1.369195000 -0.000197000
-2.528516000 -0.000308000
1.099302000  0.000087000
2.485942000  0.000269000
0.633978000  0.000069000
0.765307000 -1.230865000
-0.564751000 -1.229591000
-1.262925000 -0.000127000
-0.665033000  1.229501000
0.765025000  1.231075000
1.364418000  0.000168000
1.349233000 -2.143699000
-1.110967000  -2.134849000
-2.346368000 -0.000252000
-1.111457000  2.134638000
1.348741000  2.144042000
2.444861000  0.000291000
MO06-2X/6-311+G(d,p)
-0.765017000 -0.000092000
-1.438828000 -0.000184000
-0.780311000 -0.000120000
0.625782000  0.000045000
1.402312000  0.000148000
-1.356885000 -0.000198000
-2.527474000 -0.000311000
1.107811000  0.000091000
2.483022000 0.000274000
0.609702000  0.000067000
0.766583000 -1.226289000
-0.5660285000 -1.226562000
-1.256162000 -0.000126000
-0.560565000  1.226473000
0.766304000  1.226497000

1.645755000
1.171575000
1.628083000
2.156691000
1.765722000
2.156647000
1.628038000
1.023397000

1.370667000
1.344847000
-1.103392000
-2.339629000
-1.103879000
1.344357000
2.444749000

0.000168000
-2.142552000
-2.136211000
-0.000248000

2.136003000

2.142891000

0.000289000

ITITITITOOOO0OOBIIITEZNHOOOZ

-0.467755000
-1.632498000
-2.854860000
-2.885413000
-1.715272000
-3.780167000
-1.603304000
-3.860299000
-1.804115000
-0.455383000
1.652544000
1.941343000
1.750244000
1.940166000
1.651099000
1.183226000
1.622665000
2.152779000
1.808396000
2.150696000
1.620219000

1.364032000 0.000168000
1.349712000 -2.142990000
-1.110324000 -2.133842000
-2.346582000 -0.000252000
-1.110813000 2.133631000
1.349221000  2.143334000
2.444716000  0.000291000
MP2/6-311+G(d,p)
-0.769370000 -0.000091000
-1.451722000 -0.000180000
-0.772976000 -0.000119000
0.638503000  0.000038000
1.409990000  0.000139000
-1.344687000 -0.000194000
-2.543004000 -0.000303000
1.129794000 0.000081000
2.494941000  0.000259000
0.605996000 0.000066000
0.775179000 -1.231373000
-0.571274000 -1.225186000
-1.271535000 -0.000130000
-0.571557000 1.225092000
0.774895000 1.231591000
1.382196000 0.000175000
1.347631000 -2.154863000
1113092000  -2.141685000
-2.357658000 -0.000254000
-1.113589000 2.141468000
1.347132000 2.155214000
2.457943000  0.000297000
SCS-MP2/6-311+G(d,p)
-0.773676000 -0.001678000
-1.449526000 -0.000833000
-0.773077000  0.000642000
0.643075000 0.001423000
1.412775000 0.000485000
-1.344592000  0.001457000
-2.541716000  -0.000892000
1.134493000  0.002997000
2.498836000 0.001360000
0.604634000 -0.001537000
0.772772000 -1.233978000
-0.570766000 -1.229775000
1271538000 -0.000073000
-0.570394000  1.229621000
0.773096000  1.233227000
1.377369000 -0.000740000
1.346246000 -2.157744000
-1.114407000 -2.145931000
-2.358296000 0.000110000
-1.113795000 2.146125000
1.346815000  2.156806000
2.455409000 -0.001033000

1.032748000
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TSeb-6d

B3LYP/6-311+G(d,p)

9

)

J

J

IIIIIIOOOO0OO0OO0OW@MIIIIOOOOZ

0.92107700
2.11698600
3.08687500
2.82332300
1.60076500
4.05737600
2.32929700
3.61741100
1.46205100
0.60838500
-0.98526100
-1.07909400
-1.87448700
-2.47628700
-2.36782600
-1.70120200
-1.04732700
-0.81171900
-2.00168000
-3.07431300
-2.84537600
-1.65106800

-0.59678000
-1.03785600
-0.16237800
1.22253100
1.77560400
-0.55067300
-2.10407700
1.86241300
2.84579600
0.79103800
0.83810900
-0.63171900
-1.38600700
-0.76897700
0.63365200
1.41124300
1.41536600
-1.06396400
-2.44918900
-1.36316700
1.07202600
2.48628800

-0.33411900
0.07225000
0.54943700
0.63731000
0.27344700
0.83763100

-0.00136700
1.01731900
0.39712500

-0.24824400

-0.76621900
-0.92573500
-0.02025800

1.03997200
1.27195500
0.37244300

-1.69110700
-1.87865600
-0.19375200

1.72386500
2.13945900
0.50882800

B3LYP-D3/6-311+G(d,p)

MP2/6-311+G(d,p)

IIITIIIIOQOOOOOWIIIIOONONONZ

0.91348200
2.09491300
3.05100300
2.78562500
1.57281300
4.01365800
2.30792100
3.56901500
1.42503700
0.59633900
-0.99230200
-1.08253700
-1.85550600
-2.42550900
-2.31190600
-1.67665100
-1.07389800
-0.83870800
-1.98320500
-3.00045300
-2.76018500
-1.62104200

-0.58075800
-1.03822700
-0.16746900
1.21742500
1.77431200
-0.55903000
-2.10377000
1.85181200
2.84148000
0.79575300
0.83881800
-0.63502200
-1.38495700
-0.76355200
0.64031500
1.41552500
1.41121100
-1.07263000
-2.44943500
-1.35522800
1.08184800
2.49084500

-0.38023500
0.05890300
0.57271100
0.66873000
0.27954300
0.88206800
-0.01966700
1.07885200
0.41727300
-0.28300200
-0.80283300
-0.94843700
-0.02775100
1.05607800
1.27807700
0.35387000
-1.72848000
-1.90550100
-0.18264800
1.76150000
2.15942000
0.48412100

IIIIIITOOOO0OO0OO0OWIIIIOOOOZ

0.86888400
1.98599300
2.84960200
2.56961700
1.39160300
3.77628500
2.23197300
3.29315200
1.20816500
0.50137000
-1.07884800
-1.09380100
-1.74492100
-2.14507200
-1.99059800
-1.53776100
-1.17581500
-0.95792700
-1.88421400
-2.59173200
-2.27200700
-1.49604100

-0.57005400
-1.04717800
-0.19965200
1.18088700
1.75104300
-0.60773200
-2.10232700
1.79100900
2.80457200
0.80089800
0.83043700
-0.64160500
-1.36158600
-0.72020900
0.67619100
1.43896900
1.39077300
-1.11924300
-2.43387600
-1.30213900
1.15751900
2.52257100

-0.60387300
-0.00786700
0.68490300
0.83597000
0.34939200
1.08194800
-0.13872600
1.37753500
0.55322200
-0.39546100
-0.99848300
-1.05245200
-0.02067200
1.14247700
1.30000000
0.23714100
-1.92632400
-2.01681000
-0.12820500
1.94564300
2.23158700
0.32164100

MO06-2X/6-311+G(d,p)

SCS-MP2/6-311+G(d,p)

ITIIIIIOOOQOOOWIIIIOOOOZ

0.90569200
2.08612200
3.00872400
2.71224200
1.50053200
3.97017200
2.32404100
3.47373800
1.32785200
0.57173000
-1.02788900
-1.08593900
-1.81547700
-2.34858000
-2.24358200
-1.66005600
-1.04072300
-0.86093000
-1.93231900
-2.88617600
-2.65987800
-1.61137900

-0.60914200
-1.04254500
-0.17801900
1.19483100
1.74207600
-0.56171200
-2.08917200
1.82727100
2.79891100
0.75689900
0.83218700
-0.62741400
-1.36866200
-0.73350600
0.67264900
1.43002100
1.40343000
-1.08390000
-2.43685600
-1.31780400
1.13085500
2.50886900

-0.44897200
0.00814300
0.57639700
0.72192900
0.33434800
0.89517100

-0.10184500
1.17245500
0.50839000

-0.28997500

-0.85582300
-0.96690700
-0.00345800

1.08551000
1.27434300
0.30439100

-1.78087400
-1.91973500
-0.13291400

1.82500100
2.16146600
0.40554200

TXITZTITOOO0OOLOTIITTITOOOO0E

0.909680000
2.067161000
2.945157000
2.639275000
1.436170000
3.892597000
2.321456000
3.371603000
1.242753000
0.544672000
-1.051402000
-1.105573000
-1.772311000
-2.248605000
-2.132019000
-1.619346000
-1.113021000
-0.939549000
-1.887072000
-2.731015000
-2.491563000
-1.571140000

-0.601718000
-1.056278000
-0.202423000
1.174728000
1.727856000
-0.596542000
-2.109340000
1.793728000
2778782000
0.761948000
0.835872000
-0.631832000
-1.360753000
-0.710059000
0.702987000
1.456271000
1.388894000
-1.110218000
-2.436684000
-1.289341000
1.182978000
2.540411000

-0.578019000
-0.035643000
0.627013000
0.807448000
0.368818000
0.989458000
-0.174409000
1.329011000
0.581769000
-0.361427000
-0.941004000
-1.014858000
0.009064000
1.131647000
1.284156000
0.252717000
-1.878377000
-1.973660000
-0.094057000
1.917157000
2.189950000
0.335830000
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Table S18. Cartesian Coordinates of Stationary Points at SCS-MP2/6-311+G(d,p) level

Publication

Supporting Information

of theory with CPCM solvation model and benzene as a solvent.

1,2-Azaborine (1) furan
N -1.343225000 -0.784710000  0.000000000 | ~ . 197551000 -0.350204000 0.000023000
C  -1.239090000 0.588991000  0.000000000
C  0.720602000 0.964732000 -0.000109000
C  -0.002385000  1.238260000  0.000000000
C  -0.720601000  0.964733000 -0.000205000
C 1221494000 0.510996000  0.000000000
C  -1.097221000 -0.350203000  0.000099000
C  1.294047000 -0.898889000  0.000000000
O  -0.000001000 -1.164668000  0.000213000
H  0.025154000 2.324554000  0.000000000
H  2.054462000 -0.851023000  0.000076000
H  -2.166357000 1.162156000  0.000000000
H 1.382523000  1.820253000 -0.000210000
H  2.155047000 1.075126000  0.000000000
H  -1.382521000  1.820255000 -0.000395000
H 2236792000 -1.428218000  0.000000000 | |\ '0cii6acnn  -0.851020000  0.000212000
B -0.113640000 -1.270078000  0.000000000 ; : i
Ethene (C:H4) Ethyne (C:H>)
C  -0.670583000 0.000000000 -0.000003000
C  0.670583000 0.000000000  0.000004000 | C  0.000000000  0.000000000  0.607877000
H  -1.237577000 0.927376000 0.000011000 | C  0.000000000  0.000000000 -0.607877000
H  -1.237577000 -0.927376000 -0.000023000 |H  0.000000000  0.000000000  1.675331000
H 1.237577000 -0.927376000 -0.000010000 | H  0.000000000  0.000000000 -1.675331000
H 1.237577000  0.927376000  0.000023000
s-1,3-trans-butadiene s-1,3-cis-butadiene
C 0603972000 1.756255000 -0.000018000 | C  0.339890000 1.503975000 -0.494235000
C  0.609654000 0.408075000 -0.000008000 | C  0.332447000 0.660783000  0.556140000
H  -0.329542000 2.315561000 -0.000024000 |H  -0.180169000  1.261210000 -1.418157000
H 1529063000  2.325862000 -0.000019000 | H  0.859278000  2.457075000 -0.444511000
H 1.560147000 -0.127303000 -0.000001000 | H  0.821742000 0.962966000  1.482626000
C  -0.609654000 -0.408075000 -0.000008000 | C  -0.332447000 -0.660783000  0.556140000
C  -0.603972000 -1.756255000 -0.000018000 | C  -0.339890000 -1.503975000 -0.494235000
H  -1.560147000 0.127303000 -0.000001000 |H  -0.821742000 -0.962966000  1.482626000
H  -1.529063000 -2.325862000 -0.000019000 | H  -0.859278000 -2.457075000 -0.444511000
H  0.329542000 -2.315561000 -0.000024000 | H  0.180169000 -1.261210000 -1.418157000
cyclopentadiene benzene
C 1223298000 -0.000233000 0.000019000 | & 0:340236000  1.294290000  0.007069000
C  -0.850737000  1.114990000 -0.007054000
C  0.285583000 1.183170000  0.000003000
C  -1.390963000 -0.179270000  0.007046000
C  -0.997418000  0.738569000 -0.000013000
C  -0.540236000 -1.294290000 -0.007069000
C  -0.997699000 -0.738189000 -0.000015000
C  0.850737000 -1.114990000  0.007054000
C  0.285133000 -1.183279000  0.000007000
C  1.390963000 0.179270000 -0.007046000
H 1.877706000 -0.000359000 -0.883827000
H  0.959244000 2.298179000 -0.000096000
H 1.877680000 -0.000356000  0.883884000
H  -1.510650000 1.979795000  0.000083000
H 0.611394000  2.218620000  0.000007000
H  -2.469874000 -0.318305000 -0.000092000
H  -1.889941000  1.357383000 -0.000026000
H  -0.959244000 -2.298179000  0.000096000
H  0.610549000 -2.218853000  0.000013000
i 4 8B0ASTON0  f BEEEASD0D <D nhnoseonG: | T 1.510650000 -1.979795000 -0.000083000
: : : H 2469874000  0.318305000  0.000092000
594
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150

1a 1b
C 2.229529000 -0.002039000 -0.700415000 C -1.928937000 -0.738971000 0.000369000
C 2.229466000 -0.001698000 0.700759000 C -2.093487000 0.825106000 -0.000273000
H 2.319943000 -0.935360000 -1.246639000 H -2.298899000 -1.246434000 -0.896925000
H 2.383194000 0.921995000 -1.249318000 H -2.298287000 -1.245427000 0.898482000
H 2.383081000 0.922602000 1.249226000 H -2.602418000 1.207070000 0.890447000
H 2.319832000 -0.934753000 1.247445000 H -2.601783000 1.206142000 -0.891772000
N -0.036969000 -1.276719000 0.000374000 N -0.453202000 -0.596766000 -0.000066000
C -1.371412000 -1.266497000 0.000311000 | C 0.634292000 -1.408674000 0.000267000
C -2.162775000 -0.090186000 -0.000003000 | C 1.866834000 -0.780958000 0.000240000
o -1.575510000 1.186035000 -0.000280000 G 1.972786000 0.648957000 0.000034000
C -0.175958000 1.305221000 -0.000247000 G 0.879399000 1.514017000 -0.000190000
H -3.247158000 -0.190674000 -0.000027000 H 2.768583000 -1.386819000 0.000429000
H -1.890022000 -2.229935000 0.000517000 H 0.503403000 -2.488948000 0.000464000
H -2.221913000 2.064155000 -0.000517000 H 2.983763000 1.060525000 0.000070000
H 0.264468000 2.303793000 -0.000465000 H 1.080944000  2.584425000 -0.000272000
B 0.580108000 0.010651000 0.000095000 B -0.474105000 0.835562000 -0.000219000

1c 1d
C 2.094579000 0.561753000 0.196127000 C -1.921742000 -0.457835000 0.229111000
G 3.033761000 -0.312106000 -0.230231000 L -2.899375000 0.305971000 -0.277906000
H 2.456205000 1.517110000 0.585546000 H -2.137650000 -1.388127000 0.751225000
H 4.099239000 -0.094275000 -0.174227000 H -3.933303000 0.009581000 -0.133491000
H 2.764795000 -1.274814000 -0.665702000 H -2.692746000 1.220769000 -0.823487000
N 0.021916000 -1.021480000 0.164409000 N -0.525900000 -0.145627000 0.129792000
c -1.312349000 -1.331468000 0.067490000 C 0.317544000 -1.227939000 -0.035541000
C -2.255367000 -0.342961000 -0.073780000 C 1.677398000 -1.077181000 -0.145972000
@ -1.857128000 1.030936000 -0.115372000 C 2.274037000 0.220129000 -0.088007000
C -0.527652000 1.400797000 -0.022582000 C 1.496857000 1.349918000  0.087879000
H -3.302739000 -0.620156000 -0.145595000 H 2.287951000 -1.965325000 -0.280171000
H -1.577888000 -2.384317000 0.117682000 H -0.156176000 -2.205802000 -0.081326000
H -2.639590000 1.783717000 -0.221668000 H 3.358580000 0.289994000 -0.178913000
H -0.294470000 2.465161000 -0.062279000 H 2.002113000 2.313989000 0.136855000
B 0.541921000 0.320702000 0.115160000 B -0.010340000 1.203388000 0.228597000
H 0.642479000 -1.814340000 0.287261000 H -0.784691000 2.087003000 0.431894000

TS1a-1p TS1a1c

C -1.823357000 -0.483830000 0.682562000 C -3.029055000 -0.231735000 0.345939000
C -2.223762000 0.517844000 -0.314892000 C -2.069533000 0.445277000 -0.333206000
H -2.150193000 -1.512922000 0.614732000 H -2.761871000 -1.081158000 0.972421000
H -1.498986000 -0.153591000 1.668724000 H -4.083470000 0.029351000 0.274523000
H -2.518882000 1.489541000 0.079184000 H -1.307135000 -0.576695000 -0.736157000
H -2.842552000 0.134586000 -1.122655000 H -2.357413000 1.250488000 -1.007273000
N -0.271020000 -1.008371000 -0.508197000 N -0.074710000 -1.063973000 -0.121813000
(] 1.019664000 -1.353418000 -0.168354000 C 1.254750000 -1.371384000 -0.114049000
C 1.998766000 -0.424798000  0.123151000 G 2.231572000 -0.402127000 0.064951000
C 1.707449000 0.981377000 0.185927000 C 1.895692000 0.982373000 0.154353000
C 0.421654000 1.438348000 -0.010722000 C 0.582504000 1.427498000 0.043656000
H 3.013921000 -0.770020000 0.312264000 H 3.274894000 -0.705597000 0.118796000
H 1.269324000 -2.415668000 -0.185233000 H 1.534894000 -2.419924000 -0.226544000
H 2.523658000 1.662874000  0.429359000 H 2.711704000 1.695636000 0.281846000
H 0.224484000 2.505707000 0.095874000 H 0.380159000 2.496717000 0.076243000
B -0.613797000 0.389211000 -0.434374000 B -0.423349000 0.310300000 -0.041453000

TS1a44 2a
C -2.208812000 0.062833000 0.468018000 C 2.342369000 -0.001276000 0.621704000
C -3.035120000 -0.036647000 -0.577971000 C 2.342377000 -0.001177000 -0.621676000
H -2.138416000 -0.013334000 1.537799000 H 2.575860000 -0.019982000 1.669072000
H -1.346546000 1.374372000  0.498143000 H 2.575880000 -0.019724000 -1.669044000
H -3.387719000 0.848981000 -1.097326000 N 0.034944000 -1.277463000 -0.000101000
H -3.153228000 -1.005361000 -1.057954000 C -1.304371000 -1.257778000 -0.000108000
N -0.295389000 -0.536816000 0.374856000 C -2.086814000 -0.079839000 -0.000019000
C 0.726920000 -1.378625000 0.086269000 C -1.487945000 1.192776000 0.000086000
C 1.974973000 -0.843119000 -0.220021000 C -0.087589000 1.304053000 0.000104000
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C 2.182209000 0.565461000 -0.247872000 H -3.171803000 -0.171859000 -0.000033000
C 1.166285000  1.488313000  0.019841000 H -1.826459000 -2.219267000 -0.000188000
H 2.800514000 -1.516060000 -0.440940000 H -2.127981000 2.075816000 0.000153000
H 0.556393000 -2.454867000 0.114594000 H 0.363709000  2.296755000  0.000186000
H 3.183272000 0.921978000 -0.497445000 B 0.647462000 0.001309000  0.000004000
H 1.391948000 2.551165000 -0.029755000

B -0.147587000  0.831296000  0.329151000

2b 2c
C 1.994622000 -0.619627000 -0.007125000 Cc 2.169865000 0.041496000 -0.000201000
C 2.179568000 0.723485000 -0.004735000 C 3.396216000 0.016630000 0.000146000
H 2.606974000 -1.518502000 -0.019511000 H 4.464767000 0.000237000  0.000669000
H 3.107499000 1.280959000 -0.017395000 N -0.098728000 -1.153295000 -0.000068000
N 0.520942000 -0.603519000 0.017758000 C -1.468809000 -1.231528000 0.000062000
Cc -0.547730000 -1.411036000 -0.000602000 (o} -2.235938000 -0.091313000 0.000153000
C -1.792608000 -0.781406000 -0.004029000 C -1.615405000  1.196824000  0.000119000
C -1.886435000 0.638467000 -0.004007000 C -0.238837000 1.338835000 -0.000007000
Cc -0.791845000  1.521220000 0.000623000 H -3.317622000 -0.185235000  0.000251000
H -2.693531000 -1.386753000 -0.010549000 H -1.904577000 -2.226912000 0.000084000
H -0.414168000 -2.490904000 -0.005294000 H -2.264148000 2.073563000 0.000190000
H -2.895276000  1.055968000 -0.009502000 H 0.173201000  2.347035000 -0.000027000
H -1.002241000 2.588675000 -0.006222000 B 0.625592000 0.087358000 -0.000101000
B 0.544679000  0.849166000  0.009985000 H 0.394226000 -2.039885000 -0.000133000
2d 2e
C 1.963025000  0.046856000  0.000253000 Cc 2.151903000 -0.045593000 -0.000460000
C 3.177638000 0.016942000 0.000416000 C 3.377612000 -0.003529000 0.000221000
H 4.244196000 0.001998000  0.000583000 H 0.133666000 1.917357000 0.867142000
N 0.590241000 0.070271000  0.000083000 H 4.446327000 0.015845000 0.000672000
C -0.054781000 -1.163259000 -0.000131000 N -0.080761000 -1.344204000 -0.000345000
C -1.421153000 -1.237867000 -0.000313000 C -1.382648000 -1.287679000  0.000020000
C -2.224866000 -0.051175000 -0.000293000 C -2.225715000 -0.081461000  0.000188000
C -1.649778000 1.204010000 -0.000089000 ] -1.671875000  1.153019000 0.000153000
H -1.883345000 -2.220445000 -0.000477000 C -0.182371000 1.312712000 -0.000039000
H 0.587226000 -2.039051000 -0.000143000 H -3.304228000 -0.221164000  0.000412000
H -3.308503000 -0.171494000 -0.000447000 H -1.926964000 -2.239924000 0.000233000
H -2.311384000  2.069057000 -0.000087000 H -2.307441000 2.038473000  0.000378000
B -0.133956000  1.329647000 0.000125000 H 0.133458000 1.918431000 -0.866514000
H 0.511681000 2.330815000 0.000305000 B 0.610227000 -0.052628000 -0.000750000
TSZa.zb TSZa-Zc
C -1.994181000 -0.497871000  0.597214000 ] -3.339715000 0.156281000  0.000442000
C -2.309405000  0.437232000 -0.215897000 Cc -2.176366000 -0.230703000  0.008695000
H -2.005134000 -1.162679000 1.444449000 H -4,350330000 0.512182000 -0.008770000
H -3.084370000 1.144086000 -0.466364000 H -1.433361000 -1.215210000 -0.010049000
N -0.295532000 -1.047445000 -0.425698000 N 0.089294000 -1.223897000 0.017831000
C 1.008735000 -1.333095000 -0.099524000 C 1.444786000 -1.271580000  0.003933000
C 1.967365000 -0.355714000  0.107254000 C 2.213954000 -0.109229000 -0.002964000
C 1.630773000 1.038981000  0.120413000 c 1.612182000 1.179369000 -0.003732000
C 0.316419000 1.445061000 -0.003626000 C 0.226018000  1.363001000  0.000866000
H 3.002431000 -0.657415000  0.259420000 H 3.298224000 -0.193708000 -0.009496000
H 1.295680000 -2.385688000 -0.077392000 H 1.925335000 -2.250873000 0.000699000
H 2433431000 1.758114000  0.288353000 H 2273131000 2.047721000 -0.010194000
H 0.084508000  2.506738000  0.080175000 H -0.186372000 2.368551000 -0.003341000
B -0.682152000 0.333812000 -0.328281000 B -0.493996000 0.057834000 0.016159000
TSZa-Ze TS2e-2d
C -1.627531000 0.606208000  0.594438000 Cc 1.559838000  0.253494000 -0.091455000
C -2.729284000  1.152532000  0.701606000 Cc 2.447199000 -0.004899000 -0.903720000
H -3.704018000 1.580570000  0.808554000 H 0.896102000  1.336497000  1.871458000
H -0.588105000 1.093075000 -0.214595000 H 3.230103000 -0.167835000 -1.613612000
N -0.049253000 -1.254808000 -0.363053000 N 0.397824000 -0.740071000  1.001924000
C 1.197315000 -1.641859000 -0.566340000 C -0.520840000 -1.408239000 0.270641000
C 2.369898000 -0.909406000 -0.181313000 Cc -1.561568000 -0.789971000 -0.428150000
C 2.272016000  0.313528000  0.472949000 C -1.661345000 0.621800000 -0.548270000
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C  0.990232000 0.817740000 0.808241000 | C  -0.743155000  1.429864000  0.100464000
H  3.345260000 -1.317744000 -0.440541000 |H  -2.293793000 -1.423000000 -0.928293000
H 1.355280000 -2.586986000 -1.095912000 | H  -0.452546000 -2.497350000  0.260818000
H 3.178788000  0.859420000 0.731657000 | H  -2.475744000  1.036054000 -1.141037000
H  0.914863000 1.786630000 1.303584000 |H  -0.833065000 2.509853000 -0.028460000
B  -0.187671000 -0.030126000 0.398969000 | B  0.379914000  0.763592000  0.951109000
3a(cis) 3a(trans)

N  0.353497000 1.023801000 0.433988000 | N  -0.512819000 -0.851359000  0.858435000
C  1.588378000  1.497930000 0.262144000 |C  -1.711848000 -1.332704000  0.526492000
C 2700696000 0.714121000 -0.137774000 |C  -2.638022000 -0.667514000 -0.316650000
C  2.571744000 -0.663950000 -0.379719000 |[C  -2.346423000 0.590296000 -0.870656000
c 1.321427000 -1.281759000 -0.215421000 | C  -1.118736000 1.208132000 -0.581093000
H 3.665522000  1.202773000 -0.266011000 | H  -3.586883000 -1.154347000 -0.537253000
H 1.752900000 2.566814000 0.430418000 | H  -1.996714000 -2.311950000  0.923618000
H  3.449875000 -1.229865000 -0.692470000 |H  -3.083033000  1.064907000 -1.519820000
H 1.239822000 -2.354497000 -0.400921000 | H  -0.908715000 2.185932000 -1.018494000
B 0.204903000 -0.377903000 0.220102000 | B  -0.208460000 0.437350000  0.328344000

C  -3.250324000 0.857281000 -0.123488000 | C  3.095297000 -0.878688000 -1.054007000
C  -2.293937000 0.221036000 -0.826827000 | C 2350795000 -0.526759000  0.013969000
H  -3.475306000 0.592510000 0.906492000 |H  3.135861000 -0.253100000 -1.943550000
H  -3.827590000 1.659786000 -0.574611000 |H  3.676087000 -1.796759000 -1.054181000
H  -2.110799000  0.493078000 -1.865159000 |H  2.304707000 -1.160151000  0.897022000
C  -1.488487000 -0.896453000 -0.292072000 | C 1.602073000  0.737031000  0.052838000

C  -1.180117000 -1.087744000 1.065885000 | C 1.049041000  1.289482000  1.223379000

H  -1.304890000 -1.725257000 -0.974636000 | H 1.664503000  1.367040000 -0.833811000
H  -0.894136000 -2.072655000 1.422294000 |H  0.799297000  2.345540000  1.252315000

H  -1.506925000 -0.361226000  1.803883000 | H 1.179461000  0.775013000  2.171108000

3b(cis) 3b(trans)
N  0.153966000 -0.305789000 0.317224000 | N  -0.096631000 -0.180902000 -0.251760000
C  0.962846000 -1.395686000 0.270942000 | C  -0.705283000 -1.394861000 -0.265047000
C 2275429000 -1.166543000 -0.096398000 |C  -2.066947000 -1.395039000 -0.023739000
C 2744691000 0.155267000 -0.392598000 |[C  -2.778114000 -0.174657000  0.226562000
c 1.048881000  1.297280000 -0.339203000 | C  -2.184812000  1.086908000  0.249777000
H 2.961166000 -2.006905000 -0.156336000 | H  -2.604003000 -2.339476000 -0.022900000
H 0.565827000 -2.379362000 0.513577000 | H  -0.119146000 -2.291232000 -0.457965000
H 3.795954000  0.245777000 -0.671291000 |H  -3.850566000 -0.267069000  0.407713000
H 2.415480000 2251724000 -0.577522000 |H  -2.826295000  1.943760000  0.451600000
B  0.507432000 1.055392000 0.052631000 |B  -0.693126000 1.097792000 -0.011208000
C  -3.330559000 -0.215364000 -0.731994000 | C  3.439937000 -0.756855000  0.175441000
C  -2.269673000 -0.757244000 -0.113887000 | C 2274942000 -0.189637000  0.531754000
H  -3.526180000 0.852770000 -0.705471000 |H  3.716028000 -0.864351000 -0.871794000
H  -4.035014000 -0.838071000 -1.276420000 |H  4.144614000 -1.119280000  0.919425000
H  -2.122404000 -1.838196000 -0.155417000 |H  2.007873000 -0.089478000  1.585704000
C  -1.253663000 0.006876000  0.692379000 | C 1.279834000  0.350490000 -0.450458000
C  -1.003713000  1.530295000 0.383260000 | C  0.747742000 1.814570000 -0.184690000
H  -1.404642000 -0.183926000 1.764765000 | H 1.620841000  0.191055000 -1.481181000
H  -1.169331000 2.183728000 1.245750000 |H  0.896490000 2.485143000 -1.037618000
H  -1.591063000  1.898707000 -0.462716000 | H 1.195107000  2.268873000  0.706482000
3c 3d
N 0.020844000 -0.652961000 0.006606000 | N  -0.008681000 -0.658529000  0.023364000
C  -1.074475000 -1.482008000 -0.091956000 | C 1.176922000 -1.357643000 -0.002143000
C  -2.359790000 -0.998106000 -0.079674000 | C 2405120000 -0.738609000 -0.018438000
C  -2.601667000 0.406448000 0.034558000 | C 2496635000 0.684222000 -0.009799000
C  -1.550724000  1.297440000 0.134892000 | C 1.354364000  1.463871000  0.012116000
H  -3.182742000 -1.701611000 -0.167002000 |H  3.298783000 -1.356104000 -0.033218000
H  -0.868216000 -2.547005000 -0.181464000 | H 1.095215000 -2.442893000  0.008621000
H  -3.636544000 0.751592000 0.035937000 |H  3.488085000  1.138984000 -0.018512000
H  -1.789833000 2.358740000 0.216109000 | H 1.477712000  2.547449000  0.016042000
B -0.115673000 0.776870000 0.133161000 | B  -0.019500000 0.808584000 -0.010219000
C  1.333768000 -1.334331000 0.029301000 | C  -1.273309000 -1.534707000  0.109285000
C 2483462000 -0.419075000 -0.308449000 | C  -2.312998000 -0.586171000 -0.399117000
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H 1.484349000 -1.775014000 1.025777000 H -1.414831000 -1.818039000 1.157924000
H 1.302613000 -2.161962000 -0.689542000 H -1.102494000 -2.424527000 -0.504648000
H 3.402860000 -0.915096000 -0.617628000 H -2.268296000 -0.410554000 -1.477815000
(] 2435773000 0.921375000 -0.211633000 C -2.277732000 0.523099000 0.403056000
C 1.202320000 1.661990000  0.245469000 C -1.441043000 1.647226000 -0.105398000
H 3.329154000 1.492851000 -0.467060000 H -2.198384000 0.342812000 1.481430000
H 1.083898000 2.590499000 -0.330837000 H -1.444607000 2.568967000 0.487518000
H 1.343355000 1.989862000 1.289201000 H -1.630250000 1.882326000 -1.161925000
T S3acis)-3b(cis) TS3acis)-3c
N -0.253953000 0.782967000 -0.295739000 N 0.166317000 0.817622000 0.143349000
(@] -1.344365000 1.329740000 0.336060000 C 1.346626000 1.464379000 0.081382000
c -2.537330000 0.651276000 0.506119000 G 2.561641000 0.791696000 -0.095079000
c -2.683121000 -0.719804000 0.103799000 C 2.593898000 -0.621636000 -0.167396000
C -1.614489000 -1.413286000 -0.428368000 C 1.422135000 -1.376848000 -0.055121000
H -3.382737000 1.170849000 0.954475000 H 3.475827000 1.369952000 -0.214684000
H -1.259740000 2.366022000 0.670242000 H 1.336548000 2.557429000 0.105954000
H -3.648790000 -1.200748000 0.267000000 H 3.558507000 -1.111295000 -0.313670000
H -1.747023000 -2.467670000 -0.674278000 H 1.500805000 -2.464697000 -0.063970000
B -0.343153000 -0.598792000 -0.683309000 B 0.163498000 -0.579662000 0.167014000
C 3.328292000 0.846141000 -0.071521000 C -2.206447000 1.332983000 0.291256000
C 2.200656000 0.644663000 0.638320000 C -2.464150000 0.362678000 -0.645072000
H 3.587171000 0.226052000 -0.925099000 H -1.987168000 1.098412000 1.326053000
H 4.015256000 1.643141000  0.198956000 H -2.379158000 2.381631000 0.060147000
H 1.971477000 1.268690000 1.500025000 H -2.806128000 0.645148000 -1.637087000
C 1.273740000 -0.467827000 0.372140000 Cc -1.971669000 -0.953746000 -0.453941000
C 1.158833000 -1.187781000 -0.896459000 C -1.275298000 -1.388040000 0.700885000
H 0.892113000 -0.971850000 1.262854000 H -1.994100000 -1.631320000 -1.308799000
H 1.158269000 -2.275501000 -0.818164000 H -1.065114000 -2.453157000 0.764662000
H 1.754958000 -0.788026000 -1.713623000 H -1.513499000 -0.921264000 1.655724000
TSaa(cis)-3a(trans) TSabicis)-3bitrans)
N -0.553961000 1.089176000 -0.433723000 N 0.315394000 -0.357289000 0.418097000
C -1.804436000 1.458077000 -0.153001000 C 1.100381000 -1.462253000 0.335871000
C -2.814420000 0.576884000 0.311219000 C 2.446134000 -1.237977000 0.108855000
C -2.555841000 -0.789761000 0.506429000 o} 2.964882000 0.092603000 -0.020418000
C -1.275582000 -1.299675000 0.232917000 C 2.189582000 1.247810000 0.070032000
H -3.803804000 0.980110000 0.522261000 H 3.118610000 -2.087473000 0.028781000
H -2.068519000 2.512021000 -0.283706000 H 0.657886000 -2.450398000 0.445722000
H -3.359045000 -1.432233000 0.868519000 H 4.038212000 0.179788000 -0.198556000
H -1.095163000 -2.365419000 0.384897000 H 2.696488000 2.205384000 -0.042100000
B -0.271893000 -0.297348000 -0.254371000 B 0.713077000 1.014421000 0.312954000
C 3.620888000 0.506564000 0.470296000 Cc -3.364940000 -0.390858000 -0.401997000
C 2.277143000 0.537535000 0.482713000 C -2.054929000 -0.680223000 -0.337578000
H 4.170770000 -0.370500000 0.134972000 H -3.824065000 0.318085000 0.284823000
H 4.197810000 1.366629000  0.800132000 H -4.006535000 -0.853700000 -1.146643000
H 1.744925000 1.424393000 0.814352000 H -1.619943000 -1.392617000 -1.039773000
G 1.476017000 -0.657616000 0.060636000 C -1.115431000 -0.061192000 0.670804000
C 1.073305000 -0.880993000 -1.268179000 (& -0.817467000 1.488247000 0.542577000
H 1.478757000 -1.513459000 0.735200000 H -1.394641000 -0.346956000 1.693569000
H 0.822775000 -1.882517000 -1.605598000 H -1.058789000 2.051353000 1.450367000
H 1.266336000 -0.123612000 -2.022536000 H -1.335101000 1.940421000 -0.309531000
TS3a(trans)-3b(trans) TS3a(trans)-3d
N -1.234058000 -0.148790000 1.521148000 N -0.404447000 -0.946722000 0.225927000
(& -2.101320000 -0.985369000 0.862660000 C -1.645363000 -1.449366000 0.017470000
C -2.510311000 -0.770934000 -0.440658000 C -2.750412000 -0.651703000 -0.268798000
c -1.983555000 0.312327000 -1.224530000 C -2.602141000 0.755467000 -0.360338000
C -1.017656000 1.150518000 -0.705504000 C -1.361493000 1.363004000 -0.168914000
H -3.248707000 -1.439594000 -0.880490000 H -3.718037000 -1.119199000 -0.438460000
H -2.505388000 -1.829473000 1.425446000 H -1.759794000 -2.536246000 0.055750000
H -2.344069000 0.423800000 -2.248226000 H -3.482139000 1.357162000 -0.595736000
H -0.603042000 1.929119000 -1.347180000 H -1.297077000 2.449288000 -0.244354000
B -0.652343000 0.931016000 0.766665000 B -0.219074000 0.442101000 0.189735000
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C 1.573977000 -2.162352000 2.540183000 C 1.569946000 -2.049659000 0.519179000
C 0.996147000 -0.946806000 2.636902000 C 2.143924000 -0.942899000 1.108467000
H 1.891943000 -2.559216000 1.578276000 H 1.624112000 -2.190969000 -0.556848000
H 1.736726000 -2.778101000 3.420411000 H 1.233189000 -2.898299000 1.109327000
H 0.673128000 -0.548715000 3.596003000 H 2.047737000 -0.802438000 2.183426000
C 0.837553000 -0.077158000 1.466991000 C 2.060836000 0.183491000 0.265729000
C 0.698365000 1.388705000 1.527148000 (] 1.277150000 1.294894000 0.643574000
H 1.197004000 -0.502451000 0.526642000 H 2.273851000 0.046320000 -0.797085000
H 1.376362000 1.941105000 0.875376000 H 1.301243000 2.184836000 0.016109000
H 0.616684000 1.784060000 2.538703000 H 1.178753000 1.490410000 1.713129000
TS3d-3¢ 4a

N 10.006337000 -0.771568000 -0.033189000 G -2.180273000 0.069756000 -1.185240000
C -1.227452000 -0.973326000 -0.627469000

C 1.188800000 -1.433212000 -0.030824000
C -1.280960000 -0.912140000 0.782153000

C 2.391702000 -0.753754000 -0.021898000
C -2.143148000 0.221934000 1.167712000

C 2.423087000 0.663322000 0.043509000
C -2.642000000 0.807210000 0.050580000

C 1.252325000 1.412527000 0.099162000
H -3.023167000 -0.463957000 -1.654032000

H 3.313804000 -1.326807000 -0.046961000
H -1.743503000 0.721884000 -1.948946000

H 1.138224000 -2.519530000 -0.035038000
H -0.932809000 -1.859043000 -1.179087000

H 3.394434000 1.157614000 0.067717000
H -0.952930000 -1.698086000 1.454015000

H 1.331539000 2.495774000 0.162506000
H -3.275112000 1.689476000 0.023226000

B -0.042559000 0.657567000 -0.002144000
H -2.300950000 0.540784000 2.193017000

C -1.290180000 -1.544389000 0.094052000
N 1.309795000 -1.332556000 0.053771000

C -2.312199000 -0.555050000 -0.438072000
0 2.576475000 -0.903981000 0.008535000

H -1.353997000 -1.813792000 1.170637000
Cc 2.953027000 0.456716000 -0.053323000

H -1.216919000 -2.465011000 -0.494540000
C 1.983857000 1.476601000 -0.047850000

H -3.353721000 -0.881030000 -0.332690000
G 0.619334000 1.153984000 0.018238000

C -2.000239000 0.643384000 0.354751000
H 4.011813000 0.708696000 -0.087463000

C -1.461614000 1.777563000 -0.240571000
H 3.369790000 -1.657555000 0.023763000

H -1.934620000 0.628524000 1.466343000
H 2.315031000 2.515730000 -0.072258000

H -1.221716000 2.664555000 0.347014000
H -1.537607000 1868929000 -1.323887000 H -0.100960000 1.970237000 0.064349000
i ’ ’ B 0.317304000 -0.314493000 0.025611000

4b 4c
C -2.154770000 0.196491000 -1.160541000 C -1.750016000 0.001331000 1.243443000
C -2.606464000 0.823045000 0.136263000 C -1.198620000 -1.087562000 0.297942000
C -2.134605000 0.121908000 1.196473000 C -1.913969000 -0.702495000 -1.000656000
(o] -1.302374000 -0.988436000 0.707515000 Cc -1.995668000 0.648006000 -1.003494000
(0] -1.240094000 -0.925282000 -0.700812000 C -1.373568000 1.186394000 0.287796000
H -1.682136000 0.912534000 -1.840190000 H -1.225340000 0.018899000 2.205883000
H -3.005519000 -0.259409000 -1.692553000 H -2.832803000 -0.087741000 1.390894000
H -3.202590000 1.729379000 0.188014000 H -1.246943000 -2.131815000 0.615035000
H -2.280902000 0.353696000 2.246092000 H -2.185525000 -1.392202000 -1.793648000
H -0.991759000 -1.772247000 -1.331824000 H -1.701409000 2.183751000 0.587883000
H -0.992912000 -1.835967000 1.310517000 H -2.361288000 1.272249000 -1.814649000
N 0.495546000 1.064363000 0.022833000 N 0.214058000 -0.604577000 0.172148000
C 1.765973000 1.484482000 0.010285000 C 1.319310000 -1.377357000 0.023509000
C 2.891646000 0.628787000  0.004855000 C 2.550588000 -0.765573000 -0.130518000
C 2.737101000 -0.769409000 -0.001309000 C 2.656778000 0.657085000 -0.144514000
C 1.449411000 -1.327987000 -0.013272000 C 1.553436000 1.497594000 -0.014076000
H 3.887135000 1.069831000 0.018757000 H 3.436460000 -1.384665000 -0.237991000
H 1.944157000 2.564523000 0.024519000 H 1.194047000 -2.458731000 0.044088000
H 3.627697000 -1.399327000 0.002862000 H 3.654880000 1.081997000 -0.265267000
H 1.351872000 -2.415277000 -0.030905000 H 1.730326000 2.572439000 -0.038715000
B 0.323265000 -0.338577000 -0.022393000 B 0.203112000 0.840394000 0.146631000
4d TS4a-ap
C -1.647553000 1.543580000 -0.086935000 C -2.044220000 1.276572000 0.235950000
C -2.718787000 0.697956000 -0.377768000 C -1.393231000 0.605661000 -0.958470000
C -2.658957000 -0.731518000 -0.299691000 C -1.629263000 -0.748293000 -0.871993000
(94 -1.496591000 -1.381680000 0.077608000 G -2.286564000 -1.058866000 0.401192000
H -3.674789000 1.127902000 -0.682492000 C -2.538941000 0.108094000 1.049029000
H -1.811958000 2.616564000 -0.178238000 H -2.883769000 1.894561000 -0.116943000
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H -3.539220000 -1.320616000 -0.541731000 H -1.370524000 1.929417000 0.803266000
H -1.402204000 -2.463375000 0.150498000 H -1.121867000 1.126731000 -1.870932000
C 0.989324000 -0.752855000 0.777637000 H -1.376151000 -1.481481000 -1.629890000
(] 1.179474000 0.818603000 0.795426000 H -2.994161000 0.208965000 2.029512000
H 1.087465000 -1.292506000 1.727268000 H -2.502765000 -2.062730000 0.748020000
H 1.406264000 1.218741000 1.788692000 N 0.852434000 -1.289536000 -0.175784000
C 1.892086000 -1.234891000 -0.327070000 C 2.144527000 -1.360769000 0.230794000
C 2.290022000 1.127645000 -0.242970000 C 2.982507000 -0.255726000 0.409398000
C 2.571412000 -0.215666000 -0.888839000 C 2.506057000 1.049658000 0.153424000
H 1.952165000 -2.275495000 -0.638365000 C 1.190451000 1.271089000 -0.272826000
H 3.262697000 -0.329356000 -1.722544000 H 4.007088000 -0.410804000 0.740668000
H 3.198499000 1.519839000 0.233989000 H 2.545042000 -2.359481000 0.427175000
H 1.977062000 1.868829000 -0.990734000 H 3.185534000 1.893232000 0.290115000
N -0.435203000 -0.588870000 0.369625000 H 0.861731000 2.290347000 -0.468555000
B -0.372621000 0.842654000 0.329186000 B 0.403926000 0.005964000 -0.406507000
TSap-ac TSupb-ad
C 1.837117000 -0.042239000 -1.264654000 C -1.663082000 1.337212000 0.433037000
C 2.021876000 -1.066501000 -0.186567000 C -2.848837000 0.656769000 0.212673000
C 2.219004000 -0.424519000 1.032193000 C -2.842418000 -0.695249000 -0.260109000
C 1.785139000 0.906461000  0.879894000 C -1.655015000 -1.349655000 -0.544406000
C 1.274099000 1.128585000 -0.442107000 H -3.814311000 1.119730000 0.425298000
H 1.224670000 -0.372009000 -2.104028000 H -1.709733000 2.346270000 0.845180000
H 2.835393000 0.250737000 -1.634088000 H -3.785548000 -1.221544000 -0.398227000
H 2.171539000 -2.125674000 -0.373207000 H -1.679671000 -2.392201000 -0.871241000
H 2.476157000 -0.900488000 1.971543000 C 1.176239000 -0.388906000 0.857190000
H 1.255937000 2.139434000 -0.847086000 C 1.140927000 1.010134000 0.431530000
H 1.742912000 1.642494000 1.680272000 H 0.746956000 -0.758576000 1.784633000
N -0.356087000 -0.830062000 0.018250000 H 1.086097000 1.755779000 1.228243000
] -1.555118000 -1.446366000 0.033661000 C 2.190708000 -1.107223000 0.098620000
C -2.755439000 -0.728576000 0.080798000 C 2.272062000 1.163958000 -0.599973000
c -2.744025000 0.688559000 0.068661000 G 2.836468000 -0.231860000 -0.711758000
C -1.546126000 1.410339000 0.005242000 H 2.371605000 -2.173381000 0.182593000
H -3.696889000 -1.269937000 0.151225000 H 3.646333000 -0.494179000 -1.388509000
H -1.577449000 -2.539524000 0.057111000 H 3.037407000 1.873277000 -0.254144000
H -3.702323000 1.210697000 0.108529000 H 1.916280000 1.521641000 -1.574495000
H -1.597098000 2.498823000 -0.040612000 N -0.431975000 -0.735409000 -0.489310000
B -0.308755000 0.561215000 -0.065500000 B -0.393189000 0.611358000 0.004635000
5a 5b
N 1.092075000 -1.242364000 0.214341000 N -1.258495000 -1.334833000 0.036205000
C 2.445360000 -1.262430000 0.150344000 C -2.550318000 -0.949243000 0.001281000
C 3.239949000 -0.124705000 -0.025244000 Cc -2.971298000 0.390636000 -0.001413000
C 2.643760000 1.150928000 -0.159447000 C -2.030858000 1.443418000 0.045384000
G 1.252750000 1.315969000 -0.121546000 L 6 -0.655638000 1.178274000 0.098867000
H 4.321946000 -0.229328000 -0.061130000 H -4.036580000 0.611257000 -0.032276000
H 2.934670000 -2.235739000 0.246147000 H -3.310011000 -1.735595000 -0.027874000
H 3.292680000 2.016300000 -0.304294000 H -2.397627000 2.471092000 0.053761000
H 0.843685000 2.316739000 -0.245556000 H 0.034839000 2.018194000  0.157775000
B 0.549016000 0.021319000 0.082417000 B -0.338257000 -0.280106000 0.074762000
G -3.163949000 0.703338000 0.003899000 C 1.309425000 -0.892045000 -0.682704000
C -1.892705000 1.116163000 0.231465000 C 1.369574000 -0.919384000 0.721901000
C -1.831067000 -1.125055000 -0.115106000 G 2.233070000 0.181534000 1.091270000
H -4.036613000 1.341821000 0.001892000 H 0.996897000 -1.634491000 -1.402119000
H -1.410813000 2.054082000 0.456966000 H 1.034354000 -1.734406000 1.348305000
H -1.275514000 -2.046396000 -0.188984000 H 2.490959000 0.501356000 2.091382000
@] -1.051831000 0.002096000 0.177644000 C 2.610141000 0.773633000 -0.076418000
C -3.123270000 -0.728403000 -0.218840000 (0] 2.085390000 0.125271000 -1.161508000
H -3.959710000 -1.380384000 -0.429490000 H 3.212991000 1.642349000 -0.301897000
5¢c 5d
N 0.508248000 -1.076772000 -0.008058000 C 1.388783000 1.131325000 -0.345457000
C 1.793958000 -1.477167000 -0.031453000 C 2.024501000 0.656833000 0.964461000
C 2.895913000 -0.605079000 0.034633000 C 1.933670000 -0.688633000 0.965644000
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C 2.706295000 0.790225000 0.120644000 C 1.216384000 -1.026858000 -0.347414000
C 1.413170000 1.334542000 0.136796000 (6] 1.700238000 -0.021376000 -1.219158000
H 3.901525000 -1.021122000 0.024339000 H 1.784578000 2.045924000 -0.784182000
H 1.985538000 -2.552625000 -0.094346000 H 2.383697000 1.307005000 1.755195000
H 3.583879000 1.436697000  0.172143000 H 2.205930000 -1.399257000 1.737509000
H 1.297744000 2.417586000 0.192571000 H 1.316859000 -2.025880000 -0.771702000
B 0.337200000 0.304679000 0.058497000 N -0.210346000 -0.598467000 -0.185295000
C -2.247418000 -0.243964000 1.064502000 B -0.205403000 0.841319000 -0.176712000
C -2.566079000 -0.816498000 -0.131856000 Cc -1.304371000 -1.380030000 -0.012762000
H -2.503894000 -0.614404000 2.046957000 C -1.545597000 1.502444000 0.012263000
H -3.115442000 -1.708999000 -0.396459000 C -2.532973000 -0.767882000 0.160122000
c -1.325544000 0.916668000 -0.653562000 H -1.175530000 -2.460678000 -0.033637000
H -1.054922000 1.705567000 -1.340894000 C -2.641360000 0.654972000 0.167585000
(0] -2.056059000 -0.108883000 -1.181303000 H -1.726233000 2.576023000 0.035931000
c -1.424812000 0.895539000 0.749139000 H -3.417038000 -1.386264000 0.283195000
H -1.116321000 1.689556000 1.415686000 H -3.638604000 1.076901000 0.302802000
Se 5f
N 0.246978000 0.712607000 -0.158526000 N -0.401968000 -0.598316000 -0.357582000
C 1.440498000 1.365328000 0.118864000 C -1.455766000 -1.399312000 -0.057164000
C 2.622118000 0.694229000 0.284918000 C -2.626352000 -0.756073000 0.305979000
C 2.675516000 -0.733718000  0.169443000 C -2.705848000 0.672600000 0.365896000
C 1.539778000 -1.462638000 -0.108305000 C -1.644580000 1.528371000 0.067625000
H 3.517181000 1.268620000  0.503945000 H -3.500113000 -1.352486000 0.553460000
H 1.380985000 2.447965000 0.198171000 H -1.347185000 -2.480294000 -0.111366000
H 3.639853000 -1.224622000 0.303123000 H -3.667647000 1.093578000 0.663512000
H 1.620111000 -2.545275000 -0.195724000 H -1.817497000  2.600330000 0.146074000
B 0.217945000 -0.732630000 -0.294020000 B -0.368278000 0.833872000 -0.338182000
C -2.618898000 -0.045254000 0.464392000 C 1.965031000 -1.157937000 0.345715000
C -2.036056000 -1.231749000 0.198762000 C 2.523464000 -0.033040000 0.839817000
C -0.882312000 1.556345000 -0.371775000 H 2.160380000 -2.162222000 0.700851000
H -3.495569000 -0.050251000 1.107916000 H 3.229101000 0.076166000 1.656943000
H -2.408975000 -2.166488000 0.613557000 C 1.189556000 0.803529000 -0.796317000
H -0.636331000 2.545128000 -0.752091000 H 1.537004000 1.234463000 -1.737527000
(0] -0.973449000 -1.392535000 -0.663155000 (0] 2.169471000 1.137862000 0.238719000
C -2.162621000 1.229952000 -0.090475000 C 1.026908000 -0.766403000 -0.758874000
H -2.907915000 2.003253000 -0.265764000 H 1.130116000 -1.320432000 -1.698304000
5g TSsb-5¢
C -1.730556000 1.505295000 -0.004260000 N -1.032135000 -0.780876000 0.681905000
G -2.718120000 0.584310000 -0.344045000 G -2.334644000 -0.498258000 0.924029000
C -2.531498000 -0.840661000 -0.346117000 C -3.072205000 0.494714000 0.269456000
C -1.323952000 -1.408324000 0.006645000 Cc -2.469096000 1.288833000 -0.732768000
H -3.708253000 0.942209000 -0.631548000 C -1.127755000 1.097438000 -1.082413000
H -1.987659000 2.562590000 -0.038868000 H -4.116699000 0.645557000 0.536163000
H -3.357981000 -1.487664000 -0.625973000 H -2.839572000 -1.097825000 1.688878000
H -1.131897000 -2.478457000 0.027241000 H -3.071897000 2.052564000 -1.229161000
G 2.088583000 1.107398000 -0.430153000 H -0.697338000 1.727996000 -1.862131000
C 2.447383000 -0.109103000 -0.875125000 B -0.428180000 0.013072000 -0.313044000
H 2.385538000 2.042804000 -0.889701000 C 1.239673000 -0.265721000 -0.646679000
H 3.061753000 -0.398152000 -1.719258000 C 1.726200000 -1.291159000 0.233054000
C 1.055179000 -0.607367000 0.820827000 C 2.545849000 -0.713347000 1.185084000
H 1.163489000 -1.132228000 1.772555000 H 1.322109000 -0.382322000 -1.728611000
(e} 1.962062000 -1.173151000 -0.123698000 H 1.405026000 -2.324508000 0.184898000
C 1.176058000 0.963807000 0.767863000 H 3.019586000 -1.171135000 2.042207000
H 1.530065000 1.468000000 1.672254000 & 2.631893000 0.640762000 0.820464000
B -0.396312000 0.895115000  0.367595000 (@] 1.947075000 0.928994000 -0.246127000
N -0.333164000 -0.536926000 0.344380000 H 3.149239000 1.464255000 1.301698000
TSscsd TSsc.5t
N 0.332099000 -0.762992000 -0.007084000 N -0.561345000 -0.865037000 -0.448375000
C 1.503019000 -1.419216000 0.109432000 C -1.744900000 -1.443052000 -0.132816000
C 2.725691000 -0.741186000 0.088882000 C -2.844266000 -0.687498000 0.274866000
C 2.759812000 0.665923000 -0.074723000 C -2.759119000 0.726960000 0.376421000
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C 1589500000 1422379000 -0.218603000 | C _ -1.580996000 1420212000  0.084282000
H  3.649214000 -1.304733000 0203347000 | H  -3.778741000 -1.194019000 0.509219000
H 1482181000 -2.504935000 0.234576000 | H  -1.828291000 -2.530165000 -0.211086000
H 3735666000 1.155892000 -0.088455000 | H  -3.652029000 1.267347000  0.697917000
H  1.683803000 2499789000 -0.356859000 | H  -1.583416000 2.505384000 0.191985000
B 0321600000 0.622767000 -0.189296000 | B  -0.428849000 0.556729000 -0.349296000
C 2171494000 -0.385899000 1.066535000 | C 2417932000 -1.033751000 -0.019406000
C  -1.931607000 -0.932233000 -0.233817000 | C  2.575891000  0.043400000 0.839374000
H 2447046000 -0.951917000 1.046232000 | H  2.890024000 -2.000109000 0.085605000
H  -2.107301000 -1.936591000 -0.600157000 | H  3.177630000 0.114924000  1.740750000
C 1293889000 1146159000 -0.384512000 | C  1.139697000 0.800951000 -0.708878000
H 1456267000 2076044000 -0.924199000 | H 1431638000 1535620000 -1.464843000
O  -1791928000 0.015129000 -1.132873000 | O  1.905637000 1.122938000  0.512370000
C  -1.822367000 0935808000 0.965398000 | C  1.507107000 -0.611656000 -0.999666000
H  -1762512000 1666861000 1763980000 | H  1.338478000 -1.087296000 -1.956255000
TSSc-Sg TSEa-Se
C 1462211000 2177655000 0.081324000 | N 0.440608000 -0.826342000  0.239948000
C 2669157000 1587050000 -0.303255000 | C  1.569411000 -1.433890000 -0.196930000
C  -2.802525000 0180827000 -0453129000 | C  2.699753000 -0.657137000 -0.429265000
C  -1.721220000 -0.667539000 -0.215781000 | C  2.676984000 0.753164000 -0.219601000
H  -3.548330000 2205658000 -0.496498000 | C  1.544883000 1446718000 0.219573000
H 1427836000 3262641000 0184476000 | H  3.614134000 -1.137116000 -0.769447000
H  -3.758755000 -0.246550000 -0.748463000 | H 1566208000 -2.513747000 -0.347438000
H  -1.846899000 -1.748220000 -0.323195000 | H  3.598668000  1.302270000 -0.419004000
C 2111273000 1.667517000 -0.470835000 | H  1.607890000 2525049000 0.347251000
C 2684875000 0.504537000 -0.820520000 | B  0.372670000 0.548559000  0.437681000
H 2189441000 2.599545000 -1.015249000 | C  -2.524427000 0301065000 -0.897137000
H  3.312780000 0.168225000 -1.631478000 | C  -1.803774000 1244886000 -0.251233000
C 1512631000 0000315000 0.970439000 | C  -1.383333000 -0.998458000 0.674703000
H  1.277349000 -0.598041000 1.840187000 | H  -3.197467000 0.527005000 -1.716618000
O 2356283000 -0.511526000 0121088000 | H  -1793748000 2324382000 -0.307303000
C 1257770000 1.420086000 0.730359000 | H  -1.273803000 -1.602851000 1.566636000
H  1.371128000 2.076286000 1598431000 | O  -1.060705000 0.684974000 0.832314000
B -0.336497000 1205774000 0.299048000 | C  -2.400055000 -0.985104000 -0.230555000
N -0501909000 -0.200419000 0.146863000 | H  -3.113793000 -1.796450000 -0.310342000
TSs4-5 6a

N 1.600771000 -1.285177000 -0.000180000
C  -1.437220000 1.248003000 -0.069556000 |G 2861958000 -0.787290000  -0.000149000

C 3163758000 0579251000 0.000005000
C  -2435408000 0.369726000 -0.700985000

C 2129401000 1.546743000 0.000145000
C  -2.255506000 -0.919450000 -0.336299000

C 0781930000 1.168649000  0.000131000
C  -0.093534000 -1.139432000 0.392382000

H 4205387000 0.893900000 0.000018000
O  -0.932612000 0595053000 1.178778000

H  3.683741000 -1.508667000 -0.000253000
H  -1.716640000 2283524000  0.113415000

H 2404024000 2.603080000 0.000264000
H  -3.213050000 0.740227000 -1.362776000

H 0017463000 1.042681000 0.000241000
H  -2.000613000 -1.758838000 -0.575691000

B 0612711000 -0.311547000 -0.000042000
H  -0.924546000 -1.062559000 1.108880000

C  -1.077690000 -1.145007000 0.709201000
N 0.171099000 -0.770868000 -0.256227000

C  -1.872475000 -0.194398000 1.413080000
B 0079807000 0.736105000 -0.087940000

C 2611730000 0743227000 0.710687000
C  1.382466000 -1.427600000 -0.055714000

C 2611757000 0.743388000 -0.710415000
C 1441481000 1476675000 -0.157863000

C  -1.872527000 -0.194079000 -1.413048000
C 2555611000 -0.732808000 -0.076279000

C  -1.077716000 -1.144847000 -0.709412000
H  1.339376000 -2.509342000  0.056521000

H  -0601224000 -1.959260000 1.245635000
C 2583662000 0.721948000 -0.170141000

H  -1.885086000 -0.211683000 2.499943000
H 1539579000 2.560982000 -0.206598000

H  -3212727000 1473971000 1.247189000
H  3.487685000 -1.286048000 -0.000397000
H  3.564605000 1.195521000 -0.227440000 |~ -3:212773000  1.474253000 -1.246730000

H  -1.885179000 -0.211118000 -2.499914000

H  -0.601269000 -1.058978000 -1.246048000

6b 6¢c
N 0.672775000 -1.055103000 -0.000150000 | N 0.330024000 -0.620375000  0.000002000
C  1.928719000 -1.549450000 -0.000231000 | C 1478248000 -1.365996000 -0.000007000
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C 3.090055000 -0.757929000 -0.000136000 C 2.713427000 -0.746243000 -0.000034000
C 2.998943000 0.650249000 0.000058000 c 2.807262000 0.676111000 -0.000052000
c 1.749398000 1.291076000 0.000158000 c 1.680349000 1.491223000 -0.000044000
H 4.063620000 -1.243909000 -0.000212000 H 3.608343000 -1.361483000 -0.000041000
H 2.039033000 -2.638035000 -0.000382000 H 1.367726000 -2.449034000 0.000007000
H 3.920097000 1.235674000 0.000129000 H 3.805576000 1.116915000 -0.000073000
H 1.709416000 2.379940000 0.000307000 H 1.832183000 2.570350000 -0.000059000
B 0.616522000 0.326486000 0.000039000 B 0.326808000 0.819305000 -0.000015000
C -1.100592000 1.152136000 -0.709278000 C -1.794913000 0.656940000 -1.234001000
C -1.869560000 0.184687000 -1.413370000 C -1.733413000 -0.689973000 -1.230182000
C -2.575643000 -0.777618000 -0.709880000 C -1.022981000 -1.247851000 0.000031000
c -2.575623000 -0.777809000 0.709753000 c -1.733374000 -0.689945000 1.230253000
C -1.869518000 0.184307000 1.413480000 C -1.794874000 0.656968000 1.234042000
C -1.100571000 1.151945000 0.709625000 C -1.210381000 1.337890000 0.000004000
H -0.653348000 1.981166000 -1.249781000 H -2.196180000 1.243590000 -2.056958000
H -1.880458000 0.199592000 -2.500178000 H -2.108220000 -1.340708000 -2.014591000
H -3.149954000 -1.529661000 -1.245960000 H -0.930504000 -2.335938000 0.000042000
H -3.149918000 -1.529995000 1.245647000 H -2.108156000 -1.340661000 2.014689000
H -1.880385000 0.198921000  2.500292000 H -2.196115000 1.243638000 2.056998000
H -0.653312000 1.980831000 1.250337000 H -1.349177000 2.420429000 -0.000007000
6d TSeasb
N -0.606821000 -0.578985000 0.392292000 N 1.150008000 -0.566183000 1.347888000
C -1.589624000 -1.430531000 0.000013000 C 2.418268000 -1.057846000 1.198929000
(o -2.762000000 -0.846499000 -0.445247000 0 3.239313000 -0.764432000 0.109741000
C -2.918782000 0.577930000 -0.480946000 Cc 2.793773000 0.080409000 -0.936139000
C -1.935994000 1.483612000 -0.082185000 C 1.518167000 0.669554000 -0.933694000
H -3.578267000 -1.484638000 -0.772168000 H 4.235803000 -1.197252000 0.065091000
H -1.425702000 -2.505062000 0.045089000 H 2.790206000 -1.712155000 1.990006000
H -3.876975000 0.951970000 -0.846009000 H 3.468328000 0.271643000 -1.772381000
H -2.165771000 2.545814000 -0.151049000 H 1.189851000 1.297384000 -1.745286000
B -0.653760000 0.850774000 0.407190000 B 0.826867000 0.220868000 0.295095000
C 0.876369000 0.912075000 0.961577000 c -1.255993000 1.450805000 -0.074059000
C 0.769269000 -0.669289000 0.961776000 C -1.806681000 0.828155000 -1.240009000
C 1.742716000 -1.414641000 0.091378000 C -2.507999000 -0.371243000 -1.117932000
C 2.534436000 -0.760807000 -0.790399000 c -2.683875000 -0.968590000 0.143880000
C 2.557591000 0.705069000 -0.888311000 C -2.141152000 -0.379647000 1.284626000
C 1.834690000 1.477341000 -0.042538000 C -1.432844000 0.835820000 1.191801000
H 1.032951000 1.345420000 1.956670000 H -0.727080000 2.401570000 -0.153652000
H 0.727277000 -1.093817000 1.972453000 H -1.656923000 1.280347000 -2.217871000
H 1.788050000 -2.499452000  0.179550000 H -2.920188000 -0.849787000 -2.003338000
H 3.212253000 -1.329060000 -1.425724000 H -3.228107000 -1.906730000 0.225369000
H 3.209428000 1.165445000 -1.627622000 H -2.253213000 -0.857933000 2.254179000
H H

158

1.908108000 2.563546000 -0.101956000 -1.016532000 1.295245000 2.087756000
TSeb-sc TSeb-6d
N -0.462579000 -0.771000000 -0.001143000 N 0.905386000 -0.594568000 -0.567486000
C -1.626932000 -1.448740000 -0.000235000 C 2.059768000 -1.057391000 -0.020574000
C -2.852594000 -0.776790000 0.000204000 C 2.948541000 -0.204607000 0.628614000
C -2.886636000 0.640222000 0.000043000 C 2.656658000 1.179591000 0.788963000
C -1.716549000 1411171000 -0.000531000 C 1.458222000 1.739289000 0.344252000
H -3.776151000 -1.351493000 0.000544000 H 3.890649000 -0.604478000 0.998862000
H -1.594976000 -2.541096000 -0.000237000 H 2.299933000 -2.116060000 -0.141953000
H -3.863004000 1.129249000 0.000433000 H 3.396795000 1.798055000 1.300563000
H -1.807400000 2.497406000 -0.000360000 H 1.276821000 2.795486000 0.542710000
B -0.448577000 0.611842000 -0.000768000 B 0.547430000 0.775283000 -0.369149000
C 1.651174000 0.774447000 -1.233836000 C -1.043485000 0.843626000 -0.925354000
C 1.937361000 -0.569306000 -1.230889000 C -1.094759000 -0.627148000 -1.010120000
C 1.736212000 -1.270591000 -0.000904000 C -1.767578000 -1.366760000 0.005813000
C 1.937052000 -0.571062000 1.230287000 D -2.253759000 -0.723478000 1.126636000
G 1.651535000 0.772757000 1.235271000 C -2.144866000 0.692859000 1.290190000
C 1.176375000 1.377734000 0.001211000 (] -1.629101000 1.455253000 0.269582000
H 1.628773000 1.351736000 -2.155695000 H -1.125524000 1.397166000 -1.861745000
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Direct Spectroscopic Identification of BN-Arynes and Subtle

Steric Effects on Nitrogen Fixation**

Divanshu Gupta,” Constanze Keck,” Christina Tonshoff,” Virinder Bhagat,”

Raphael Strobel,”’ Manuel Eder,” Patrick Baylére,™ Stéphane Labat,™ Anna Chrostowska,

and Holger F. Bettinger*™

1,2-Azaborinines are the BN analogues of arynes through
exchange of the formal CC triple bond by an isoelectronic BN
bond. The BN-arynes are an underexplored class of reactive
intermediates. Dibenzolc,el[1,2]azaborinine (10,9-BN-phenan-
thryne) 1 was inferred as reactive intermediate by trapping
reactions. Here it is shown that 1 can be generated in the gas
phase by thermolysis from the pyridine adduct of 9-azido-9-
borafluorene by cleavage of the dative bond with pyridine and
dinitrogen extrusion. The ionization potential of 1 is 8.2 eV with
ionization resulting from the ® HOMO. Under cryogenic matrix
isolation conditions, 9-azido-9-borafluorene photolysis results in

Introduction

1,2-Dihydro-1,2-azaborinine, a heterocyclic system that is isos-
teric and isoelectronic to benzene, has received significant
attention during the last decade due to potential applications
in materials science, medicinal chemistry, and catalysis."* For
convenience, this BN analogue of benzene is often called “1,2-
azaborine” (Chemical Abstract Service nomenclature) or “1,2-
azaborinine” (I[UPAC nomenclature) in the literature. The “real”
1,2-azaborinine is isoelectronic with ortho-benzyne (1,2-didehy-
drobenzene) (see Scheme 1a).

Following an earlier computational investigation of its
structure and singlet-triplet energy gap,” it was observed for
the first time in 2015 by matrix isolation.”® 1,2-Azaborinine is a
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isomerization to the dinitrogen adduct of 1 without involve-
ment of a triplet borylnitrene intermediate. Photochemical
nitrogen extrusion from 1:N, is not possible and nitrogen
fixation is irreversible under cryogenic conditions. In contrast,
24,7 9-tetra-tert-butyldibenzolc,e][1,2]azaborinine can be pho-
togenerated from the corresponding azidoborole precursor
under cryogenic matrix isolation conditions, and nitrogen
fixation is precluded due to steric hindrance. The BN stretching
vibration at about 1750 cm™' is much weaker than in typical
linear diaryl iminoboranes.

superelectrophilic singlet ground state species that reacts with
N,, CO, CO,, and Xe at cryogenic temperatures.”®

In solution, the derivative dibenzo[c,e][1,2]azaborinine 1 can
be generated thermally or photochemically from 9-azido-9-
borafluorene 2 (see Scheme 1b).*" As a highly strained cyclic
iminoborane,”"™ it undergoes cyclocligomerization.”'” Ac-
cording to computations, the initial dimerization can proceed
without barrier on the potential energy surface™ In the
presence of triorganosilanes R,Si—-E (E=F, Cl, OSiR;, H),
dibenzolc,e][1,2]azaborinine can be trapped by insertion into
the Si—E bond."

Although the reported (self)trapping experiments clearly
support the involvement of the free
dibenzolc,ell1,2]lazaborinine 1 in these reactions, its direct
spectroscopic identification has not been reported yet. A major
problem is that 2, the only known precursor to 1, is a rather
sensitive compound. It is monomeric only in solution, while in
the solid state it is a cyclic trimer, which quickly decomposes.'™

On the other hand, the Lewis adduct with pyridine, 2-py,
enjoys significant stability."” We reasoned that 2-py could be a
good precursor for matrix isolation and gas phase studies of 1
as heating of 2:py under high vacuum conditions results in
sublimation of 2 and pyridine (see Scheme 2a). As reported
here, this allowed us for the first time to perform matrix
isolation and gas phase flash pyrolysis studies of 2 and gain
experimental spectroscopic signatures of the target compound
dibenzolc,e](1,2]azaborinine 1. Gas phase UV-photoelectron
spectroscopy (UV-PES) was employed to probe the energy
levels of the BN-aryne derivative and to reveal the impact of the
heteroatom substitution on the electronic structure in compar-
ison with the isosteric phenanthryne. Under matrix isolation
conditions, irreversible fixation of N, was observed (1:N,), while

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. a) Resonance forms of 1,2-azaborinine (2) and its analogy with ortho-benzyne. b) Generation of dibenzo[c,e][1,2]azaborinine 1 by photolysis of 9-

azido-9-boraflucrene 2 and its (self)trapping reactions.

its sterically congested derivative 5 that carries four tert-Bu
groups is unable to bind N, (Scheme 2b).

Results and Discussion

Matrix isolation of 5-azido-5H-dibenzo[b,d]borole 2. The solid
pyridine coordination complex of 2 with pyridine (2-py), was
sublimed at 105-115°C under the high vacuum conditions of
the matrix isolation apparatus and the gas phase species were
trapped in a large excess of argon or nitrogen gas at 30K or
28 K, respectively. The data discussed in the manuscript were
obtained in Ar, while the N, matrix results are available in the
Supporting Information. According to IR spectroscopy, free
pyridine is frozen in the matrices under these conditions based
on comparison with previously reported IR data of matrix
isolated pyridine (Figures 1 and 2)."*'" In addition, also small
amounts of HN; are trapped due to inevitable hydrolysis of the
azide."*™ More importantly, signals were observed that we
assign to azide 2 based on comparison with computed data
and experimental data reported previously (Figure 1)."”

In particular, the azide stretching mode is observed at
2136 cm ' (Figure 1, bottom), in very good agreement with its
value in dichloromethane solution, 2136 cm~'"® This shows

Chem. Eur. J. 2023, 29, 202302444 (2 of 10)

that the matrix isolated azide is indeed 2 and not its pyridine
adduct 2:py as the latter has its azide stretching frequency at
2176 cm ™. Besides the characteristic azide stretching mode,
the spectrum of 2 shows a strongly structured band around
1381 cm ' that is associated mainly with a stretching vibration
of the B-N bond, according to computed anharmonic vibra-
tional frequencies (B3LYP-D3(BJ)/6-311 +G(d,p)).

Photolysis of the matrix with the output of a high pressure
mercury lamp (A > 280 nm) results in decrease of the signals of
2 and concomitant growth of a new set of signals (see Figure 1,
center), among them a most characteristic band at 2259 cm !
corresponding to a N-N stretching vibration. On the other
hand, the signals of pyridine do not change in intensity (see
difference spectrum Figure 1, top). This excludes 2:-py as
photoactive precursor as well as pyridine adducts in product
formation. The strong band at 2259 cm™ is reminiscent of the
band observed for the 1,2-azaborinine-N, adduct at
2266 cm~',” which suggests the formation of the N, adduct of
1 (1-N,). The closely related borabenzene-N, adduct has its
strong N, stretching vibration at 2198 cm .2 The adduct 1-N,
has no strong absorption bands in the 800-2000 cm™' range
and a set of weak bands around 750 cm ' in agreement with
anharmonic computations (Figure 2).

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Photochemistry of 2 in an Ar matrix at 10 K. Bottom: IR spectrum obtained after sublimation of 2-py (105-115 °C); top: IR spectrum obtained after
subsequent photolysis (. > 280 nm, 10 min); center: difference spectrum between the two spectra where peaks pointing upwards increase and peaks pointing
downwards decrease upon irradiation. (@ denotes peaks of pyridine, & denotes peaks of HN,, m denotes H,;0).
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Figure 2. Comparison of experimental (Ar matrix at 10 K) and anharmonic computed (for ''B and "B isotopologues (81:19) at the B3LYP-D3(BJ)/6-311 + G(d,p)
level of theory) IR spectra of 2 and 1-N,. Bottom: anharmonic IR spectrum of 2; top: anharmonic IR spectrum of 1:N,; center: experimental IR difference
spectrum obtained after photolysis of 2 (A >280 nm, 10 min) at 10 K where peaks pointing upwards increase and peaks pointing downwards decrease upon

irradiation.

Note that we have no spectroscopic evidence for the
formation of the expected boryl nitrene 4 by IR spectroscopy.
The parent nitreno borole 4/, i.e. without dibenzo annulation,
was computed to have a triplet ground state.”” As triplet
species should be detectable even in low concentration by ESR
spectroscopy, we investigated the photolysis of 2 in methyl
cyclohexane solid solution at 4 K. No triplet signal was
observed, indicating that the triplet boryl nitrene does not form
in detectable amounts from 2. This observation is in agreement
with CASPT2 computations for the parent nitreno borole 4’ that
show that the lowest energy singlet state 'A, is a first-order
saddle point rather than a minimum, while the triplet state (A,
is a minimum lower in energy than the 'A, state.?” The nature
of the stationary points on the singlet and triplet surface and
their energetic order is similar to that parent boryl nitrene
H,BN.22* The concerted N, extrusion and rearrangement
under thermal conditions is well established for diorganyl
azidoboranes R,BN."" The lack of triplet nitrene formation
during photolysis of 2 suggests that this reaction proceeds on
the singlet potential energy surface (PES) by concerted
extrusion of N, and rearrangement to 1, similar to the formation
of 1 from 2 on the ground state PES.”

The high Lewis acidity of the boron center of 1 results in
trapping of the extruded N, molecule that cannot diffuse away
in the solid matrix. The photolysis of 2 thus triggers an
unprecedented isomerization of a boryl azide to the 1,2-
azaborinine-N, coordination complex 1:N,. This reaction is

Chem. Eur. J. 2023, 29, 202302444 (4 of 10)

exothermic by —25.7 kcalmol ' according to computations
(DLPNO-CCSD(T)/cc-pVTZ//B3LYP-D3(BJ)/6-311+ G(d,p)) (see
Figure 3).”’

Unfortunately, further irradiation of complex 1-N, at various
wavelengths does not allow extrusion of the N, molecule. This
contrasts the observations that we made previously for 1,2-
azaborinine-N, where photoextrusion at 4 K and N, capture at
slightly higher temperatures was established.” It is, however,
similar to the observation made by Maier etal. for the
borabenzene-N, adduct® The N, binding energy (DLPNO-
CCSD(T)/cc-pVTZ//B3LYP-D3(BJ)/6-311 4+ G(d,p)) of 1 is slightly
lower than that of 1,2-azaborinine (—5.0 kcal/mol for 1
compared to —5.9 kcal/mol for the parent 1,2-azaborinine (A(E
+ZPVE)). This suggests that the different behavior of 1-N,
during photolysis is not due to thermodynamics. Most likely,
the larger m system in 1:N, opens photophysical deactivation
channels.

Gas phase thermolysis of 5-azido-5H-dibenzo([b,d]borole
2and UV-PES data of BN-phenanthryne 1. The Lewis acidic 1
cannot bind the N, molecule at higher temperatures as
observed previously during solution phase thermolysis,” and
rationalized by the computed binding free energy
AG°(298.15 K) (Figure 3). It is thus reasonable to conclude that
the observation of free 1 should be achievable by gas phase
thermolysis of 2. We therefore employed flash vacuum
thermolysis (FVT) with UV-photoelectron spectroscopy (UV-PES)
as a detection method as it provides insight into the energies of
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Figure 3. Structures calculated at DLPNO-CCSD(T)/cc-pVTZ//B3LYP-D3(BJ)/6-311 4 G(d,p) level of theory and their corresponding zero-point vibrational
corrected energies (black values) and Gibbs free energies AG®°(298.15 K) (blue values) in kcal/mol. Nitrogen: blue, boron: yellow.

the occupied molecular orbitals of 1. This technique is
particularly well suited for the experimental determination of
gas phase vertical ionization energies (IE). The pyridine adduct
of 9-azido-9-borafluorene 2 -py was subjected to FVT conditions
at 155°C, and the UV-PE spectrum obtained is presented in
Figure 4. Combination with TD-DFT estimated |Es as described
in the literature®®*"! (Table 1) makes it possible to attribute the
UV-PE bands and to know not only the energy level of high
energy molecular orbitals (low values of ionization energy since
according to Koopmans' approximation |E= —g, where € means
calculated energy of i MO), but also their nature (o, m, lone pair,
etc.). Based on this data and the clearly visible N, band
(15.6 eV), the obtained spectrum can be reasonably associated
with the expected 1.

Thus, the lowest first ionization energy (IE,) of 82eV is
attributed to the highest occupied molecular orbital (HOMO),
which corresponds to the antibonding interaction of the B=N
bond and m system of aromatic rings. The second band at
8.5 eV (IE;) and the third one at 9.8 eV (IE,) are related to the

cls
\\ N:15.6
7500 ~ \ 1
[ \ N
| Wws \ |
| \/ \ |
| A [V
]
- |
\ A
5000 f /
|
|
|
|
2500 ~85 |
T T T T T T T 1
8 9 0 1 12 13 14 15gY 16

Figure 4. FVT-UV-PE spectrum of dibenzo[c,e][1,2]azaborinine 1 generated
from pyridine adduct of 9-azido-9-boraflucrene (2-py) at 155 °C. lonization
energy in eV with the estimated error +0.05 eV.

Chem. Eur. J. 2023, 29, 202302444 (5 of 10)

nitrogen contribution in the delocalized m-system, while the
fourth band at 10.0 eV (IE,) relates to the nitrogen lone pair in
the -plane. Two next bands at 10.2 eV (IE;) and 10.8 eV (IE,) are
attributed to a m-type antibonding orbitals extending over the
entire heterocycle.

The comparison between the four lowest experimental
ionization energies of 1 (Table 1) and that calculated at CAM-
B3LYP ASCF+TD-DFT for the PAH parent molecule, 9,10-
phenanthryne (Table S2 in Supporting Information), is pre-
sented in Figure 5. 9,10-Phenanthryne is known as reactive
intermediate since the 1960s and was detected by pyrolysis/
mass spectrometry,”**"! but experimental ionization energies
are not available.

The replacement of the CC by the BN bond follows the
general stabilization of all molecular orbitals vs that of the all-
carbon analogue. For the HOMO, this effect is very slight
(0.057 eV), but for the HOMO-2, which is the n-bond in the
molecular plane, the stabilization of 0619 eV is much more
important.

Tert-butyl dibenzo derivative of BN-phenanthryne. We
synthesized a sterically encumbered system 6 to investigate the
photochemical N, extrusion and the impact of the tert-butyl
groups on N, fixation by BN-aryne 5 (2,4,7,9-tetra-tert-
butyldibenzo[c,e][1,2]azaborinine) (Scheme 2b).

The synthesis of 6 started from the known 2,2-dibromobi-
phenyl derivative 7 that was lithiated as described previously
(Scheme 3).5? Treatment of the dilithio intermediate with boron
trichloride resulted in formation of the chloroborole 8. Its ''B
chemical shift of 64 ppm in CD,Cl, is essentially identical to that of
the unsubstituted 9-chloro-9-borafluorene.™ Reaction of 8 with
trimethylsilyl azide in dichloromethane at room temperature
overnight resulted in almost quantitative formation of azide 6.

Compound 6 (5-azido-2,4,6,8-tetra-tert-butyl-5H-
dibenzo[b,d]borole) was sublimed at 150°C with a large excess of
argon onto the Csl window kept at 30 K. The infrared spectrum
obtained after the deposition of 6 in argon shows some
contaminations that were largely photostable (see Figure S9). The
most distinguished peak at 2155 cm™' corresponds to the v(N;)
stretching vibration of 6 (see Figure 6 and Table S3). This value is
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Table 1. Comparison of DFT and experimental ionization energies (eV) for 1.
Nature of MO CAM-B3LYP CAM-B3LYP Corrected Corrected Exp.
—e ASCF +TD-DFT =&+ Xuser =%+ Xep
¥y5cr =0.539 Xop=0.851
7.313 7.864 7.864 8.2 8.2
HOMO a”
7.692 8358 8.243 8.579 8.5
9.076 9.526 9.627 9.963 9.8
9.4544 10.218 10.005 10.341 10.0
9.821 10.373 10372 10.708 10.2
a
10.537 10.817 11.081 11.424 10.8
2

shifted by 19 cm ™' to higher energy compared to the value in 2.

This indicates that the donation of electron density from the azido 2.

Chem. Eur. J. 2023, 29, 202302444 (6 of 10)

group into the boron vacant & orbital in 6 is reduced compared to
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Figure 5. Comparison between the four lowest experimental ionization energies (in V) of 10,9-BN-phenanthryne 1 (right) and CAM-B3LYP ASCF -+ TD-DFT

calculated values for 9,10-phenanthryne (left); all values are in eV.

7

Scheme 3. Synthesis of 6.

After successful deposition of 6, the matrix was irradiated at
4K with 260 nm < A <320 nm. The signals attributed to 6
decreased in intensity while new signals were observed,
especially a rather broad one with a maximum at 1751 cm ™.
These new peaks can be attributed to the BN-aryne 5 based on
comparison with the harmonic vibrational spectrum computed
at the B3LYP-D3(BJ)/6-311+G(d,p) level of theory (Figure 6).
The very intense band at 1751 cm™' is associated with v(''BN)

Chem. Eur. J. 2023, 29, 202302444 (7 of 10)

1. 2 eq. n-BuLi "
Br 2.BCl TMSN3
T . B-Cl — B—Nz
Br 86 %

stretching of the azaborinine ring, while its maximum for the
198 isotopologue is at 1793 cm ™.

Typically, linear diorganyl iminoboranes have their v(''BN)
stretching vibrations slightly above 2000 cm " In parent
iminoborane HBNH, on the other hand, the v(''BN) stretching
vibration was assigned to a band at 1786-1789 cm ' in argon
matrix®3% and 1786cm ™ in the gas phase”” The v(''BN)
stretching vibration of the parent 1,2-azaborinine is at
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Figure 6. Comparison of experimental (Ar matrix at 10 K) and harmonic computed (for ''B and '°B isotopologues (81:19) at the B3LYP-D3(BJ)/6-311 + G(d,p)
level of theory) IR spectra of 6 and 5. Bottom: harmonic IR spectrum of 6; top: harmonic IR spectrum of 5; center: experimental IR difference spectrum
obtained after photolysis of 6 (260 nm < A <320 nm) in Ar at 10 K where peaks pointing upwards increase and peaks pointing downwards decrease upon
irradiation,

1637/1634 cm ' The quite large shift of almost 100 cm ™' due Obviously, the presence of the tert-butyl groups has a
to dibenzo annulation (and four tert-Bu groups, that are  pronounced impact on the ability of the boron center to bind
expected to have less impact) indicates that the BN bond  dinitrogen: while photolysis of 2 results in isomerization to the
acquires more iminoborane character (Figure 7). This is reminis-  adduct 1-N,, photolysis of 6 gives the expected uncoordinated
cent of the increased double bond character of the 9,10-bond  BN-aryne 5. Annealing of the matrix up to 35 K did not lead to
in phenanthrene compared to benzene. any further changes in the IR spectrum, indicating that the

—— i
HBNH
v(BN) (exp.): 1786-1789 cm-!
v(BN) (computed) : 1836 cm'’

2 PhBNPh o

v(BN) (computed) : 2074 cm""

v(BN) (exp.): 1751 cm”!

1,2-azaborinine : 1
V(BN) (exp.): 1637/1634 cm* viBh) Eonmpiked): 11 om

v(BN) (computed): 1706 cm-!

Figure 7. Experimental and computed (B3LYP-D3(BJ)/6-311 + G(d,p)) BN vibration stretching energies and displacement vectors of different iminoboranes:
HBNH, PhBNPh, 1,2-azaborinine, and 5.
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Figure 8. Plot of the relative energy AE (in kcal mol™) as a function of the B-
N, distance for a) 1,2-azaborinine, b) 10,9-BN-phenanthryne 1, and c) 2,4,7,9-
tetra-tert-butyldibenzolc,e][1,2]azaborinine 5, respectively, at the B3LYP-
D3(BJ)/6-311+G(d,p) level of theory. Hydrogen atoms omitted for clarity, all
bond lengths in A and angles in degree.

formation of adduct 5-N, is prevented by a barrier on the
potential energy surface. This is confirmed by a scan of the
potential energy surface varying the B-N, distances at the
B3LYP-D3(BJ)/6-311 +G(d,p) level of theory (Figure 8).

The emergence of an energy barrier of 5.5 kcalmol ™ in the
case of 5 can be explained by the deformation of the CCC angle
of a tert-butyl group (Figure 8). During N, adduct formation, the
angle increases from 119.0° to 122.1°. The steric hindrance due
to the tert-butyl groups also explains that formation of the
Lewis acid-base adduct 5-N, is endothermic compared to the
van der Waals minimum between 5 and N, which has a
nitrogen-boron distance of 3.230 A.

Chem. Eur. J. 2023, 29, 202302444 (9 of 10)

Conclusions

The combined experimental and computational investigation of

the synthesis, photogeneration, matrix isolation, and UV-PES of

BN-arynes of the dibenzo[c,e][1,2]azaborinine type (BN-phenan-

thrynes) reveals a number of quite interesting results:

1. The 9-azido-9-borafluorene 2 can be investigated by matrix
isolation despite its pronounced instability by using its
pyridine adduct 2-py as precursor for sublimation.

2. The azide 2 undergoes an unprecedented photoinduced
isomerization to the dibenzolc,ell1,2]azaborinine-N, Lewis
acid-base adduct 1-N,. This novel structural isomer of a
boryl azide results from the pronounced Lewis acidity of the
boron center of the 1,2-azaborinine derivative 1 and the
close proximity of the photoextructed N, within the matrix
cage.

3. In contrast to parent 1,2-azaborinine-N,-adduct, 1-N, cannot
be photoconverted to free 1. As this is not due to an
increased boron-N, interaction energy, a photophysical
effect is more likely.

4. The triplet boryl nitrene 4 cannot be detected by ESR
spectroscopy, suggesting that the ring enlargement from 2
to 1-N, does most likely not proceed through the free boryl
nitrene 4, but by a concerted mechanism.

5. Gas phase flash vacuum thermolysis of 2-py generates 1, N,,
and pyridine as gas phase species as evidenced by UV-PES.
The first ionization potential of 1 is 8.2 eV and is associated
with ionization from the £ HOMO.

6. The introduction of tert-Bu groups at positions 2,4,7,9
reduces the Lewis acidity of the boron center of the BN-
aryne 5 sufficiently to preclude N, fixation due to steric
hindrance as revealed by computations. This suggests that
the high reactivity of BN-arynes is attenuated by kinetically
protecting groups, which may open the way to a further
investigations of BN-aryne reactivity.
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I. Experimental Details

General Synthetic Procedures. All experiments were performed under anhydrous conditions
using argon as protective gas. All NMR spectra were referenced to residual solvent signals ('H,
BC) and externally (''B: BF3*OEt2). All commercially available compounds and dry solvents
were purchased. NMR spectra were recorded on Bruker AVIII HDX+600 spectrometers. For
EI-MS measurements an MSD 5977 Agilent MSD spectrometer was used. Compound 2+py,!"!
9-chloro-9-borafluorene,!'!  and  2,2’-dibromo-3,3",5 ,5’-tetra—tert-butylbiphenyl[2] were

synthesized as reported previously

Matrix Isolation Experiments.

The precursors were sublimed from a glass flask at room temperature and condensed onto a
cold CsI window (for IR) with a large excess of argon 6.0 (Westfalen AG, 99.9999 %) and
dinitrogen 6.0 (Westfalen AG, 99.9999 %) or mixtures of these gases were dosed to 2.0 sccm
by a mass flow controller (MKS mass flow PR400B). The deposition temperature was 30 K or
28 K for argon or nitrogen respectively. A Sumitomo SH-1 closed-cycle helium cryostat was
used to obtain the temperature as low as 4 K.*) An oven (BUCHI GKR-51) was used for the
sublimation of the compounds 2+py and 6. The infrared spectra in the range 400-4000 cm!
were measured using a Bruker Vertex 70 FTIR spectrometer with a standard resolution of 0.5
em L. For inducing photochemistry in the deposited matrix, an Osram HBO-500-W/2 high
pressure mercury lamp in an Oriel housing with quartz optics, dichroic mirror (280 — 400 nm)
and (260 - 320 nm) and a Schott cutoff filter (305 nm) was used. Photolysis were performed at

4K

Computational Methods. The structures of stationary points were optimized using the
B3LYP!* 3 functional as implemented!® in Gaussian 16" along with Grimme’s®! London

dispersion correction with Becke-Johnson damping B3LYP-D3(BJ)” %! in conjunction with
-S1-
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the 6-311+G(d,p) basis set."!) Harmonic vibrational frequencies were computed to identify
minima and transition states and to obtain Gibbs energies using the standard approximations.
Single point computations based on the B3LYP-D3(BJ)/6-311+G(d,p) geometries were
performed using domain based local pair natural orbital (DLPNO) coupled cluster theory with
single, double, and a perturbative estimate of triple excitation (DLPNO-CCSD(T))l'>!) as
implemented in ORCA 5.01' ') in conjunction with Dunning’s!'® ') correlation consistent
triple-C basis set. For the interpretation of UV-PES data, compound 1 and phenanthryne was
optimized at the CAM-B3LYP/6-311G(d,p) level of theory and the same geometry was
considered to calculate the single point energy of their respective cations for the calculation of
vertical ionization energies (IEn) as described in the literature before.”” 2!l The CAM-
B3LYP/6-311G(d,p) geometries of 1 were also employed for computation of the lowest energy
singlet and triplet electronically excited states using time-dependent DFT (TD-CAMB3LYP/6-

311G(d,p)).1?%

I1. Syntheses

Synthesis of S-chloro-2,4,6,8-tetra-fert-butyl-SH-dibenzo[b,d]borole (8)
2,2’-Dibromo-3,3°,5,5 -tetra-fert-butylbiphenyl (200 mg, 373 mmol) was dissolved in diethyl
ether (5 mL) and cooled to 0 °C. n-Butyllithium (2.5 M in hexane, 0.29 mL, 746 mmol) was
added. After stirring at 0 °C for 15 minutes, the solution was stirred at room temperature. The
solution turned yellow. After 3 hours of stirring, the solvent was removed and the residue was
suspended in pentane (5 mL). The suspension was cooled to 0 °C and boron trichloride (1 M in
hexane, 0.37 mL, 0.37 mmol) was added. The suspension turned yellow immediately and was
stirred for 15 minutes at 0 °C and for an additional 5 minutes at room temperature. The solvent
was removed and the product was extracted with pentane. The product remained as a bright
yellow crystalline compound (136 mg, 86 %).

TH NMR: 700 Mz, CD>Cl: 1.34 (s, 18H), 1.50 (s, 18H), 7.24 (d, 2H), 7.29 (d, 2H).
—-S2—
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HB{'H} NMR: 128 MHz, CD:Cl2: 63.7.
BC{IH} NMR: 176 MHz, CD2Cl>: 31.1,32.3,35.7,36.8, 114.5,123.8, 152.6, 158.1, 158.8

HRMS m/z: calc. 422.291 Da, found 422.286 Da.

Synthesis of 5-azido-2,4,6,8-tetra-fert-butyl-SH-dibenzo[b,d]borole (6)
5-Chloro-2.4,6,8-tetra-tert-butyl-SH-dibenzo[b,d]borole (20 mg, 0.047 mmol) was dissolved in
dichloromethane (1 mL). Trimethylsilyl azide (6.2 pL, 0.047 mmol) was added, the solution
was shaken and left standing overnight. The next morning, the solution was dried and the
remaining solid was directly used for experiments.

'H NMR: 400 MHz, CD2Clz: 1.36 (s, 18H), 1.47 (s, 18H), 7.24 (d, 2H), 7.35-7.36 (d, 2H).
UB{IH} NMR: 128 MHz, CD:Cl: 50.6.

BC{!H} NMR: 176 MHz, CD2Cl»: 31.2,32.0,35.6,36.7, 114.5, 1234, 151.9, 156.6, 157.6

HRMS m/z: calc. 429.331 Da, found 429.328 Da.
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I11. NMR Spectra
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Figure S1. 'H NMR spectrum (700 MHz) of S5-chloro-2.4,6 8-tetra-fert-butyl-5H-

dibenzo[b,d]borole 8 in CD,Cls.
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Figure S2. '"B{!*C} NMR spectrum (128 MHz) of 5-chloro-2.4,6,8-tetra-tert-butyl-5H-

dibenzo[b,d]borole 8 in CD,ClL.
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Figure S3. *C{'H! NMR spectrum (176 MHz) of 5-chloro-2.4,68-tetra-teri-butyl-5H-

dibenzo[b,d]borole 8 in CD:Cls.
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Figure S4. 'H NMR spectrum (400 MHz) of 5-azido-2.4,68-tetra-tert-butyl-5H-

dibenzo[b,d]borole 6 in CD:Cla.
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Figure S5. "'B{"*C} NMR spectrum (128 MHz) of 5-azido-24,6 8-tetra-tert-butyl-5H-
dibenzo[b.d]borole 6 in CD:Cl..
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Figure S6. “C{'H} NMR spectrum (176 MHz) of 5-azido-2.4,68-tetra-teri-butyl-5H-

dibenzo[b,d]borole 6 in CD:Cl.
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IV. Matrix Isolation Data

At

T T
2500 2000 1500 1000 500
Wavenumber cm '

Figure S7. Photochemistry of 2 in an N> matrix at 10 K. Bottom: IR spectrum obtained after
sublimation of 2:py (105-115 °C). Top: IR spectrum obtained after subsequent photolysis
(A>280 nm, 10 min). Center: Difference spectrum of top and bottom, peaks pointing upwards
increase upon irradiation, peaks pointing downwards decrease. (® denotes peaks of pyridine,

A denotes peaks of HN3, m denotes H,0)
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Figure S8. Photochemistry of 2 in an N> matrix at 10 K. Bottom: anharmonic IR spectrum for

B and '“B isotopologues (81:19) of 2 computed at B3LYP-D3(BJ)/6-311+G(d,p) level of

theory. Center: IR difference spectrum obtained after photolysis of 2 (A > 280 nm, 10 min) in

N: at 10 K. Top: anharmonic TR spectrum for B and '°B isotopologues (81:19) of 1:Na2

computed at B3LYP-D3(BJ)/6-311+G(d,p) level of theory.

—S8—

178



Publication 11
Supporting Information

The deposition of 5-azido-2,4,6,8-tetra-fert-butyl-SH-dibenzo[b,d]borole 6 was performed at
150 °C. Besides azide 6, trimethylsilyl chloride and trimethylsilyl azide left over from the
synthesis were deposited (see Figure S9). In addition, inevitable traces of H2O and hydrazoic
acid from hydrolysis of 6 were isolated. Four additional bands in the spectrum are tentatively
assigned to 2.4,6,8-tetra-tert-butyl-5H-dibenzo[b,d]borol-5-ol based on the expected product of

hydrolysis of 6 and the computed vibrational spectrum of the hydroxyl borole.
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Figure S9. Top: harmonic IR spectrum of 6 computed at the B3LYP-D3(BJ)/6-311+G(d,p)
level of theory. Bottom: IR spectrum obtained after deposition of 6 in argon at 28 K. The
spectrum also shows: trimethylsilyl chloride (%), trimethylsilyl azide (), hydrazoic acid (®),

H>0 (@), and tentatively 2.4,6,8-tetra-tert-butyl-5H-dibenzo[b,d]borol-5-0l (4).

—SO—

179



Publication 11
Supporting Information

Table S1. Experimental and calculated harmonic and anharmonic vibrational frequencies

(fundamentals, in cm ') of azidoborafluorene 2.

Experimental Computational
_ P (B3LYP-D3(BJ)/6-311+G(d,p))
< ¥
g Zo Ar N2 Assignments
‘£ 7y | matrix, | matrix, Harmonic Anharmonic en
88 | 10K* 10K"
> 2 | vem") | viem?) | v(em?) | viem!) | I
1 3190 2 3057 6 v (C-H)
2 3189 5 3056 6 v (C-H)
3 3179 4 3068 8 v (C-H)
9 2136 2142 | 2263 (!'B) | 1009 | 2204 95 v (N-N)
2264 (1°B) | 100"
10 1613 1611 1649 12 1611 11 v (C-B, C-C)
i) 1599 1600 1631 4 1593 4 v (C-B, C-C)
1566 or
12 oS 1616 1 1575 2 v (C-C), 8 (B-C)
14 1478 1477 1503 14 1468 g | VBN %')C)’ (G-
16 | 1450 | 1450 1478 4 | st | g | VEBG %CL 3(C-
17 1441 1442 1467 6 1439 12 |V (C'C)=6$‘C) BiG
1374
18 (113{;1) and | 1430("B)| 87 | 1301 |100°| VBN T{'NL 8(C-
1378 )
1398 " 1406 .
('B) 1394 | 1447 (1°B) (%B) 100
19 ligig’r 1347 1382 5 1351 6 v (C;:()é F;{()B'C)
20 1299 1323 4 1298 | 26 3 (C-C) 8 (C-H)
21 1297 1297 1318 6 1285 0.2 v (C;:()(’: BH()B'C)
1198 or v (C-C, B-N, N-N) &
23 1199 1247 6 1223 2 i
1207 (C-B), & (C-H)
v (C-C, B-N, N-N) &
24 1181 1198 1327 5 1208 2 (C-B). 5 (C-11)
v (B-C), 8 (C-C),
25 1170 1172 1196 5 1177 3
3 (C-H)
29 1095 1095 1115 3 1096 6 % (B'acgéég'c)’
10050r | 1005 or 8 (B-N, N-N), & (C-
321 10150 | 1016 sl |8 | MRS C), 5 (C-H)
-S10—
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880 or 880 or
34 891 890 900 (''B) | 8 889 7 |9 (BE:N’?'E”I’{S (e
(''B) (''B) ), 0 (C-H)
907 907
(IOB) (IOB) 919 (mB)
y (C_Bs B'N)a Y (C_
53 769 772 786 3 773 0.5
C), v (C-H)
54 750 7 731 22 y (C-C, C-H)
53 736 737 749 6 730 5 y (C-C, C-H)
37 651 651 665 2 658 g | O(NN, 1(\;3)’ 3(C-
56 (?31;’) 619 | 634y | 4 | e | 7 | O(NB lé;C), B.(C-
(?031;’) 633 648 (\°B)

4 The bands at 602, 701, 747,991, 1032, 1073, 1148, 1219, 1441, 1483, 1579, and 1583 cm
I are assigned to pyridine!*!, the bands at 1146 and at 2137 cm' (the later one coinciding

with the azide band of the azidoborafluorene) are assigned to HNj/®!

P The bands at 602, 703, 744, 991, 1032, 1148, 1218, 1441, 1484, 1578 and 1582 are assigned

to pyridine, the bands at 1168 and at 2149 cm™ are assigned to HN3

¢ Intensity relative to the strongest band ¢ Computed absolute intensity: 762 km mol™!
¢ Computed absolute intensity 397 km mol™ f Computed absolute intensity:753 km mol’!

¢ Computed absolute intensity: 152 km mol™!.
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Table S2. Experimental and calculated harmonic and anharmonic vibrational frequencies

(fundamentals, in cm ! ) of azidoborafluorene 1-N2

Experimental Computational
_ (B3LYP-D3(BJ)/6-311+G(d,p))
g s Ar N2 e
'% % matrix, matrix, Harmonic Anharmonic BERED
S 8| 10K* 10K"
> 2 yem) | viem") |viem) | F |vem)| P
1 3208 3 | 308 | 10 v (C-H)
2 3196 ) 3085 5 v (C-H)
4 3185 g 3063 1 v (C-H)
5 3178 2 | 3050 | 04 v (C-H)
2283,
2278
9 | 2259 |(shoulder) | 2306 |100°| 2277 | 100° v (N-N)
2306 2277 100°
(°B) [100*| ("B)
14 1529 | 3 1500 1 v(Nring-B, B-C, C-C),
&(C-H, C-C)
1545 1515 4
(IOB) 5 (XOB)
16 1477 2 1440 4 O(C-H, C-C), v(C-C)
17 1454 | 3 1427 9 | v(Nring-B, C-C), 8(C-H,
C-O)
18 1425 4 1396 4 | v(Niing-B, B-C), 8(C-H,
)
23 1271 1 1249 1 d(,N-B-C, C-H, C-C),
v(N-C)
33 897 2 876 4 8(B-N-C, N-B-N,C-C)
34 842 3 822 7 | &(C-B-N, C-C), v (B-N)
53 761 763 778 4 753 | 22 y(C-H, C-C)
54 758 4 745 38 v(C-H, C-C)
55 742 5 704 14 y(C-H, C-O)
35 745 749 740 3 723 18 O(N-B-C, C-C)
753
36 727 727 698 1 685 8 O(N-B-C, C-C)

* Intensity relative to the strongest band ® Computed absolute intensity: 980 km mol™ ©
Computed absolute intensity 163 km mol™ ¢ Computed absolute intensity: 976 km mol™ ¢
Computed absolute intensity: 621 km mol™!
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Table S3. Absolute energies, zero-point corrected energies, enthalpies and free energies

computed at B3LYP-D3(BJ)/6-311+G(d,p) level of theory at 298.15 K and at 373.15 K (values

for 373.15 K in italics)

AE E+ZPVE | A(E+ZPVE AH AG
E(aw) ( ) H(au.) G(aun)
(kcal/mol) (a.u.) (kcal/mol) (kcal/mol) (kcal/mol)
-899 5513 0.0 -899.5332 0.0 -899 5990 0.0
Zopy | -899.8203 B0 -899,5515 0.0 -899.5241 0.0 -899.6169 0.0
8995201 19.57 8995021 | 1952 | -899.5855 845
2tpy | -899.7864 | 2128 | o5 So0r 19.60 -890.493] | 1943 | -899.6075 |  5.86

Table S4. Absolute energies, zero-point corrected energies, enthalpies and free energies

computed at B3LYP-D3(BJ)/6-311+G(d,p) and DLPNO-CCSD(T)/cc-pVTZ/B3LYP-

D3(BJ)/6-311+G(d,p) (bold) level of theory at 298.15 K

AE E+ZPVE | A(E+ZPVE AH AG
Efpar) (kcal/mol) (aun) ((kcalfmol)) Hieet) (kcal/mol) G@u) (keal/mol)

2 -651.4180 0.0 -651.2402 0.0 -651.2274 0.0 651.2789 0.0

-650.0022 0.0 -649.8244 0.0 -649.8116 0.0 -649.8631 0.0

TS -651.3585 3731 -651.1854 34.34 -651.1718 34.90 -651.2258 3330
2 1Nz | -649.9449 35.94 -649.7718 3297 -649.7582 3354 -649.8122 31.94
1Nz | -651.4560 -23.86 -651.2788 -24.21 -651.2660 -24.24 -651.3170 -23.94
-650.0425 22532 -649.8653 -25.66 -649.8526 -25.69 -649.9036 -25.39

1+N2 | -651.4395 -13.49 -651.2657 -16.03 -651.2519 -15.38 -651.3192 -25.30
-650.0311 -18.11 -649.8573 -20.65 -649.8435 -19.98 -649.9108 -29.92

Table S5. Zero-point corrected energies, enthalpies and free energies computed at B3LYP-

D3(BJ)/6-311+G(d,p) ) and DLPNO-CCSD(T)/cc-pVTZ//B3LYP-D3(BI)/6-311+G(d,p)

(bold) level of theory at 298.15 K.

AE E+ZPVE | A(E+ZPVE) AH AG
E (au. H(au. G (au.
@) | kealimol) | (au) | (keal/mol) @) keatmol) | @™ | (keal/mol)
1 -651.2788 0.0 -651.2660 0.0 -651.3170 0.0
N2 -649.8653 0.0 -649.8526 0.0 -649.9036 0.0
1 -651.2657 8.18 -651.2519 8.86 -651.3192 -1.36
+N; -649.8573 5.01 -649.8435 5.71 -649.9108 -4.53
1,2-
- -343.9761 0.0 -343.9687 0.0 -344.0069 0.0
L -343.2528 0.0 -343.2454 0.0 -343.2836 0.0
inine*N2
1,2-
Agsliors -343.9611 9.42 -343.9524 1023 -344.0069 0.00
o -343.2435 5.86 -343.2347 6.67 -343.2893 3.57
inine+N2
-S13-

183



Publication 11
Supporting Information

Table S6. Infrared spectroscopic data of experimental and computed (harmonic B3LYP-
D3(BJ)/6-311+G(d,p)) vibrational frequencies of 6 (5-azido-2,4,6,8-tetra-tert-butyl-5H-

dibenzo[b,d]borole), and relative intensity in argon matrix.

Vibration | Experimental | Computational
al Mode o i Tentative Assignment
No.* |vem) | I | v(m) r
204 3015 | 003 | 3150 | 0.05 v(asym. CH str.) (tert-butyl)
195 2974 | 0.76 3094 0.12 v (asym, CH str.) (tert-butyl)
191 2962 | 043 | 3091 | 0.08 v (asym. CH str.) (tert-butyl)
184 2944 | 0.07 3080 0.01 v (asym. CH str.) (tert-butyl)
179 2911 0.17 3030 0.05 v (sym. CH str.) (tert-butyl)
173 2876 | 0.16 3023 0.04 v (sym. CH str.) (tert-butyl)
170 2155 1 2284 1 v (N3 asym. str.)
169/168 1166{(])?)/ 0.24 11661%/ 0.12 v (sym. ring str.)
167 1547 | 025 1582 0.19 v (ring str.)
164 1483 | 0.25 1539 0.09 v (CH scissor) (tert-butyl)
163 1462 | 0.02 1525 0.29 v (BN str.) + v (CH rock) (tert-butyl)
158 1444 | 0.23 1512 0.05 v (CH bend) (ring) + v (CH scissor) (tert-butyl)
149 1435 0.2 1495 0.04 v (CH scissor) (tert-butyl)
138 1418 | 0.11 1448 0.02 Vv (sym. ring str.)
131 1400 0.01 v (out of plane CH wag.) (tert-butyl)
129 1398 0.01 v (CH wag.) (tert-butyl)
126 1395 | 0.01 v (CH wag.) (tert-butyl)
121 1271 | 0.43 1294 0.05 v (ring str.) + v (CH bend)
118 1248 | 024 | 1271 | 0.08 | v (sym.CH bend) (ring) + v (CH twist) (tert-butyl)
117 1233 | 0.18 | 1260 | 0.03 v (CH bend) (ring) + v (CH twist) (tert-butyl)
116 1205 | 0.05 1234 0.01 v (CH twist) (tert-butyl)
114['B] | 1197 | 0.02 1228 0.02 v (ring breathing) + v (CH twist) (tert-butyl)
108 1190 | 0.13 1217 0.08 v (BN str.) + v (ring str.)
107 1174 | 0.06 1202 0.01 v (CC str) (lerl-buglzl:}-li\lflgiH bend) + I(ring
105["B] | 1123 | 0.07 1153 0.01 v (BN str.) + v (ring breathing)
105 1116 | 0.27 1146 0.08 v (BN str.) + v (ring breathing)
104 1110 | 036 | 1135 | 011 | YEBCstt)+ "( g}‘?%v E;e)at(kt’;‘tgﬁt;l)(CH bend) +v
103[B] | 1094 | 0.03 1119 0.01 v (BC str.) + v (ring breathing) + v (CH bend)
103 1091 | 0.09 | 1113 | 0.05 v (BC sir.) + v (ring breathing) + v (CH bend)
94[°B] | 1001 | 0.05 | 1026 | 0.01 v (BN str.) + v (ring breathing)
94 088 0.12 1014 0.05 v (BN str.) + v (ring breathing)
88 934 0.05 947 0.01 v (CH wag.) (tert-butyl)
82 926 0.10 933 0.01 v (CH wag.) (tert-butyl)
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79 908 0.04 919 0.01 v (ring breathing) + v (CH wag.) (tert-butyl)
75 876 0.08 898 0.02 v (ring deformation)

74 ['B] 846 0.08 855 0.02 | v (sym. CH bend) (C6 ring) + v (CH rock) (tert-butyl)
74 833 0.05 843 0.05 | v (sym. CH bend) (C6 ring) + v (CH rock) (tert-butyl)
73 825 0.16 835 0.04 v (CH rock) (tert-butyl)

68 745 0.13 754 0.03 v (ring breathing) + v (CH str.) (tert-butyl)
67 696 0.001 v (ring str.) + v (CH str.) (tert-butyl)
65 682 0.01 v (ring breathing ) + v (CH wag.) (tert-butyl)

* the numbering of the vibrational modes is according to calculated spectrum. ® Intensity relative to the strongest

band.

Table S7. Infrared spectroscopic data of experimental and computed (harmonic B3LYP-

D3(BJ)/6-311+G(d,p))

vibrational

frequencies of 5 (2,4,7 9-tetra-tert-

butyldibenzo[c,e][1,2]azaborinine), and relative intensity in argon matrix.

185

Vibration |  Experimental Computational
al Mode " & Tentative Assignment
No. ® V(cm') P vV (cm) I
164['°B] 1793 0.17 1848 0.24 v (BN str.)
164 1751 1 1796 1 v (BN str.)
162 1633 0.14 v (CC ring str.) + v (CH bend)
160 1566 0.13 v (CC ring str.) + v (CH bend)
156 1522 0.07 1524 0.08 v (CH scissor) (tert-butyl)
152 1507 0.09 1510 0.12 v (CH scissor) (tert-butyl)
139 1486 0.10 v (CH scissor) (tert-butyl)
v (asym. CH bend) (C6-ring) +
133 1403 0.18 1436 0.16 v (CH wag) (tert-butyl)
v (sym. CH bend) (C6-ring) +
128 1383 0.08 1413 0.09 v (CE'wag) (test-butyl)
124 1398 0.03 v (CH wag) (tert-butyl)
120 1389 0.03 v (CH wag) (tert-butyl)
119 1333 | 006 | 1339 | 0.07 v (CC str.) (C6 + tert-butyl)
118 1321 0.03 1321 0.02 v (CC ring str.) + v (CH bend) (C6 ring)
117 1285 | 0.09 | 1308 | 0.08 v (CH bend) (Cé-ring)
CH bend) (C6-ring) +
115 1294 | 0.02 v(
v (CH wag) (tert-butyl)
v (sym. CH bend) (C6-ring) +
114 1278 0.04
v (CH wag) (tert-butyl)
v (CH bend) (C6-ring) +
113 1252 - 1270 0.20
v (CH wag) (tert-butyl)
110 1237 0.04 v (asym. CH bend) (C6-ring) + v (CH wag) (tert-
) butyl)
104 1224 0.01 v (CH twist) (tert-butyl)
v (CC ring str.) + v (CH bend) (C6-ring) +
M2 113 B8 v (CH wag) (tert-butyl)
-S15-
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102 1201 0.05 v (ring str.) + v (CH twist) (tert-butyl)
100 1132 0.04 1160 0.03 v (ring breathing) + v (CH bend) (C6-ring)
98 1111 0.10 v (ring str.) + v (CH twist) (tert-butyl)

85 950 0.02 v (CH wag) (tert-butyl)

83 941 0.01 v (CH twist) (tert-butyl)

80 934 0.03 v (CH wag) (tert-butyl)

79 933 0.01 v (CH twist) (tert-butyl)

75 918 0.02 v (ring breathing) + v (CH twist) (tert-butyl)
72 899 0.05 v (out of plane CH bend) (C6-ring)

70 840 0.03 v (CBNC str)) + v (ring breathing)

69 835 0.02 v (CH out of plane wag) (tert-butyl)

64 740 0.03 752 0.04 v (CC ring str.) + v (sym. CH str.) (tert-butyl)

* the numbering of the vibrational modes is according to calculated spectrum. ® Intensity relative to the strongest

band.

Table S8. Computational results and cartesian coordinates for the UV-PES data of 1 for neutral

and cation ground state at CAM-B3LYP/6-311+G(d,p) level of theory.

CAM-B3LYP/6-311+G(d,p)
C -1.53412 3.081534 0
C -2.15696 1.86223 0
c -1.41464 0.664176 0
N— C 0.000000 0.709658 0
C 0.610611 1.982543 0
/ C -0.13314 3.135411 0
C -2.08279 -0.598894 0
C 0.745997 -0.53539 0
C 0.030552 -1.764254 0
SCF Energy: -541.5025393720000 au C '%39633 -1 -7f1747 0
Dipole moment (Debye): C 2.96104 -1.696152 0
x: 12562 C 2.175231 -0.556329 0
y: 12284 H -3.16723 -0.604518 0
7+ 0.0000 H -2.1144 3.995986 0
Norm= 1.7570 H -3.23949 1.799094 0
H 1.688407 2.068952 0
HOMO = -7313 eV H 0.368935 4.095598 0
LUMO = -0.393 oV H -1.89357 -2.72295 0
Gap (HOMO-LUMO) = 6.920 ¢V H 4.037132 -1.648034 0
H 2.694289 0.394764 0
B 1.977824 -2.762655 0
N 0.70061 -2.957476 0
MOs and their respective energies
MO No. au eV
LUMO+4 (51) 0.07259 1.9753
LUMO+3 (50) 0.0466 1.2681
LUMO+2 49 -0.00149 -0.0405
LUMO+1 (48) -0.00693 -0.1886
LUMO 7 -0.00732 -0.1992
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HOMO (46) -0.27008 -7.3493
HOMO-1 45) -0.28802 -7.8374
HOMO-2 (44) -0.33299 -9.0611
HOMO-3 (43) -0.34849 -9.4829
HOMO-4 (42) -0.35513 -9.6636
HOMO-5 “n -0.39398 -10.7207
HOMO-6 (40) -0.41003 -11.1575
HOMO-7 (39) -0.42107 -11.4579
HOMO-8 (38) -0.42721 -11.625
HOMO-9 37 -0.44433 -12.0908
HOMO-10 (36) -0.44586 -12.1325
HOMO-11 (35) -0.48792 -13.277
HOMO-12 (34) -0.49229 -13.3959
HOMO-13 (33) -0.49536 -13.4794
HOMO-14 (32) -0.50748 -13.8092
HOMO-15 3D -0.51564 -14.0313
Gap (au ; ¢V ; nm) 0.26276; 7.1501; 173.40

Electrostatic potential map (from —12.55 (red) to +12.55 (blue) kcal/mol) plotted on the 0.001
electron.bohr isodensity surface.

Cation, ground state, CAM-B3LYP/6-311G(d,p)
SCF Energy of cation: -541.2135571049 au
First IE Delta-SCF: 7.864 eV

Table S9. Computational results and cartesian coordinates for the UV-PES data of

phenanthryne for neutral and cation ground state at CAM-B3LYP/6-311+G(d,p) level of

theory.
CAM-B3LYP/6-3111G(d,p)
_ ¢ -0.73738  0.27336 0.000008
C 1148669 0.950155 -3.5E-05
C 288369 0.946466 -2.SE-05
g 356922 -0.24593  0.00003
C 1286372 -1.45106 0.000075
SCF Energy: -538.010433489 au - -Lageal. -Laglod 0.000063
Dipole moment (Debye): C 0737415 -0.2733 0.000002
X = 023231 C 1486664 0.950101  -5.6E-05
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y =-1.3960;

z=0.000

Norm=1.917

HOMO =-7.5686 €V;
LUMO =-0.63485 eV
Gap(HOMO-LUMO) = 6.934 eV

OODODIZTZTOOQT DI T

-3.40936
-4.65227
-3.40314
-0.98118
3.569308
1.486515
2.863867

4.65236
0.981367
3.403437
2.883689

3.40928
-0.60806
0.607524

1.892526
-0.25098
-2.39039
-2.41793

-0.2457

-1.4616
-1.45092
-0.25069

-2.4179
-2.39017
0.946641
1.892728
2.063066
2.062525

-6.3E-05
0.000039
0.000116
0.000097
0.000004
0.000072
0.000073
0.000005

0.00013
0.000128

-5.9E-05
-0.00011

-9.6E-05
-0.00012

MOs and their respective energies

MO No. au eV
LUMO+4 |(51) 0.07031 1.91325
LUMO+3 |(50) 0.03804 1.03513
LUMO+2 |(49) 0.00086 0.02340
LUMO+1 |(48) -0.00847 -0.23048
LUMO (47) -0.02333 -0.63485
HOMO (46) -0.27814 -7.56863
HOMO-1 |(45) -0.28889 -7.86135
HOMO-2 |(44) -0.33010 -9.00696
HOMO-3 |(43) -0.33220 -9.03969
HOMO-4 |(42) -0.35586 -9.68352
HOMO-5 |(41) -0.39768 | -10.82151
HOMO-6 |(40) -0.41234| -11.22043
HOMO-7 |(39) | -0.42649 -11.60548
HOMO-8 |(38) | -0.43560 -11.85337
HOMO-9 |(37) | -0.44400 -12.08195
HOMO-10 | (36) | -0.44895 -12.21665
HOMO-11 | (35) | -0.49037 -13.34375
HOMO-12 | (34) | -0.50128 -13.64063
HOMO-13 | (33) | -0.50188 -13.65696
HOMO-14 | (32) | -0.51225 -13.93914
HOMO-15 | (31) | -0.51437 -13.99683
Gap (au ; eV ;nm): 0,25482; 6.934; 168,16

Electrostatic potential map (from —12.55 (red) to +12.55 (blue) kcal/mol) plotted on the 0.001
electron. bohr isodensity surface.
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Cation, ground state, CAM-B3LYP/6-311G(d,p)
SCF Energy of cation: -537.7111880000 au
First IE Delta-SCF: 8.1430 eV
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Table S10. Calculated CAM-B3LYP ionization energies for phenanthryne (eV).

190

Nature of MO
CAM-B3LYP CAM-B3LYP ngii‘;ts‘zi
_cKS y: -
€ ASCF+TD-DFT iy
7.569 8.143 8.143
HOMO (b))
7.861 8.544 8.436
HOMO - 1 (a2)
9.007 9.495 9581
HOMO - 2 (a))
HOMO - 3 (a2)
\
‘ 9.684 9.696 10.258
HOMO - 4 (b1)
‘m 10.822 10.266 11.396
HOMO - 5 (b1)
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V. Coordinates

Cartesian coordinates of stationary points at B3LYP-D3(BJ)/6-311+G(d,p) level of theory.

C  -1.024540000  3.399001000  0.000000000
C  -1.898035000  2.328040000  0.000000000
C  -1.416447000  1.008815000  0.000000000
C 0.000000000  0.759629000  0.000000000
C 0.851566000  1.882343000  0.000000000
& 0.358320000  3.174593000  0.000000000
C 0.532270000 -0.616062000  0.000000000
C  -0.341020000 -1.769687000  0.000000000
C 0.173714000  -3.073498000  0.000000000
H  -0.509210000 -3.914354000  0.000000000
1 C 1.538547000 -3.285494000  0.000000000
C 2405154000 -2.183610000  0.000000000
C 1.916300000  -0.890226000  0.000000000
H  -1.410493000 4.411886000  0.000000000
I -2971093000  2.472078000  0.000000000
H 1.924556000  1.744288000  0.000000000
H 1.045551000  4.012062000  0.000000000
H 1.937034000  -4.292661000  0.000000000
H 3.477052000  -2.344265000  0.000000000
H 2.624301000  -0.072813000  0.000000000
N -2.310724000 -0.063598000 0.000000000
B -1.703521000  -1.194821000 0.000000000
C 3.503638000  -1.474528000  0.000000000
C 2253732000  -2.049966000  0.000000000
C 1.074294000 -1.261905000  0.000000000
C 1.195722000  0.172515000  0.000000000
C 2494219000  0.721801000  0.000000000
C 3.623446000  -0.074055000  0.000000000
C 0.000000000  1.013935000  0.000000000
C  -1.288509000  0.404424000  0.000000000
C -2.443412000  1.209957000  0.000000000
H  -3.424001000  0.743292000  0.000000000
C  -2.352292000  2.587751000  0.000000000
1:N2 C  -1.085590000  3.193184000  0.000000000
C 0.062585000  2.425721000  0.000000000
H 4392036000  -2.095513000  0.000000000
H 2.122750000 -3.125113000  0.000000000
a 2.624008000  1.795757000  0.000000000
H 4.604604000  0.386264000  0.000000000
H  -3.247179000  3.198927000  0.000000000
H  -1.006135000  4.274305000  0.000000000
H 1.019682000  2.929348000  0.000000000
N -0.125492000 -1.914331000 0.000000000
B -1.224779000 -1.110871000  0.000000000
N -2.541694000 -1.895684000  0.000000000
N -3.502652000  -2.442258000  0.000000000
C  -1.866387000 -2.145559000  0.000000000
C  -0.955903000 -1.09933000  0.000000000
C 0.438808000  -1.352183000  0.000000000
C 0.900525000  -2.663696000  0.000000000
C  -0.015378000 -3.721975000 0.000000000
C  -1.384018000 -3.460771000  0.000000000
C  -1.218812000 0.363631000 0.000000000
C 0.000000000  1.092136000  0.000000000
2 C -0.036693000  2.483492000  0.000000000
C  -1.268026000  3.149978000  0.000000000
C  -2.455067000  2.422539000  0.000000000
C  -2.439240000  1.021952000  0.000000000
B 1.149176000  0.031100000  0.000000000
N 2.574170000  0.207511000  0.000000000
H 1.966150000 -2.866628000  0.000000000
0 -1.298888000  4.233158000  0.000000000
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0.878941000  3.064609000  0.000000000
-3.372760000  0.470499000  0.000000000
-3.404531000  2.945941000  0.000000000
0.336787000  -4.746922000  0.000000000
-2.086703000  -4.286475000  0.000000000
-2.934845000 -1.961157000  0.000000000
3.115151000  1.313747000  0.000000000
3.735124000  2.257342000  0.000000000
-0.607126000  -0.000091000 2.208166000
0.301124000 -0.000011000  3.016568000
1.094265000  -0.000029000  3.831486000
-1.762778000  -0.000101000  0.002342000
0.401481000  -2.615357000  0.251621000
(1431853000  -3.018873000  0.819862000
1.314139000  -3.489107000 -0.349552000
1.187346000  -4.561586000 -0.250934000
2394491000  -2.983356000 -1.072964000
3.099725000 -3.665552000 -1.534550000
2.578963000  -1.605360000 -1.201119000
3.426398000 -1.222012000 -1.759410000

1.667720000
1.667634000
2.578770000

-0.739853000
0.740019000
1.605645000

-0.598588000
-0.598571000
-1.201093000

i
5l
H
B |
5|
H
N
N
N
N
N
N
C
H
C
H
C
1
C
b5 |
C
C
C
H 3426248000 1222407000 -1.759396000
2-Py C 2394138000 2.983617000 -1.072911000
H  3.099288000  3.665905000  -1.534490000
C 1313732000 3.489228000 -0.349482000
H 1186814000 4561691000 -0.250844000
C 0401180000 2.615360000  0.251680000
H  -0.432198000  3.018768000  0.819935000
C 0566505000  1.240513000  0.131742000
C  0.566645000 -1.240489000  0.131709000
B -0.296911000 -0.000048000 0.702513000
C  -2.901038000 -0.000098000 0.713671000
H  -2.769762000 -0.000092000 1.786668000
C  -4.142885000 -0.000108000  0.092362000
H  -5.038849000 -0.000103000  0.698747000
C  -4206063000 -0.000125000  -1.295052000
H  -5.162280000 -0.000131000 -1.804014000
C  -3.016635000 -0.000130000 -2.023133000
H  -3.016579000 -0.000148000 -3.104812000
C  -1.813812000 -0.000118000 -1.343774000
H  -0.857937000 -0.000118000 -1.848537000
C  -2.753990000  0.801793000  0.000038000
C  -1415045000  0.422274000  -0.000004000
C  -1.074506000 -0.954389000  -0.000047000
C  -2.066422000 -1.923900000  -0.000078000
C  -3.408781000 -1.530981000  -0.000055000
C  -3.747221000 -0.179201000  0.000009000
C  -0.219229000  1.288133000  0.000022000
C 0964826000 0.514461000  0.000044000
C 2206477000  1.134013000  0.000006000
C 2277255000  2.531034000 -0.000024000
C  1.107998000  3.290869000  -0.000036000
TS2 1°N: C  -0.147310000  2.676830000 -0.000018000
B 0540123000 -0.985405000  0.000035000
N 1002497000  -2.246061000  0.000141000
H  -1.810298000 -2.975901000 -0.000116000
I 3241748000  3.025054000  -0.000054000
H  3.118863000  0.547487000  -0.000007000
H  -1.046850000 3.281892000 -0.000039000
I 1173347000 4372963000  -0.000069000
H  -4.189107000 -2.283066000 -0.000075000
H  -4.790531000  0.114624000  0.000041000
H  -3.026624000  1.851395000  0.000089000
N 2914392000 -2.253184000  0.000301000
N 3.838043000 -2.848333000 -0.000312000
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-1.31475400 -0.76594900 0.00000000
-1.23525000  0.59055000  0.00000000
0.00000000 1.23994400 0.00000000
1.20987300 0.51116400 0.00000000
1.28011400 -0.89604600 0.00000000
0.03101900 2.32227300 0.00000000
-2.16260500  1.15789500 0.00000000
2.14320200 1.06840700 0.00000000
2.22279900 -1.41819600 0.00000000
-0.11191300 -1.28848200  0.00000000

1,2-azaborinine

-1.26469200 -0.06268700 0.00000000
-1.24528000 -1.39130000 0.00000000
-0.06896900 -2.16127300  0.00000000
1.19220000 -1.55250900  0.00000000
1.31425100 -0.16331900 0.00000000
-0.14760600 -3.24262100 0.00000000
-2.20471100 -1.90970300 0.00000000
207661400 -2.18330400 0.00000000
230050500 0.28758100 0.00000000
0.00000000 0.52504400 0.00000000
-0.02360500 2.05260500 0.00000000
-0.02284800 3.15768700 0.00000000

1,2-azaborinine: N2

0.000000000  0.000000000  -1.382574000
0.000000000  1.195982000  -0.671427000
0.000000000  1.141205000  0.720804000
0.000000000  0.000000000  1.416742000
0.000000000  -1.141205000  0.720804000
0.000000000  -1.195982000 -0.671427000
0.000000000  0.000000000  -2.466467000
0.000000000  2.152628000 -1.179470000
0.000000000  2.056412000  1.305566000
0.000000000  -2.056412000  1.305566000
0.000000000  -2.152628000  -1.179470000

Pyridine

0.000000000  0.000000000  0.547783000
0.000000000  0.000000000  -0.547783000

3.11923900 -1.36765900 0.00000000
239487600 -2.56406000 0.00000000
0.99508100 -2.63804200 0.00000000
0.27536700 -1.41579300 0.00000000
1.01419300 -0.21114200 0.00000000
240023300 -0.17214100 0.00000000
0.56896100 2.29284200 0.00000000
0.12900300  0.97698600  0.00000000
-1.24209700 0.62454500 0.00000000
-2.18885900  1.67771500  0.00000000
-1.71563700 2.99483300 0.00000000
-0.35908500 3.33429200 0.00000000
4.65173500 -1.41345700 0.00000000
5.13981500 -2.15946800 1.26040500
5.13981500 -2.15946800 -1.26040500
5.27642000 -0.00944700 0.00000000
0.05097000 4.81130000 0.00000000
-0.51763700 5.49776500 1.26047400
1.57693500 4.99244200 0.00000000
-0.51763700 549776500 -1.26047400
-3.70225300 1.42816700 0.00000000
-4.08105800 0.67249700 1.29446300
-4.54016000 2.72188300 0.00000000
-4.08105800 0.67249700 -1.29446300
0.33223600 -4.03001200 0.00000000
-0.51763700 -4.20380300 -1.27724800
1.35750000 -5.18197100 0.00000000
-0.51763700 -4.20380300 1.27724800
-1.23681200 -0.96067100 0.00000000
295888100 -3.48290300 0.00000000
291305200 0.77905600 0.00000000
1.62909700 2.50201800 0.00000000
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jusfias JusfasfanBacfiasfanBaniiasfasfanfias fusfas JusRasiiasfiasfarfias far BasfasfanBanfiasfaniiasiias JusRasfas fan

-2.43390800
6.23309100
4.79932100
4.76818500
6.23309100
4.79932100
4.76818500
4.98830600
6.36605200
4.98830600

-0.22976800

-1.60774600

-0.13327800
1.81856900
2.03707600
2.03707600

-1.60774600

-0.22976800

-0.13327800

-5.11605800
-3.43504800
-3.97890500
-5.60050400
-4.35447500

-4.35447500

-3.43504800

-5.11605800
-3.97890500

-1.00717000
-1.28627600
0.12197000
0.81741500
1.99480200
1.99480200
-1.28627600
-1.00717000
0.12197000
-3.48849200

-2.27917300
-4.59267600

3.79971000
-2.19646700
-1.65168000
-3.18550500
-2.19646700
-1.65168000
-3.18550500
0.56145700
-0.09396900
0.56145700
6.55304200
5.44626400
5.02230400
6.05828100
4.54835800
4.54835800
5.44626400
6.55304200
5.02230400
0.32449800
-0.17834400
1.34817800
2.45583100
3.33140000
3.33140000
-0.17834400
0.32449800
1.34817800
-5.18254100
-3.44137200
-4.15114200
-6.13199700
-5.16767200
-5.16767200
-3.44137200
-5.18254100
-4.15114200
-2.03180300
-1.94302200
-2.28743400

0.00000000
1.27798200
2.16649200
1.29130700
-1.27798200
-2.16649200
-1.29130700
0.88649300
0.00000000
-0.88649300
1.27821600
1.29116900
2.16652800
0.00000000
-0.88644900
0.88044900
-1.29116900
-1.27821600
-2.16652800
1.25610600
1.49611200
2.14766600
0.00000000
-0.88752900
0.88752900
-1.49611200
-1.25610600
-2.14766600
-1.27063200
-1.36638100
-2.16270800
0.00000000
0.88774300
-0.88774300
1.36638100
1.27063200
2.16270800
0.00000000
0.00000000
0.00000000

aponmoonEzzoOogZoomogmocooonooaoonnazZzz2zm

0.09322900
-1.14361100
-1.15925000

0.07671000

1.27831000

1.31598600

0.09659500
-1.12424100
-1.12161700

0.10222200

1.31765400

1.29042900

0.11157400

2.21507600

0.11433800

2.23234900
-2.36492000
-2.20074300
-2.43190700
-2.48684000
-3.41562200
-1.65292200
-2.44299700
-3.66724100
-3.70849000
-3.70849000
-4.58038800
-2.48684000

3.52708700
2.88898400
1.47151100
0.73234200
1.45659800
2.84176100
-0.75055800
-1.52116800
-2.92045400
-3.57899300
-2.87938700
-1.48772500
4.60410100
0.91787200
-4.65897800
-0.95944800
0.75901000
-0.51501900
-3.72084100
-4.60780300
-3.18537900
-5.31170500
-3.99673400
-2.80840600
-2.17758300
-2.17758300
-3.40895900
-4.60780300

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
(.00000000
126162300
1.28104400
1.29173600
2.16677600
0.00000000
0.89552300
-0.89552300
0.00000000
-1.26162300
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-2.44299700
-1.65292200
-3.41562200
2.67490500
3.46732000
3.65115100
443642300
292074500
3.46732000
4.43642300
3.65115100
2.92074500
2.52843400
1.99855300
1.99855300
3.51949000
2.67032300
3.46732000
4.43636500
3.65242100
292021100
3.46732000
4.43636500
292021100
3.65242100
2.51609800
1.98244600
1.98244600
3.50440500
-2.44984900
-3.27389300
-4.19071900
-3.54565000
-2.70169000
-3.27389300
-3.54565000
-4.19071900
-2.70169000
-2.18370800
-1.63108100
-1.63108100
-3.14067200

-3.99673400
-5.31170500
-5.18537900
-3.59906100
-3.19198500
-2.11628700
-3.69909800
-3.46573200
-3.19198500
-3.69909800
-2.11628700
-3.46573200
-5.12895300
-5.48619300
-5.48619300
-5.58930700
3.56636300
3.16488700
3.67312500
2.08896700
3.43772300
3.16488700
3.67312500
3.43772300
2.08896700
5.09559300
5.44896200
5.44896200
5.56266400
3.70480600
3.38410400
3.98210100
2.33136300
3.63063700
3.38410400
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Strain induced reactivity of cyclic iminoboranes:
the (2 + 2) cycloaddition of a 1H-1,3,2-
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Imincboranes have gathered immense attention due to their reactivity and potential applications as
isoelectronic and isosteric alkynes. While cyclic alkynes are well investigated and useful reagents, cyclic
iminoboranes are underexplored and their existence was inferred only via trapping experiments. We
report the first direct spectroscopic evidence of a cyclic seven-membered iminoborane, 1-(tert-
butyldimethylsilyl)-1H-1,3,2-diazaborepine 2, under cryogenic matrix isolation conditions. The amino-
iminoborane 2 was photochemically generated in solid argon at 4 K from 2-azido-1-(tert-
butyldimethylsilyl)-1,2-dihydro-1,2-azaborinine  (3) and was characterized using FT-IR, UV-vis
spectroscopy, and computational chemistry. The characteristic BN stretching vibration (1751 cm™) is
shifted by about 240 cm™? compared to linear amino-imincboranes indicating a significant weakening of
the bond. The Lewis acidity value determined computationally (LAg = 9.1 £ 2.6) is similar to that of
boron trichloride, and twelve orders of magnitude lower than that of 1,2-azaborinine (BN-aryne, LAg =
215 + 2.6), a six-membered cyclic iminoborane. In contrast to the latter, the reduced ring strain of 2
precludes nitrogen fixation, but it unexpectedly allows facile (2 + 2) cycloaddition reaction with C;H,
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Introduction

Iminoboranes are an important class of BN containing
compounds.' The BN/CC isosterism relates iminoboranes and
alkynes (Scheme 1a)." In contrast to the latter, iminoboranes are
kinetically unstable towards cyclooligomerization or polymerization
and thus special conditions or steric protection are required for
their synthesis and isolation.*>** The first iminoborane stable at
room temperature, FsCg-BN-tBu, was reported by Paetzold et al.,"
and followed by numerous examples.>**** Since then, iminobor-
anes have attracted tremendous attention.** Various iminobor-
anes have been investigated over the past decades to understand
their reactivity*** including the formation of BN-doped polycyclic
aromatic hydrocarbons (PAHs),*** formation of N-heterocyclic
carbene coordinated iminoboranes,*>* ¢ synthesis of BN contain-
ing heterocycles,” ™ (2 + 2) and (2 + 3) cycloaddition reactions with
a number of polar double bonds (eg, RRC=0) and dipolar
reagents,”* formation of iminoboryl carboranes,'*" and use of
frustrated Lewis pairs to stabilize iminoboranes.*>*>’ A series of ab
Initio computational studies performed by Gilbert compared imi-
noboranes and alkynes with respect to the electronic and geometric
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under matrix isolation conditions at 30 K.

structure, as well as the reactivity in (2 + 2) and (2 +4) cycloadditions
towards alkenes and alkynes.®**

Studies on cyclic iminoboranes are quite rare.">*' Due to ring
strain, they are more reactive than linear iminoboranes,' but
coordination by N-heterocyclic carbenes (NHC) provides a way
of stabilization.***>** A special case of cyclic iminoboranes is the
aromatic BN-aryne, 1,2-azaborinine 1, the BN analogue of ortho-
benzyne (Scheme 1b).** This was detected by matrix isolation
methods by our group and shows remarkably high reactivity
towards inert molecules.®*-* The polarity of the strained BN link
of 1 results in a bonding situation that differs from that of the
strained triple bond in arynes and from that of the BN unit in
linear iminoboranes.**** The dibenzo derivative of 1, dibenzo
[c,e][1,2]azaborinine, was inferred as reactive intermediate in
solution,*”® and can even activate the strong Si-F bond for
subsequent insertion reaction.”

As iminoborane units in larger than six-membered rings have
never been observed directly, but only inferred from trapping
experiments (Scheme 1¢),*>** we studied the seven membered 1-
(tert-butyldimethylsilyl}-1H-1,3,2-diazaborepine 2 to elucidate the
impact of ring size on the reactivity of cyclic iminoboranes. The
matrix isolation technique is ideally suited to study such highly
reactive intermediates directly, and furthermore probe their
reactivity towards interesting compounds. We generated target
compound 2 in solid argon by the photolysis of 2-azido-1-(tert-
butyldimethylsilyl}-1,2-dihydro-1,2-azaborinine (3) under cryo-
genic matrix conditions (see Scheme 2). On one hand, ring strain

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Iminchoranes and their analogy with alkynes. (b)
Resonance forms of 1,2-azaborinine (1) and its analogy with ortho-
benzyne. (c) Representative examples of cyclic iminoboranes previ-
ously inferred as reactive intermediates by Paetzold et al® and
Braunschweig et al.*?

will be reduced in this seven-membered ring iminoborane
compared to 1 and this is expected to reduce its reactivity, while
on the other hand, the eight 7t-electron count may induce some
degree of antiaromaticity that will potentially destabilize 2. Seven-
membered cyclic iminoboranes were never directly observed, but
recently inferred as reactive intermediate in the formation of
diazadiboretidines by Braunschweig and co-workers."* We provide
here for the first time direct spectroscopic evidence for a cyclic
seven-ring iminoborane and reveal its unexpectedly facile (2 + 2)
cycloaddition reaction (Scheme 2).

Results and discussion
Generation and characterization of cyclic iminoborane 2

Matrix-isolation infrared spectroscopic studies of 3 were
performed in solid Ar at 4 K. The most distinguished peak at
2141 ecm ' corresponds to the azide stretching vibration
(Fig. 1, 89, S10 and Table $13 in ESIf). Irradiation of matrix
isolated precursor 3 with 4 = 254 nm until it was completely
bleached, as shown in the difference spectrum (Fig. 1d),
resulted in a new set of IR bands. This set is assigned to 2
based on comparison with computational data obtained at

N
v
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2:N; )r N-. /C,
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Ar/ Ny 30K P“\b“"‘ )r
ot 4
N3 NrB 6'6
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Scheme 2 Photogeneration of 1-(tert-butyldimethylsilyl)-1,3,2-dia-
zaborepine 2 under matrix isolation conditions and its reaction with
CO and CyH,.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the B3LYP-D3(BJ)/6-311+G(d,p) level of theory (Fig. 1e). The
formation of the structural isomer 1H-1,2,3-diazaborepine or
the triplet boryl nitrene, the expected primary product of N,
extrusion from 3, can be excluded based on the computations
(see Fig. S151). Among the new bands formed during
photolysis of 3, the most intense peak, 1751 em™' corre-
sponds to the BN stretching vibration of 2 (Table S15+) by
comparison with the computations (Fig. 1e). The band at
1809 cm ' corresponds to the BN stretching vibration of the
9B isotopologue, and the isotopic shift of 58 cm ' is in good
agreement with computations (60 em™?'). The formation of
the 1H-1,3,2-diazaborepine isomer is in agreement with the
known behavior of azidoboranes: thermolysis or photolysis of
diorganyl azidoboranes results in iminoboranes without
trappable borylnitrenes," while only in the case of donor
substitution (X = NR,, OR) the borylnitrenes X,BN could be
trapped or directly observed.””” The photolysis of azide 3 is
thus expected to result in ring enlargement by shift of the
carbon rather than the nitrogen center to give the cyclic
iminoborane 2.

For linear amino-iminoboranes, the BN stretching mode was
reported around 1990 cm ' and 2030 em ! for the ''B and '°B
isotopologues, respectively.”” The large shift of the BN stretching
frequency of 2 from linear diorganyl substituted amino-
iminoboranes of around 240 ecm ™ is due to the cyclic nature of
2 which results in considerable weakening of the BN bond. Note
that the BN stretching for 1 at 1637/1634 cm ' indicates an even
weaker BN bond in the six-membered ring.**

UV/vis spectroscopy (Fig. 2) of the azide 3 in Ar at 8 K shows
a strong feature around 290 nm with fine structure and maxima
at 296 nm, 288 nm, and 244 nm that is typical for 1,2-dihydro-
1,2-azaborinines.*™® Irradiation with A = 254 nm results in
quick decrease of the azide absorption band with an isosbestic
point at 313 nm. The photoproduct 2 only has a relatively
weaker and broad absorption maximum centered at 305 nm.
The measured spectra of 3 and 2 are in good agreement with
TD-CAM-B3LYP/6-311+G(d,p) computations (Fig. S8%).

The most remarkable feature of the computed geometry
(M06-2X/6-311+G(d,p)) of 2 is the distortion of the heptagon
with a small angle of 104.9¢ at dicoordinated nitrogen and
a large angle of 161.4° at boron in the singlet ground state
(Fig. 3a). Similarly to the case of 1,2-azaborinine,” this feature
can be rationalized by the difference in electronegativity: the
more electronegative N atom prefers to have a o-type lone pair
(HOMO-1), while the more electropositive B atom prefers an
empty a-type orbital (LUMO) which has a strong p character
(Fig. 3b). The natural bond orbital (NBO) analysis at the M06-2X/
6-311+G(d,p) level of theory arrives at occupancies of 1.82e™ and
0.34e for the lone pair and empty orbitals, respectively. There
is a pronounced n(N) — n*(B) interaction [E(2) = 34.5 kcal-
mol '] according to the second-order perturbation estimate of
the donor-acceptor interaction in the NBO basis that is smaller
than that in 1 (39.7 kcal mol ™). The natural charges obtained
from the NBO analysis on N and B are large (—0.91 on N and
+1.16 on B) while the Wiberg bond index between B and N is
only 1.55. Compared to 1,2-azaborinine 1 the Wiberg bond
index is larger (1.43 in 1) and the polarity of the BN bond
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Fig.1 (a) IR spectrum obtained after deposition of 3 in Ar matrix at 28 K. (b) IR spectrum obtained after irradiation of Ar matrix with 2 = 254 nm

(following the deposition of 3). (c) Spectrum for B and '°B isotopologues (81 : 19) of 3 calculated at the B3LYP-D3(BJ)/6-311+Gl(d,p) level of
theory. (d) Difference spectrum obtained after irradiation of Ar matrix with A = 254 nm (following the deposition of 3). (e) Spectrum for '8 and 1°B
isotopologues (81:19) of 2 calculated at the B3LYP-D3(BJ)/6-311+Gl(d,p) level of theory (@ corresponds to the overtones and combination
bands according to computed anharmonic vibrational frequency analysis).

20

Deposition
Irradiation with = 254 nm (90 seconds)
Irradiation with 4 = 254 nm (180 seconds)

Imadiation with 3 = 254 nm (360 seconds)

1.5

288N 296 nm

1.0

Isosbestic point = 313 nm

Absorbance

o

= T T T T
200 300 400 500 600 700
Wavelength (nm)

Fig. 2 UV-vis spectra of 3 (blue: after deposition at 28 K, Ayax = 288
nm) and subsequent formation 2 (A, = 308 nm) after various irra-
diation (A = 254 nm) steps under matrix isolation conditions.

(natural charges in 1: —0.81 on N and +1.00 on B; NBO occu-
pancies of 1.82e¢” and 0.21e” for the lone pair and empty
orbitals) is slightly increased in 2.

We compared the aromatic character of 2 with that of 1,
benzene, and benzyne using nuclear independent chemical
shift (NICS) calculations,® * placing the dummy atom 1 A above
the center of the ring to get the NICS(1),, value. 1,2-Azaborinine
1 has a NICS(1),, value of —25.2 which is lower than that of
benzene (—29.3) and benzyne (—33.5), but still suggests
aromatic character that is slightly larger than that of 1,2-

668 | Chem. Sci, 2024, 15, 666-674

dihydro-1,2-azaborine (NICS(1);; = —21.1) (Scheme 3).** The
NICS(1),, value of —1.1 and —3.1 computed for 2 is significantly
lower suggesting that the antiaromaticity expected on the basis
of the formal electron count is not relevant (see Fig. S171). The
two slightly differing values for 2 are due to the non-planar ring.
The NICS(1),, value of antiaromatic D, cyclobutadiene is +10.9
computed at the same level of theory.

We compared the strain of the two cyclic iminoboranes 1 and
2 by considering homodesmotic reactions (Scheme 3). As ex-
pected, the strain energy of the seven-membered ring imino-
borane 2 is lower than that of 1 by approximately 6.3 kcal mol ™
at the M06-2X/6-311+G(d,p) level of theory. We also computed
the Lewis acidities (LAg) of 1 and 2 using the method of
Ofial et al. from known Lewis basicities LBg and Lewis
acidities LAg, computed equilibrium constants (Scheme 4,

AG,,, = —RT In Kg), and the equation log Ky = LAy + LBp.* Ofial

iso

n*(B)
(0.34€)

n(N)
(1.82¢e)

Fig. 3 (a) Geometrical parameters of 2. (b) Natural bond orbitals
(NBOs) and their occupation numbers of 2. Important bond lengths [A]
and bond angles [?] are given. All computations at the M06-2X/6-
311+ Gld,p) level of theory.
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Scheme 3 NICS(1),, values and homodesmotic reactions for the
calculation of strain energy.

AG(l) by DFT
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m x + LB MGy X-LB  AGi = AG(l) + AG(IE!

Scheme 4 Combining the isodesmic reaction [egn (I)] with an
experimental reference reaction [egn (I1)] allows one to determine the
Lewis acidities of X (X= 1 or 2) from AGi;, legn (II)]. The Lewis bases
pyridine, acetonitrile, and benzaldehyde and the Lewis acids BArs (Ar =
CegHs, 4-ClCgHs, 3.4,5-FsCgHz) were chosen as references. The
borane Lewis acidity scale is defined so that LAg(triphenylborane) =
O following Ofial et al.%

et al.* obtained the LA parameters from AG;q, to give LAg = 8.4
=+ 2.0 for BF;, LAg = 9.3 £ 1.8 for BCl3, and LAg = 10.1 £ 1.3 for
BBr;. The qualitative ordering obtained by Ofial et al.* of Lewis
acidities LA with BF; < BCl; < BBrj is in accordance with Lewis
acidity rankings based on spectroscopic data.** The indi-
vidual LAy parameters obtained from AGj, for three different
reference bases were averaged to give LAz = 21.5 = 2.6 for 1 and
LAp = 9.1 + 2.6 for 2 (see the ESIt for further details). While the
Lewis acidity of 2 is thus similar to that of BCl, that of 1 is 12
orders of magnitudes larger.

a)

AE (kcal/mol)
w S
N
2 ¢
L8]
X
j > ©®
[
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B-N Distance (A)
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Interaction of 2 with N,

A hallmark of the superelectrophilic 1,2-azaborinine 1 is its
ability to bind nitrogen to give adduct 1-N, under cryogenic
conditions.* In order to study the Lewis acidity of the photo-
generated 1H-1,3,2-diazaborepine 2 experimentally, the matrix
was annealed up to 35 K. This did not lead to any further
spectral changes, indicating that 2 cannot bind the photo-
chemically extruded N, that is lying in its vicinity. The potential
energy paths computed with the B-N, distance as parameter
(B3LYP-D3(B])/6-311+G(d,p)) reveal that formation of the dative
complex 2-N, is energetically unfavorable and involves a barrier
(Fig. 4a). In contrast, formation of 1-N, is without barrier and
exothermic (Fig. 4b).

Interaction of 2 with CO

The stronger Lewis base CO can undergo formation of adduct 4
as revealed in experiments using mixtures of Ar and CO (1-2%
in Ar) (Scheme 2 and Fig. 5). In separate experiments, the iso-
topologues *CO and C'O (Fig. $11-S131) were employed in
order to obtain isotopic shifts of vibrational bands for
comparison with computations.

Irradiation of matrix-isolated precursor 3 with 2 = 254 nm
forms 2 in the presence of CO. Annealing the matrix to 30 K
allows the formation of distinct bands which decrease upon
subsequent irradiation with 435 nm > A > 620 nm, while the
bands corresponding to 2 collectively form again (see Fig. 5). We
assign the bands formed after annealing of the matrix to 30 K to
the Lewis acid-base adduct 4 based on comparison with the
vibrational spectrum computed at the B3LYP-D3(BJ)/6-
311+G(d,p) level of theory (see Fig. 6). The formation of the (2 +
1) product 4_(2 + 1) can be excluded based on the computations
(see Fig. S167).

The most intense peak at 2112 em ™" is due to the CO stretching
vibration of the Lewis acid-base adduct 4 (Table S16t). It is
observable at 2065 em ™' and 2064 em ™" for the G**0 and *CO
isotopologues, respectively (Tables $17 and S18t). These isotopic
shifts of 47 em ' (**C'0 vs. °C'°0) and 48 em ' (*C'°0 vs.

b) B-N distance (A)

15 2 25 3 4 4.5

AE (Kcalimol)

Fig. 4 Plot for the relative energy in kcal mol™ as a function of the boron N distance in A for (a) 2 and (b) 1 computed at B3LYP-D3(BJ)/6-

311+ G(d,p) level of theory.
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a0 2100 1900 1800 1600 1400 1200 1000 800 600
Wawsnumber (em)

Fig. 5 Infrared spectra obtained after irradiation of 3 in CO (2-3%)
doped argon matrix. (a) After 60 min irradiation with A =254 nmat T =
4 K. (b) Difference spectrum after annealing for 30 min at 30 K
(following the irradiation with A = 254 nm). (c) Difference spectrum
after irradiation with 435 nm > i > 620 nm for 30 min (following the
annealing at 30 K).

12¢1%0) are in very good agreement with those computed for 4

(47 em " and 50 em ', respectively, see Table S197).

The trapping of 2 with CO demonstrates that Lewis acid-base
interaction is significantly preferred over (2 + 1) or (2 + 2) cyclo-
addition reactions, similar to the reaction of 1,2-azaborinine with
CO.* The formation of 4 has a barrier of 1.3 keal mol * from the
complex 4 comp’ at the DLPNO-CCSD(T)/cc-pVTZ//M06-2X/6-
311+G(d,p) level of theory (Fig. 7). The formation of the (2 + 1)
product 4_(2 + 1) from 4 is energetically uphill and cannot
proceed thermally as its barrier of 6.4 keal mol ' (Fig. 7) is too
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Fig.7 Reaction pathways for the reaction of 2 with CO at (bold: M06-
2X/6-311+Gld,p);  italics: DLPNO-CCSD(T)/cc-pVTZ//M06-2X/6-
311+G(d,p)). Calculated ZPVE corrected energies in kcal mol™* are
shown.

high for this reaction to be observable at 30 K under matrix
isolation conditions. The formation of the (2 + 2) cycloaddition
product via complex 4 comp, the most stable product
(—11.2 keal mol ™" with respect to 2 + CQ), is more favourable
than 4 or 4_(2+1) by 3.3 kecal mol * and 6.8 keal mol ™, respec-
tively. But as it involves a barrier of 23.1 keal mol ' at the DLPNO-
CCSD(T)/ce-pVTZ//M06-2X/6-311+G(d,p) level of theory, the reac-
tion to 4_(2+2) cannot proceed under our experimental condi-
tions. The trapping of 2 with CO demonstrates that Lewis acid-

C) ’ H X !
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A
o
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:
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!
)
)
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Fig. 6 (a) Spectrum for 1B and °B isotopologues (81:19) of 4 calculated at the B3LYP-D3(BJ)/6-311+Gild,p) level of theory. (b) Difference IR
spectrum after irradiation with 435 nm > 1 > 620 nm for 30 min (following the annealing step). (c) Spectrum for 1B and 1°B isotopologues (81 : 19)

of 2 calculated at the B3LYP-D3(BJ)/6-311+Gld,p) level of theory.
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base interaction is significantly preferred over (2 + 1) or (2 + 2)
cycloaddition reactions.

Reaction of 2 with ethene

After the successful generation of 2 and its trapping with CO,
we used ethene as the simplest olefin for studying of the
reactivity of 2 in (2 + 2) cycloaddition reactions. To examine the

300 21bD 1900 |Blﬂﬂ TEIDD NIDD 12‘05 |DIDﬂ Elll} L)
Wavenumber (o)

Fig. 8 Infrared spectra obtained after (a) deposition of 3 in CzH4 (5%)

doped argon matrix. (b) Difference spectrum after 60 min irradiation

with A =254 nm at T =4 K. (c) Difference spectrum after annealing for

30 min at 30 K (following the irradiation with A = 254 nm).
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trapping of 2 with ethene, matrix-isolated precursor 3 was
irradiated in the presence of 5% C,H, in Ar with A = 254 nm,
which again resulted in 1H-1,3,2-diazaborepine 2. But apart
from 2, new signals were also observed (Fig. 8) that we assigned
with the help of the computed spectrum to 5, the (2 + 2)
cycloaddition product between 2 and C,H, (Scheme 2 and
Fig. 9). Subsequently, the matrix was annealed to 30 K and it
was observed that the set of signals corresponding to 2 were
diminished (Fig. 8c), while the set of signals assigned to 5
increased in intensity (Fig. 8c). This shows that the formation
of 5 from 2 and ethene can proceed thermally with a very low
activation barrier.

The prominent and characteristic signals of 5, 1637 em™
and 1615 em ™', are attributed to the C=C stretching vibration
of the diazaborepine ring (Tables 520 and 521}). The same C=C
stretching vibrations at 1637 em™* and 1615 cm™* were also
observed for the C,D, isotope as the stretching mode does not
involve any vibration of the ethene unit (Fig. S147). The other
most intense peaks were observed at 828 em ' and 1376 cm ',
which we assigned to a vibration including ring stretching and
CH wagging of C,H, and BN stretching and CH wagging,
respectively. In case of C,D,, the most intense peak was
observed at 1372 em™" attributed to BN stretching and CH
wagging while a peak at 813 cm ' corresponding to CH wagging
of C,D, was not so intense in case of reaction with C,D,. The
experimentally observed isotopic shifts are in good agreement

1

T T
1800 1600

T
600

Wavenumber (cm-')

Fig. 9 (a) Spectrum for 'B and °B isotopologues (81:19) of 2 calculated at the B3LYP-D3(BJ)/6-311+G(d,p) level of theory. (b) Difference IR
spectrum after annealing to 30 K for 60 min (following the irradiation step). (c) Spectrum for '8 and B isotopologues (81 : 19) of 5 calculated at
the B3LYP-D3(BJ)/6-311+Gl(d,p) level of theory. (A corresponds to the peaks of C;H,)
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with the isotopic shift computed at the B3LYP-D3(BJ)/6-
311+G(d,p) level of theory (see Table S22 in ESIY).

According to computations at the DLPNO-CCSD(T)/cc-pVTZ//
MO06-2X/6-311+G(d,p) level of theory, 2 can interact with ethene
to give two complexes, 5_comp’ and 5_comp, that are lower in
energy than the separated reactants by 4.6 and 6.7 keal mol %,
respectively (see Fig. 10). The interconversion between
complexes 5_comp’ and 5_comp is associated with a barrier of
1.2 keal mol *. The formation of the (2 + 2) cycloaddition
product 5 from complex 5_comp can proceed thermally as its
barrier of 1.0 keal mol™" (Fig. 10) is small enough for this
reaction to be observable at 30 K under matrix isolation
conditions. Formation of the C-H insertion product 6 via
a concerted pathway from complex 5_comp’ involves a barrier of
23.0 keal mol . This is significantly higher than the barrier of
(2 + 2) addition product formation (Fig. 10) and explains the
preferred formation of 5 in the experiment.

Complex 5_comp has carbon-boron distances (1.771 A and
1.887 A) that are shorter than the sum of van-der-Waals radii (3.62
A) (see Fig. 10) indicative of a Lewis acid-base interaction.”” The
H-C-H and H-C-C angles have changed so that the sum of bond
angles around carbon is 357.1 and 359.6°, showing a slight devi-
ation from planarity around carbon atoms in C,H,. The complex
5_comp is formed due to the interaction between the empty boron
orbital with high p-character and the C=C mt-bond. Further insight
into the nature of bonding in 5_comp is provided by natural bond
orbital analysis.”* The second-order perturbation theory analysis
in the NBO basis gives an E(2) value of 314.8 kcal mol *, implying
strong stabilization due to 7(C;H;) — n*(B)(empty orbital on
boron) delocalization. The corresponding natural localized
molecular orbitals (NLMO) have major contributions from the
T(C=C) bond orbitals and “delocalization tails” of 20.6% from
a slightly hybridized vacant orbital at boron (Tables $11 and 5127).

The comparison of the reaction mechanism for the reaction
of ethene with 1,2-azaborinine 1 and 1-(tert-butyldimethylsilyl)-

arth 4 .
¢ At 184 "a—f“
N TS compr- 6 comp o+ i

= ) 4
> a2 _213 o TS5 comp.s 3 ‘_"* fﬁ“
: —A%«

(ZPVE

Relative

Reaction Coordinate

Fig. 10 Pathways for the reaction of 2 with C,H, at M06-2X/6-
311+G(d,p) (bold) and DLPNO-CCSDI(T)/cc-pVTZ//M06-2X/6-
311+Gld.p) (italics). Calculated ZPVE corrected energies in kcal mol™
are shown. Geometrical parameters of complex 5_comp computed at
the M06-2X/6-311+G(d.p) level of theory. Important bond lengths [Al
and bond angles [°] are given.
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1,3,2-diazaborepine 2 is instructive. The former interacts with
ethene to give a Lewis acid-base complex whose formation is
thermodynamically highly exothermic (—23.7 keal mol™" at
CCSD(T)/ce-pVTZ//M06-2X/6-311+G(d,p)).” This complex is so
low in energy that the formation of the (2 + 2) cycloaddition
product has a barrier of 14.6 keal mol ™" at CCSD(T)/ce-pVTZ//
M06-2X/6-311+G(d,p).*” This is significantly higher than the
barrier for the (2 + 2) cycloaddition product 5 (1.0 kcal mol™*
from 5_comp).*” It is highly interesting and unexpected that the
much less Lewis acidic 2 is undergoing unprecedented (2 + 2)
cycloaddition with ethene while the highly Lewis acidic 1 is
expected to be trapped in the Lewis acid-base complex with
ethene as this reaction should not be observable at 30 K under
matrix isolation conditions. Preliminary experiments of 1 +
C,H, indicate that thermally initiated (2 + 2) cycloaddition is
not occurring under similar matrix isolation conditions.

Conclusions

We here for the first time reveal the generation, spectroscopic
detection by matrix isolation, and reactivity studies of a seven-
membered cyclic iminoborane of the 1H-1,3,2-diazaborepine
type. The precursor 2-azido-1-(tert-butyldimethylsilyl)-1,2-
dihydro-1,2-azaborinine (3) undergoes a photoinduced N,
extrusion and rearrangement to the 1-(fert-butyldimethylsilyl)-
1H-1,3,2-diazaborepine 2 without detectable intermediates.
Detailed combined experimental and computational investiga-
tions reveal that 2 shows high reactivity towards carbon
monoxide and ethene even at the very low temperature. With
CO, 2 reacts to form Lewis acid-base adduct 4 while the alter-
native (2 + 1) or (2 +2) cycloaddition reactions were not observed
due to high energy barriers. With C,H,, 2 undergoes (2 + 2)
cycloaddition reaction to from product 5. The (2 + 2) cycload-
dition with ethene discovered here shows that the 2 has the
potential to provide novel modes of reactivity for the construc-
tion of BN-containing heterocycles.
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Experimental and Computational Details

General Procedure. All experiments were performed under anhydrous conditions using
argon as protective gas. All commercially available compounds and dry solvents were
purchased. 'H and '*C NMR spectra were referenced to tetramethylsilane, "B NMR
spectra were referenced externally to BF3*OEt.. 'H and '3C spectra were calibrated to
residual solvent signals. NMR spectra were recorded on a Bruker Avance lll+ 400
spectrometer. MSD 5977 (Agilent) with DIP (SIM) was used for recording EI-MS. 1-(Tert-
butyldimethylsilyl)-2-chloro-1,2-dihydro-1,2-azaborine and azidotrimethylsilane were
purchased from abcr (Article ID AB541736 (now discontinued)) and AlfaAesar (Stock No.

LO0173), respectively.

Synthesis
N
1
N,
cl N
= -~ i _ e e
7 + N=N-N - B
S Si— DCM, 18h, rt B oMs,
Si_ ! Si
/ N\ H
M.W.: 227.61 M.W.: 115.21 M.W.: 234.19

The reaction was conducted in a glove box under argon atmosphere. In a J-Young-NMR
tube a solution of 45,4mg (0,2 mmol) 1-(tert-butyldimethylsilyl)-2-chloro-1,2-dihydro-1,2-
azaborine in 0.5 mL deuterated dichloromethane was prepared. To this a solution of 23
mg (0.2 mmol) azidotrimethylsilane in 0.5 mL deuterated dichloromethane was added
slowly by syringe. The progress of the reaction was monitored by NMR spectroscopy.

After 18 h at room temperature all volatiles were removed under vacuum. 1-(tert-
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butyldimethylsilyl)-2-azido-1,2-dihydro-1,2-azaborine remained and was used in all

experiments without additional purification.

1H-NMR: 400 MHz, CD2Cl>: 7.61 (1H, m), 7.15 (1H, m), 6.62 (1H, m), 6.19 (1H, m), 0.92

(9H, s), 0.47 (BH, s).
1B{'H}-NMR: 128 MHz, CD2Cl2: 31.9.

BC{'H}-NMR: 101 MHz, CD2Cl2: 146.3, 138.6, 121.5 (determined by 2D-NMR), 110.6,

26.6, 19.0, -2.8.

EI-MS: m/z (Int.%): 234.2 (25) M+, 177.1 (26) [M-C(CHa)z]+, 149.1 (100) [M-HC(CHa)a-

N2]+;

HRMS m/z: With our available equipment, high resolution mass spectrometry cannot be

performed for air and moisture sensitive compounds.

Matrix Isolation Experimental Details

The precursor 1-(tert-butyldimethylsilyl)-2-azido-1,2-dihydro-1,2-azaborine 3 was
sublimed from a glass flask at room temperature, and all gaseous materials leaving the
flask were condensed onto a cold Csl window (for IR) or sapphire window (for UV-Vis)
with a large excess of Argon 6.0 (Westfalen AG, 99.9999 %), or doped with 1-2 % of
carbon monoxide 3.7 (Westfalen AG), C'®0 2.0 (95 % '80) (Sigma Aldrich) or '3CO 2.3
(99.1 % 13C) (Westfalen AG) and 5 % of C2H4 (Sigma-Aldrich, 99.95 %) or C2D4 (Sigma-
Aldrich, 99 %). The mixtures of these gases were dosed to 2.0 sccm by a mass flow

controller (MKS mass flow PR400B). A Sumitomo SH-1 closed-cycle helium cryostat was
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used to obtain the temperature as low as 4 - 7 K. The infrared spectra in the range 400-
4000 cm-! were obtained using a Bruker Vertex 70 FTIR spectrometer with a standard
resolution of 0.5 cm™', while electronic absorption spectra were measured using a Perkin
Elmer Lambda 1050 spectrometer. For inducing photochemistry in the deposited matrix,
a low-pressure mercury lamp (A = 254 nm, PenRay) and high-pressure mercury lamps
(USHIO, USH-508S) were used. The combination of dichroic mirrors of required
wavelength (420 - 630 nm) range along with a Schott cutoff filter (GG-435) was employed

to obtain 435 nm > A > 630 nm.

Computational Details

All the structures were fully optimized using the M06-2X? global hybrid functional as well
as B3LYP3 4 hybrid exchange—correlation energy functional along with Grimme’s® London
dispersion correction with Becke-Johnson damping B3LYP-D3(BJ).>4 The 6-311+G(d,p)
(split-valence triple-C with diffuse s and p functions for all atoms as well as d polarization
functions on non-hydrogen atoms and p polarization functions for hydrogen)® basis set
was adopted for all geometry optimizations. Harmonic vibrational frequencies were
computed analytically which confirmed the nature of the stationary points as minima or
first order saddle points (transition states) as well as to reproduce the simulated spectra
of species 2-5 (including various isotopes). For identifying the combination bands and
overtones, which were seen in addition to the fundamental bands in the experimental
spectrum, anharmonic calculations were performed at B3LYP-D3(BJ)/6-311+G(d,p) level
of theory using second-order vibrational perturbative approach.’ Additionally, to reveal

which minima are connected to the transition states, intrinsic reaction coordinate (IRC)1%
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" paths were calculated at the different level of theories for each reaction (see Sl). To
refine the energies, single point calculations based on all the structures were performed
using domain based local pair natural orbital (DLPNQ) coupled cluster theory with single,
double, and a perturbative estimate of triple excitation (DLPNO-CCSD(T))'>™ in
conjunction with Dunning’s'® 16 triple-{ (cc-pVTZ) basis set as implemented in ORCA
5.0."7 The DLPNO-CCSD(T) computations used TightPNO cutoff for increased accuracy
and the frozen core approximation. All density functional theory calculations were
performed with Gaussian 16.® The excitation spectra were calculated using time-
dependent DFT (TD-DFT) with Gaussian 16 at CAM-B3LYP/6-311+G(d,p) level of
theory.® 19 Natural bond orbital analysis was carried with the NBO 6.0 program using the
MO06-2X/6-311+G(d,p) geometries.?®23 Magnetic shielding values were computed by
employing the GIAO method?* 2> at B3LYP/6-311+G(d,p)//M06-2X/6-311+G(d,p) level of
theory. To determine the Lewis acidity of the compounds, isodesmic reactions were

computed at SMD(DCM)26/MN15%"/def2-TZVP?8 level of theory.
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Spectra
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Figure S1. 'H-NMR spectrum (400 MHz) of 1-(tert-butyldimethylsilyl)-2-azido-1,2-

dihydro-1,2-azaborinine 3 in CD2Cla.
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Figure S2. ""B{"*C} -NMR spectrum (128 MHz) of 1-(tert-butyldimethylsilyl)-2-azido-1,2-
dihydro-1,2-azaborinine 3 in CD2Cl-.
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Figure S3. *C{'H} -NMR spectrum (101 MHz) of 1-(tert-butyldimethylsilyl)-2-azido-1,2-

dihydro-1,2-azaborinine 3 in CD2Cl>.
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Figure S4. HMBC - NMR spectrum of 1-(tert-butyldimethylsilyl)-2-azido-1,2-dihydro-1,2-
azaborinine 3 in CD2Clz.
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Figure $5. HSQC - NMR spectrum of 1-(tert-butyldimethylsilyl)-2-azido-1,2-dihydro-1,2-

azaborinine 3 in CD2Clz.
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Figure S6. Overlapped HMBC-NMR and HSQC-NMR  spectrum of 1-(tert-

butyldimethylsilyl)-2-azido-1,2-dihydro-1,2-azaborinine 3 in CD2Cl2.
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Figure S7. EI-MS spectrum of 1-(tert-butyldimethylsilyl)-2-azido-1,2-dihydro-1,2-

azaborinine 3.
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Figure S8. UV-Vis spectra of 3 (red) and 2 (blue) computed at TD-CAM-B3LYP/6-
311+G(d,p) level of theory (half-width= 0.333 eV, first computed transition energy for 3 =
4.6 eV at Amax = 269 nm, oscillator strength = 0.2157; first computed transition energy for

2 =3.9 eV at Amax = 317 nm, oscillator strength = 0.0403).
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Figure S9. a) IR spectrum obtained after deposition of 3 in Ar matrix at 28 K. b) Spectrum
for "B and '°B isotopologues (81:19) of 3 calculated at the B3LYP-D3(BJ)/6-311+G(d,p)

level of theory. (e corresponds to the overtones and combination bands (Table S9)).
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Figure S10. a) IR spectrum obtained after deposition of 3 in Armatrix at 28 K. b)
Spectrum for "B and '°B isotopologues (81:19) of 3 calculated at the B3LYP-D3(BJ)/6—
311+G(d,p) level of theory.
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Figure S11. a) Spectrum for "B and '°B (81:19) and "*CO isotopologues of 4 calculated
at the B3LYP-D3(BJ)/6-311+G(d,p) level of theory. b) Difference IR spectrum after
irradiation with 435 nm > A > 620 nm for 30 min (following the annealing step). c)
Spectrum for "B and '°B isotopologues (81:19) of 2 calculated at the B3LYP-D3(BJ)/6—

311+G(d,p) level of theory.
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Figure S12. a) Spectrum for ''B and '°B (81:19) and C'80 isotopologues of 4 calculated
at the B3LYP-D3(BJ)/6-311+G(d,p) level of theory. b) Difference IR spectrum after
irradiation with 435 nm > A > 620 nm for 30 min (following the annealing step). c)

Spectrum for "B and '°B isotopologues (81:19) of 2 calculated at the B3LYP-D3(BJ)/6—

311+G(d,p) level of theory.
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Figure S13. Difference IR spectrum after irradiation with 435 nm > A > 620 nm for 30 min
(following the annealing step) with a) '*C'80 isotope, b) '2C'80 isotope and c) '2C'60

isotopes of 4 in Ar matrix.
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1800 1600 1400 1200 1000 800 600
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Figure S14. a) Spectrum for "B and '°B isotopologues (81:19) of 2 calculated at the
B3LYP-D3(BJ)/6-311+G(d,p) level of theory. b) Difference IR spectrum after annealing
to 30 K for 60 min (following the irradiation step). ¢) Spectrum for ''B and '°B (81:19) and
C2D4 isotopologues of 5 calculated at the B3LYP-D3(BJ)/6-311+G(d,p) level of theory.

(A corresponds to the peaks of C2D4)
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Figure S15. Spectrum for a) triplet boryl nitrene and b) 1H-1,2,3-diazaborepine calculated

at the B3LYP-D3(BJ)/6-311+G(d,p) level of theory.
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Figure S16. Spectrum for a) 4 (2 + 1) and b) 4 calculated at the B3LYP-D3(BJ)/6—
311+G(d,p) level of theory.
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0
;_M' \k‘\—'bﬁf—" mbenzene
¢ ortho-benzyne

NICSzz (ppm)

-10 4 1 2-azaborinine (1)
+ 1-(tert-butyldimethylsilyl)-1,3,2-
diazaborepine (2)
iETER i 2

20 4 1H-1,3,2-diazaborepine
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-40 T . T ¥ L TR | i T
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Figure S17. Plot of NICSz value calculated along a line perpendicular to the molecular

plane, starting at the ring center, at B3LYP/6-311+G(d,p)//M06-2X/6-311+G(d,p) level of

theory.
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Table S1. The relative ZPVE corrected energies in kcal/mol for the reaction of 2 with CO

as computed at the different level of theories.

p
pl
p-4_(2+2)

4comp’-4

2+CO

4 com

4 com

TS

TS, 4 o)

4_(2+1)
TS4_r.om

4_(2+2)

B3LYP-D3(BJ)/6-311+G(d,p)
[DLPNO-CCSD(T)/cc-pVTZ/l | 0.0 | -2.0 | -27 | -24 | -128 | -46 | -84 | 19.6 | -10.2

B3LYP-D3(BJ)/6- [0.0] | [-2.9] | [-3.2] | [-21] | [-7.0] | [1.4] | [-4.6] | [20.0] | [-11.1]
311+G(d,p)]

[DL’I‘,”Sg%’g‘;‘gZSSf:\’AZ’I 00| 20| 25| -12 | 63| 01 | -65 | 209 | -11.3
V06,206,511 20(a oy | 1001 | [29] | [:34] | [211 | [7.9] | [15] | [44] | [202] | [-11.2]

Table S2. The relative free energies (AG at 298 K in kcal/mol) for the reaction of 2 with

CO as computed at the different level of theories.

~

+
a T 3 = —_ < —
S| | g | @ s $ ] 1] §
o [=] =) 9 < -f' o™ E o~
+ UI 5] m# mwt ‘-‘I S h-l
= < < ~ [ = <! <

TS

B3LYP-D3(BJ)/6-311+G(d,p)
[DLPNO-CCSD(T)/cc-pVTZIl | 0.0 | -20 | -27 | -24 | -128 | 46 | -84 | 196 | -10.2

B3LYP-D3(BJ)/6- [0.0] | [-2.9] | [-3.2] | [-21] | [-7.0] | [-1.4] | [-4.6] | [20.0] | [-11.1]
311+G(d,p)]

MO6-2X/6-311+G(d,p)

00| 20| -25 | 12 | -63 | 01 | -65 | 209 | -11.3
[DLPNO-CCSD(T)/cc-pVTZ// ¥ ) : " : . -
MDS.2X/6.31146(0 pi] [0.0] | [-2.9] | [-3.4] | [-2.1] | [-7.9] | [1.5] | [-4.4] | [20.2] | [-11.2]
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Table S3. The relative ZPVE corrected energies in kcal/mol for the reaction of 2 with

ethene (C2H4) as computed at the different level of theories.

pi
< 2 £ o & o
L £ 9 £ g o

(&) ] i <] E [79) £ w0

o o Ix} g 8

(%]
& -

'—

B3LYP-D3(BJ)/6-311+G(d,p)
[DLPNO-CCSD(T)/cc-pVTZ/
B3LYP-D3(BJ)/6-311+G(d,p)]

00 | 38 | -33 | -78 | -59 | -41.6 | 158 | -49.6
[0.0] | [4.3] | [-3.3] | [-6.6] | [-5.7] | [46.9] | [18.6] | [53.1]

MO06-2X/6-311+G(d,p) 0.0 4.2 28 | 69 | -55 | -458 | 194 | -51.6

[DLPNO-CCSD(T)/cc-pVTZ/I
M05-2X/6.31146(d p)] [0.0] | [4.6] | [-3.4] | [-6.7] | [-5.71 | [-47.0] | [18.4] | [-57.1]

Table S4. The relative free energies (AG at 298 K in kcal/mol) for the reaction of 2 with

ethene (C2H4) as computed at the different level of theories.

‘nl
=X
< L) E a 0 i
T g | 8 E . K
(&) o L =] E [Te] E [{-]
[X) = (&) S o
* I E [ (7] )
o w 8 0
o = =
'—

B3LYP-D3(BJ)/6-311+G(d,p)
[DLPNO-CCSD(T)/cc-pVTZ/
B3LYP-D3(BJ)/6-311+G(d,p)]

00 | 40 | 66 | 35 | 55 | -301 | 26.7 | -38.0
[0.0] | [3.6] | [6.7] | [4.7] | [5.7] | [-35.4] | [29.5] | [-41.5]

M06-2X/6-311+G(d,p) 00 | 72 | 47| 47 | 66 | -349 | 304 | -390

[DLPNO-CGSD(T)/cc-pVTZ/ ‘ \ A
M06.2X/6.31146(d )] [0.0] | [6.6] | [4.9] | [4.9] | [6.4] | [-36.1] | [29.5] | [-41.2]
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Isodesmic Reactions as Tool to Calculate Equilibrium Constants for determining

Lewis Acidity

We determined the Lewis acidity of 1 and 2 using the computational protocol used by
Ofial et al. by determining the Lewis acidity from equilibrium constants of Lewis acid-base
adduct formation.?® We used the following equations (Figure S17) for the computation of
Gibbs energies of association of boranes and Lewis bases at the SMD(DCM)/MN15/def2-

TZVP level of theory following Ofial et al.?® AG®®! values are taken from the paper by

Ofial et al.?®

(n X + BAr;-LB AG(l) by DFT » X-LB + BAr;

() BAm + LB AGUN™ . BAr-LB

(1 x+LB ------------- Ao >XLB ------- A- ;B-i;;;AG(IHAG(II)eXp”

Figure S17. Combining the isodesmic reaction [Eq. (I)] with an experimental reference

reaction [Eq.(I1)] allows one to determine the Lewis acidities of X from AGiso [Eq.(lI)].

To assess the Lewis acidity LAs of 1,2-azaborinine 1 and 1,3,2-diazaborepine 2, triaryl
boranes (BArs) (Ar= CsHs (7a), 4-Cl-CsHs (7b), 3,4,5-F3-CeH2 (7c)) were chosen as
reference Lewis acids. We used three structurally diverse Lewis bases (pyridine (8a),
acetonitrile (8b), and benzaldehyde (8c)) as reference to estimate the LAs values. Based
on the experimental AG for the formation of Lewis adducts of 7ae8a, 7be8b, and 7ce8c,
we estimate LAs values of azaborinine 1 or 1,3,2-diazaborepine 2. As outlined in Figure
S17, the Gibbs reaction energies, AG(l), for isodesmic Lewis base transfer reactions

between the Lewis adduct ArsB-LB and X (1 or 2) were computed by using the
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SMD(DCM)/MN15/def2-TZVP method. To determine LAs of 1 and 2, experimentally
determined Gibbs energy, AG®®! (Figure S$17), for the formation of a Lewis adduct of AraB
and the investigated Lewis base was added to AG(l) to give AGiso (Figure S17). The Gibbs
energy, AGiso, in Equation Il (Figure S17) now describes the thermodynamics of Lewis
adduct formation between X (X =1 or 2) and a Lewis base, which can be used to estimate
the Lewis acidity, LA, of 1 or 2 if LBs of the Lewis base is known according to the

following equation:
log Ks = LAs + LBs

Table S5. Energies of the reaction of equation (1), (Il), and (lll) with pyridine (8a) and BArs
(7a) as reference Lewis base and acid, respectively, at the SMD(DCM)/MN15/def2-TZVP

level of theory and calculation of LAg via an isodesmic reaction.

- AG(|) AG(")exptla AGiso N\b b
Species X) |k ymol) | (kJimol) | (kJimol) | KM LAs

1 1398 345 1743 1.2 %103 25.0

2 716 345 -106.1 8.3+ 108 12.8

a Experimental Ks for the reaction of 7a with 8a (see Sl of ref. 2°) converted to AG with
AG = -RT InKs. P At 20 °C.
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Table S6. Energies of the reaction of equation (1), (Il), and (lll) with acetonitrile (8b) and
BAr3 (7b) as reference Lewis base and acid, respectively, at the SMD(DCM)/MN15/def2-

TZVP level of theory and calculation of LAg via an isodesmic reaction.

. AG(|) AG(")exptla AGiso b b
Species (X) | ymol) | (kdmol) | (kyimol) | Ke(M?) LAs
1 -109.9 -3.9 -113.8 1.9*10% 20.8
2 -36.2 -3.9 -40.1 1.4*107 7.6
& Experimental Ks for the reaction of 7b with 8b (see Sl of ref. 2°) converted to AG with
AG = -RT InKg. P At 20 °C.

Table S7. Energies of the reaction of equation (l), (II) and (lll) with benzaldehyde (8c)

and BArs (7c) as reference Lewis base and acid, respectively, at the

SMD(DCM)/MN15/def2-TZVP level of theory and calculation of LAs via an isodesmic

reaction.
=pecies: (X) (kﬁﬁr(llc)al) %Eﬂlrlmﬁt)la (kﬁ?ni:;l) Ke (M) LAs®
1 -81.7 -13.2 -94.9 8.4*10' 18.7
2 -15.8 -13.2 -29.0 1.5 *10° 6.9
a Experimental Kg for the reaction of 7c with 8c (see Sl of ref. 2°) converted to AG with
AG = -RT InKs. P At 20 °C.

Table S8. LAs from the three reference reactions and averaged LAs.

Lewis Acid LAs from 8a LAs from 8b LAs from 8c LAs Average
1 25.0 20.8 18.7 21.5+286
2 12.8 7.6 6.9 91+26
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CASSCF Calculation to Understand the Ring Enlargement Process.

Complete active space self-consistent field (CASSCF) theory in combination with def2-
SV(P)% basis set was used to compute the energies of nitrene electronic states. We
considered a model system without the TBS group to interpret compound 2. The active
space consisted of 8 orbitals and 8 electrons (Figure S18). We also computed single point
energies with fully internally contracted N-electron valence state perturbation theory (FIC-
NEVPT2)% to include the effects of dynamic correlation. This results in singlet A” state

as the lowest singlet state which is energetically very close to the A’ singlet state (Table

S9).

HOMO HOMO - 2 HOMO - 3

9 9 9
LUMO LUMO + 1 LUMO +2 LUMO + 3

Figure S18. Active space orbitals used for the calculation of transition energies at

CASSCF(8,8)/def2-SV(P) level of theory.
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Table S9. Transition energies obtained with FIC-NEVPT2/def2-SV(P)//CASSCF(8,8)/def2-

SV(P) (bold) and CASSCF(8,8)/def2-SV(P) (italics) level of theory.

State | Root | Multiplicity | IRREP | AE (kcal/mol)
0 0 3 A" 0.0/0.0

1 0 1 A" 33.60/37.38

2 0 1 A' 34.89/ 37.54

3 0 3 A' 120.35/ 119.52

We also scanned the potential energy surface by fixing the C-B-N angle in the 'A’ state

to determine the barrier for the ring enlargement reaction (Figure 20). For this we

considered an active space consisting of 10 orbitals and 10 electrons (Figure 19).

HOMO HOMO - 1 HOMO - 2 HOMO -3 HOMO - 4

9 F
LUMO LUMO +1 LUMO + 2 LUMO + 3 LUMO + 4

Figure S19. Active space orbitals used for the scan calculation of angle CBN at

CASSCF(10,10)/def2-SV(P) level of theory.
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—— A

AE (kcal/mol)
&

-20

25

-30

-35 4
Angle (C-B-N)

Figure S$20. Scan calculation of angle CBN at CASSCF(10,10)/def2-SV(P) (bold) and
single point at maximum and minimum at FIC-NEVPT2/def2-SV(P)//CASSCF(10,10)/def2-

SV(P) (italics) level of theory.

The barrier is very small (1.9 kcal/mol) at the CASSCF level of theory, and it disappears
entirely at NEVPT2//CASSCF. This implies that the singlet nitrene is not an observable

species and N2 extrusion and ring enlargement are concerted.
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Table S10. Intrinsic reaction coordinate (IRC) path for the reactions of 2 with CO and

C2H4 respectively at M06-2X/6-311+G(d,p) level of theory.

IRC for TS4_comp’ -4

14

AE (kcal/mol)

=
45
54
55 S50 5
Intrinsic Reaction Coordinate
IRC for TS4_4 (2+1)
5
& ] ]
4
9
2 5 P
"g 1
=
3
=
wo
-~

3 ¥ . {‘ %’
,37‘ 4_(2+1)

Intrinsic Reaction Coordinate
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IRC fOl' TS4 comp — 4_(2+2)

AE (kcal/mol)
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12 4 *
¥
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7=)
E 6
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IRC for TScomp 5-5

AE (kcal/mal)
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Table S$11. NBO analysis of the C=C—B interaction for complex 5_comp formed at the
M06-2X/6-311+G(d,p) level of theory.

AE®@ %(C=C)® %B® Occ. (C=C)© Occ.B®
5 _comp 3148 78.4 20.6 1.589 0.497

(@) NBO second order perturbation interaction energy associated with the R—B interaction, in kcalmol™. (b)

Percentage of the donor and acceptor NBO in the corresponding NLMO. (c) Occupancy of the donor and acceptor
NBO orbitals.

Table S$12. NBO plots for the (a) donor NBO, (b) acceptor NBO and (c) corresponding
NLMO associated with the C=C—B interaction for complex 5_comp at the M06-2X/6-
311+G(d,p) level of theory.

(@)

(b)

(©)
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Table $13. Infrared spectroscopic data of experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 3 in argon matrix.

Vibrational Experimental Computational .
a Assignments

Mode v (cm™) |b v (cm™) Ib
99 3079 0.012 3246 0.007 CH str. (ring)

98 3043 0.008 3193 0.006 CH str. (ring)

97 3155 0.017 CH str. (ring)

96 3007 0.008 3135 0.016 CH str. (ring)

91 3102 0.072 CH str. (tert-butyl grp)
89 2961 0.070 3096 0.021 CH asym. str. (tert-butyl grp)
88 2939 0.028 3076 0.053 CH sym. str. (tert-butyl grp)
87 2935 0.050 3071 0.015 CH sym. str. (tert-butyl grp)
85 2903 0.016 3036 0.011 CH str. (methyl grp)

83 2888 0.012 3016 0.07 CH sym. str. (tert-butyl grp)
82 2864 0.054 3010 0.023 CH sym. str. (tert-butyl grp)
80 2141 1.000 2266 1.000¢ N3 str.

79 1612 0.262 1647 0.117 ring str.

78 1513 0.431 1545 0.129 ring str.

77 1474 0.093 1520 0.009 CH scissor (tert-butyl grp)
75 1466 0.063 1511 0.016 CH scissor (tert-butyl grp)
71 1457 0.070 1483 0.083 ring breathing

66 [°B] 1409 0.062 1447 [°B] 0.055 CH bend (ring), BN str.
66 1402 0.102 1438 0.091 CH bend (ring), BN str.
65 1399 | 0.209 1433 0.166 | CHwag éfggtz:;yg')grp)’ CH
64 1363 0.020 1408 0.006 CH wag (tert-butyl grp)
62 1327 0.054 1396 0.176 CH bend (ring), N3 str.

61 [°B] 1291 0.016 1310 [°B] 0.021 CH bend (ring)

61 1283 0.206 1308 0.097 CH bend (ring)
60 1262 0.053 1299 0.013 CH wag (methyl grp)
59 1255 0.022 1293 0.046 CH wag (methyl grp)

58 [°B] 1251 0.054 1260 ['°B] 0.016 CH wag (tert-butyl grp), BN str.
58 1232 0.086 1234 0.006 CH wag (tert-butyl grp), BN str.
57 1225 0.039 1226 0.039 CH wag (tert-butyl grp), ring str.
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54 ['°B] 1174 0.016 1193 ['°B] 0.007 CH bend (ring)
54 1162 0.034 1186 0.006 CH bend (ring)

53 ['%B] 1151 0.043 1181 [°B] 0.014 ring str., BN str
53 1142 0.257 1171 0.088 ring str., BN str

52 ['°B] 1086 0.016 1118 ['°B] 0.013 ring deformation, BN str
52 1072 0.074 1103 0.081 ring deformation, BN str
50 1016 0.068 1032 0.013 CH bend (ring)
49 1004 0.007 1025 0.003 CH wag (tert-butyl grp)
47 988 0.161 1011 0.065 ring str.
44 938 0.012 949 0.002 CH twist (tert-butyl grp)
43 935 0.004 939 0.006 CH wag (tert-butyl grp)
42 823 0.168 870 0.065 CH rock (methyl grp)
41 811 0.318 849 0.231 CH wag (methyl grp)
38 791 0.145 804 0.061 CH twist (methyl grp)
36 764 0.034 771 0.02 ring str., N3 bend
35 739 0.135 752 0.061 CH wag (ring)
34 701 0.060 706 0.001 CH wag (methyl grp)
32 684 0.054 695 0.019 ring breathing, N3 bend
31 669 | 0017 669 0.003 | M9 bﬁ:&g%uu? ;‘:‘F'}r)‘d' EH
30 614 0.028 630 0.008 ring deformation

2 The numbering of the vibrational modes is according to calculated spectrum. ® Intensity
relative to the strongest band. ¢ Computed absolute intensity: 880.3 km mol™".

Table S14. Combination and overtone bands for 3 observed in experimental and

computed (B3LYP-D3(BJ)/6-311+G(d,p)) spectra.

Computational Experimental
Combination/overtone v (cm-1) v (cm-1)
v30 + v36 1379 1366
2v32 1371 1341
v31l +v32 1344 1313
v4 + v57 1268 1255
2v29 1176 1179
v23 + v32 1095 1079
v15+ v30 862 846
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Table $15. Infrared spectroscopic data of experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 2 in argon matrix.

Vibrational Experimental Computational .
Assignments
Mode v (em™) |b v (cm™) Ib

74 ['°B] 1809 0.161 1848 ['°B] 0.248 BN str.
74 1751 1.000 1788 1.000¢ BN str.
73¢ 1587 0.014 1631 0.022 C=C str. (ring)
72 1526 0.123 1544 0.116 C=C str. (ring)
71° 1476 - 1518 0.016 CH scissor (tert-butyl grp)
69° 1468 - 1519 0.065 CH scissor (tert-butyl grp)
619 1393 0.123 1436 0.043 CH bend (ring)
60 1378 0.018 1430 0.014 CH wag (tert-butyl grp)
594 1365 0.006 1399 0.011 CH str.(tert-butyl grp)
58¢ 1364 0.008 1398 0.013 CH scissor (tert-butyl grp)
574 1345 0.008 1372 0.029 CH bend (ring)
56 1293 0.006 1306 0.070 CH wag (methyl grp)
55 1265 0.017 1299 0.121 CH wag (methyl grp)
54 1257 0.132 1283 0.108 CH bend (ring)
53 1219 0.031 1248 0.029 CH bend (ring)
49 1155 0.006 1162 0.060 ring str.
48 1050 0.567 1057 0.417 ring str.
46 1008 | 0.009 1027 giozs | ©H awst (te”'gbrg‘)y' g, Ty
45 1005 0.009 1023 0.023 ring breathing
40 924 0.013 948 oss | CHwag (rﬁ;’l gr';)tWiSt gen-
39 900 0.005 918 0.017 CH bend (ring)
38 857 0.005 878 0.025 ring deformation
37 840 0.385 867 0.226 CH twist (methyl grp)
36 809 0.232 844 0.376 CH rock (methyl grp)
34 796 0.056 810 0.016 CH wag (ring)
33 787 0.005 798 0.123 CH wag (methyl grp)
31 736 0.101 751 0.144 CH wag (ring)
30 688 0.120 701 0.006 CH twist (methyl grp)
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29 684 0.010 690 0.064 | CHwag (””g)ér(;)"' wag nethy!

28 662 0.011 674 0.026 ring str., CH wag (methyl grp)
ring breathing, CH twist (tert-

27 600 0.031 614 0.030 butyl grp, methyl grp)

25 504 0.077 522 0.110 ring str., CH str. (tert-butyl grp)

2The numbering of the vibrational modes is according to calculated spectrum. ® Intensity
relative to the strongest band. ¢ Computed absolute intensity: 352.9 km mol™'. ¢ these peaks
are observed in the irradiation spectrum see Figure1 but are not visible in the difference
spectrum as their intensity is low. ¢ these peaks are only observed in the experiment with
C:H4 but not observed in with CO and Ar due to the overlapping of peaks of 3 and 4 in the
same region.

Table S16. Infrared spectroscopic data of experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 4 in argon matrix.

Vibrational Experimental Computational .
Mode — m 3 o) m Assignments

80 2112 1.000 2146 1.000¢ CO str.
79 1595 0.029 1608 0.045 C=C str. (ring)

74 ['°B] 1474 0.030 | 1502['°B] | 0.025 BN str., C=C str. (ring)
71 1467 0.074 1484 0.113 BN str., C=C str. (ring)
69 1426 0.014 1469 0.013 CH Scissor (methyl grp)
65 1391 0.003 1430 0.006 CH wag (tert-butyl grp)
63 1363 | 0.002 1400 0.005 CH wag (tert-butyl grp)
60 1254 0.028 1294 0.039 CH wag (methyl grp)
58 1232 0.068 1265 0.028 CH bend (ring)

54 [1°B] 1128 0.006 | 1159['°B] | 0.005 ring str.
54 1122 0.014 1154 0.024 ring str.
53 1063 0.068 1102 0.093 ring str.
51 - 0 1029 0.041 r?ng str. ,CH wag (tert-butyl grp)

52 ['°B] 1042 ['°B] 0.017 | ring str. ,CH wag (tert-butyl grp)
49 945 0.007 977 0.012 CH twist (ring)
48 934 - 964 0.008 CH twist (ring)
41 835 0.034 860 0.060 CH twist (methyl grp)
40 829 ) 836 0.097 CH wag (ring), CH twist (methyl

arp)
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38 805 0.026 801 0.028 CH wag (ring)

37 778 0.016 790 0.042 CH wag (methyl grp))

35 733 0.025 751 0.073 CH wag (ring)

33 671 0.015 672 0.021 CH wag (methyl grp)

31 588 0.014 599 0.027 ring str., CH twist (methyl grp,

tert-butyl grp)

aThe numbering of the vibrational modes is according to calculated spectrum. ® Intensity
relative to the strongest band. © Computed absolute intensity: 1064.2 km mol™".

Table S17. Infrared spectroscopic data of experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 4 (C'0) in argon matrix.

242

Vibh;ational Experimental Computational P—
ode v (em™) Ib v (cm™) 1P

80 2065 1.000 2099 1.000¢ CO str.
79 1595 0.047 1608 0.046 C=C str. (ring)

74 ['°B] 1474 0.045 | 1502["°B] | 0.027 BN str., C=C str. (ring)
71 1467 0.112 1483 0.120 BN str., C=C str. (ring)
69 1424 0.011 1469 0.014 CH Scissor (methyl grp)
65 1391 0.002 1430 0.006 CH wag (tert-butyl grp)
63 1363 | 0.003 1400 0.005 CH wag (tert-butyl grp)
60 1254 0.031 1294 0.041 CH wag (methyl grp)
58 1233 0.053 1265 0.029 CH bend (ring)

54 [1°B] 1126 0.008 | 1159["B] | 0.005 ring str.
54 1121 0.014 1154 0.025 ring str.
53 1063 0.074 1102 0.097 ring str.
51 _ - 1029 0.043 rfng str. ,.CH wag (tert-butyl grp)

52 ['°B] 1042 ['°B] 0.018 | ring str. ,CH wag (tert-butyl grp)
49 945 0.006 977 0.012 CH twist (ring)
48 938 0.005 964 0.008 CH twist (ring)
41 835 0.047 860 0.063 CH twist (methyl grp)
40 821 ) 836 0.100 CH wag (ring)érCFJ)I)-I twist (methyl
38 805 0.036 801 0.029 CH wag (ring)
37 778 0.030 790 0.044 CH wag (methyl grp))
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35 732 0.025 751 0.076 CH wag (ring)

33 671 0.023 672 0.022 CH wag (methyl grp)

31 590 0.011 508 0.029 ring str., CH twist (methyl grp,
tert-butyl grp)

aThe numbering of the vibrational modes is according to calculated spectrum.  Intensity
relative to the strongest band. © Computed absolute intensity: 1024.2 km mol™’

Table S$18. Infrared spectroscopic data of experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 4 ("*CO) in argon matrix.

Vibrational Experimental Computational .
Mode - z r b Assignments
v (cm™) | v (cm™) |

80 2064 1.000 2096 1.000°¢ CO str.
79 1595 0.046 1608 0.047 C=C str. (ring)

74 ['°B] 1474 0.052 | 1502["°B] | 0.027 BN str., C=C str. (ring)
71 1467 0.128 1483 0.121 BN str., C=C str. (ring)
69 1425 0.012 1469 0.014 CH Scissor (methyl grp)
65 1392 | 0.004 1430 0.006 CH wag (tert-butyl grp)
63 1363 | 0.006 1400 0.005 CH wag (tert-butyl grp)
60 1255 0.044 1294 0.041 CH wag (methyl grp)
58 1231 0.057 1265 0.030 CH bend (ring)

54 ['°B] 1128 0.012 1159 [°B] 0.005 ring str.
54 1125 0.019 1154 0.026 ring str.
53 1063 0.017 1102 0.099 ring str.
51 1004 0.036 1029 0.044 ring str. ,CH wag (tert-butyl grp)

52 ['°B] 1042 ['°B] 0.018 | ring str. ,CH wag (tert-butyl grp)
49 944 0.007 977 0.013 CH twist (ring)
48 939 0.004 964 0.008 CH twist (ring)
41 837 0.057 860 0.064 CH twist (methyl grp)
40 822 ) 836 0.102 CH wag (ring)ér(';‘)l)-l twist (methyl
38 805 0.046 801 0.030 CH wag (ring)
37 777 0.033 790 0.045 CH wag (methyl grp))
35 733 0.044 751 0.078 CH wag (ring)
33 671 0.026 672 0.023 CH wag (methyl grp)
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ring str., CH twist (methyl grp,

=He tert-butyl grp)

31 590 0.010 0.032

aThe numbering of the vibrational modes is according to calculated spectrum. ® Intensity
relative to the strongest band. ° Computed absolute intensity: 1004.0 km mol™

Table $19. Isotopic shifts observed in experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 4 in argon matrix.

Experiment | Computation | Experiment | Computation | Experiment | Computation
al al al al al al
v (cm™) v (cm™) v (cm™) v (cm™) v (cm™) v (em™)
(CO) (CO) (C™®0) (C*0) (*CO) (*CO)
2112 2146 2065 2099 2064 2096
Isotopic Difference

Table $20. Infrared spectroscopic data of experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 5 in argon matrix.

Vibrational Experimental Computational .
Assignments
Mode v (cm) I v(cm) P
88 1637 0.402 1687 0.522 C=C str. (ring)
87 1615 0.982 1675 0.878 C=C str. (ring)
85 1481 0.049 1518 0.178 CH scissor (ter-butyl grp)
CH rock (ring),
79 1457 0.144 1486 0.191 CH seior (I UL GID)
77 1433 0.022 1469 0.081 CH scissor (methyl grp)
74 1417 0.336 1449 0.139 CH scissor (C2Hs)
73 1411 0.445 1443 0.492 CH rock (ring)
71 [°B] 1383 | 0.441 1410 osug | PNstr. CHwag (CoHd), CH
bend (ring)
71 1376 | 0.985 1402 gy | BhNet. GH wag (CaHa. C
bend (ring)

68 [1°B] 1337 0.151 1358 0.179 BN str., CH bend (ring)
68 1321 0.331 1338 0.137 BN str., CH bend (ring)
67 [°B] 1297 | 0.041 1332 0.054 | BNstr, CHwag(CzH), CH

bend (ring)
67 1290 | 0.363 1320 ogss | BNstr, CHwag(CH,), CH
bend (ring)
65 1254 0.333 1296 0.269 CH wag (methyl grp)
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CH wag (CzH.), CH bend

G2 Ll i 12=¢ D182 (ring), CH twist (tert-butyl grp)
58 1145 0.115 1173 0.143 CH wag (CzH4), CH bend (ring)
56 1105 0.066 1129 0.105 BN str., NC str., CH wag (CzH.)
55 ['°B] 1059 0.041 1076 0.107 | Ring breathing, CH wag (C2H.)
54 1035 0.010 1040 0.063 Ring str., CH wag (C2Ha4)
52 1026 0.023 1027 0.087 CH twist (tert-butyl grp)
51 974 0.069 986 0.23 Ring str., CC str. (C2H4)
47 930 0.016 950 0.037 CH twist (C2H4), CH twis_t (tert-
butyl grp), CH wag (ring)
Ring breathing, CH wag (C2H4),
43 890 0.038 908 0.045 CC str. (CaHa)
42 839 0.578 867 0.555 CH twist (methyl grp)
& Ring str., CH twist (methyl grp),
41 828 1 848 1 CH wag (CoHe)
Ring str., CH twist (methyl grp),
39 798 0.469 819 0.14 CH wag (tert-butyl grp), CH wag
(C2Ha)
37 777 0.044 790 0196 | CH twist(methyl grp), CH wag
(CaHa)
34 720 0.073 730 0.188 CH wag (ring), CH wag (CzH4)
Ring str., CH wag (ring), CH
33 718 0.073 722 0.223 wag (CzHa)
31 679 0.060 679 0.160 CH str. (methyl grp)
2 The numbering of the vibrational modes is according to calculated spectrum. P Intensity
relative to the strongest band. © Computed absolute intensity: 1064.2 km mol™'.

Table S21. Infrared spectroscopic data of experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 5 (C2Da4) in argon matrix.

245

Vibrational Experimental Computational S
ssignments
Mode | y(cm") [ v (cm) o

88 1636 0.308 1686 0.369 C=C str. (ring)

87 1615 0.930 1675 0.588 C=C str. (ring)

86 1474 0.092 1518 0.122 CH scissor (tert-butyl grp)

80 1455 0.135 1486 0.149 CH rock (ring), CH scissor (tert-
butyl grp)

78 1421 0.040 1469 0.055 CH scissor (methyl grp)
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CH rock (ring)

75 ['°B] 1416 0.148 1451 0.111
75 1411 0.190 1443 0.372 CH rock (ring)
73 ['°B] 1380 0.127 1401 0.208 | BNstr, CH b(eé‘zilg'”g)’ g
71 1372 1 1391 1e BN str., CH bend (ring), CH wag
(CzHa4)
70 ['°B] 1337 0.102 1358 0.112 BN str., CH bend (ring)
70 1322 0.321 1340 0.152 BN str., CH bend (ring)
69 ['°B] 1208 0.098 1324 0.074 BN str., CH bend (ring)
69 1283 0.765 1311 0.709 BN str., CH bend (ring)
67 1253 0.134 1296 0.189 CH wag (methyl grp)
CH bend (ring), CH twist (tert-
66 1212 0.120 1241 0.148 butyl grp)
62 1155 | 0.088 1181 0.171 | BN str. CHwag (CzHi), CH
bend (ring)
61 1102 0.062 1125 0.068 | CH wag (C2Hz), CH bend (ring)
60 1088 0.058 1110 0.046 | BN str., NC str., CH wag (C2Ha)
58 1041 0.325 1050 0.488 | Ring breathing, CH wag (CzH.)
56 1008 0.014 1027 0.08 CH twist (tert-butyl grp)
54 [1°B] 975 0.008 087 0.038 Ring str., CC str. (C2Ha)
54 966 0.011 983 0.112 Ring str., CC str. (C2Hs)
Ring breathing, CH wag (CzH.),
46 878 0.010 895 0.017 CC 8t (ot
45 840 0.330 867 0.401 CH twist (methyl grp)
Ring str., CH twist (methyl grp),
43 813 0.384 844 0.709 CHwag (Ca)
Ring str., CH twist (methyl grp),
41 790 0.154 806 0.157 | CH wag (tert-butyl grp), CH wag
(C2Ha)
38 ['°B] 778 0.013 782 0.024 | CHtwist (m?g“zflgrp)' GHlwag
38 767 0.099 780 0081 CH twist (methyl grp), CH wag
(C2Ha)
35 716 - 725 0.222 | CH wag (ring), CH wag (CzHs)
33 680 0.030 684 0.133 Ring str., CH wag (ring), CH

wag (CzH4)

aThe numbering of the vibrational modes is according to calculated spectrum. ® Intensity
relative to the strongest band. ° Computed absolute intensity: 1024.2 km mol™’
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Table S$22. Isotopic shifts observed in experimental and computed (B3LYP-D3(BJ)/6-

311+G(d,p)) vibrational frequencies of 5 in argon matrix.

Experimental

Computational

Isotopic Difference

V(g::_rll;;) v(((:c:rg;;) V(g:r:‘t;) v( ((:(:R;) Experimental | Computational
718 680 (v33) 721 (v33) 684 38 37
777 767 (v37) 790 (v38) 780 10 10
798 790 (v39) 819 (v41) 806 8 13
828 813 (v41) 848 (v43) 844 15 4
890 878 (v43) 908 (v48) 895 12 13
974 966 (vb1) 986 (vb4) 984 8 2

- 1041 (v55) 1065 (v58) 1050 - -
1059 ) (v5[512);]076 (v5[8%é1051 ) )
1145 1102 (vb8) 1173 | (v61) 1125 43 48
1290 1283 (v67) 1320 (v69) 1311 9
1376 1372 (v71) 1401 (v71) 1391 10
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Table $23. Cartesian coordinates of stationary points at different level of theories.

CcoO
B3LYP-D3(BJ)/6-311+G(d,p) MO06-2X/6-311+G(d,p)

[ 0.00000000 0.00000000 -0.64435700 C 0.00000000 0.00000000 -0 64123200
0 0.00000000 0.00000000 0.48326800 0 0.00000000 0.00000000 0.48092400
C2H4
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)

c 0.00000000 0.00000000 0.66432900 c 0.00000000 0.00000000 0.66289000
(@ 0.00000000 0.00000000 -0.66432900 c 0.00000000 0.00000000 -0.66289000
H 0.00000000 0.92290900 -1.23478300 H 0.00000000 0.92339000 -1.23097700
H 0.00000000 -0.92290900 -1.23478300 H 0.00000000 -0.92339000 -1.23097700
H 0.00000000 -0.92290900 1.23478300 H 0.00000000 -0.92339000 1.23097700
H 0.00000000 0.92290900 1.23478300 H 0.00000000 0.92339000 1.23097700
2
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)

-3.23970600 0.32027300 -0.94728100
-1.32800700 -0.30197100 1.51853300
-3.04451500 1.03071500 0.20190200
-2.35401000 0.56706800 1.40211500
-3.84158400 0.76068500 -1.73988100
-0.97669100 -0.63346000 2.48949100
-3.55573000 1.98396600 0.28427900
-2.73484800 0.95588200 2.34328900
-2.78462400 -0.98558200 -1.17069300
-0.65047900 -0.88964700 0.37197300
-1.64712500 -1.11857000 -0.54373800
1.58877700 1.01743700 -0.27573300
1.94909700 -1.41546800 1.65870600
1.67437500 -2.45641500 1.84910500
3.03726500 -1.36839100 1.56093000
1.67255800 -0.82641200 2.53648700
1.43584400 -1.91179500 -1.36136100
1.13363400 -2.93811100 -1.13621400
0.88687500 -1.58710400 -2.24978400
2.49873400 -1.92585600 -1.61587500
3.06182100 1.06500700 -0.72744400
3.22628500 0.49838900 -1.64819700
3.35952600 2.10179600 -0.92391100
3.73952700 0.67258100 0.03728700
0.68942000 1.56103800 -1.40159600
0.78018000 0.97182500 -2.31902100
-0.36358800 1.57245900 -1.10929100
0.97671500 2.59059800 -1.64617400
1.41670500 1.89546600 0.97845700
1.68563000 293312300 0.74654300
0.38478600 1.89306000 1.33657000
2.06237200 1.56655900 1.79779900
1.11305600 -0.78659500 0.10275100

-3.25472900 0.16390800 -0.94876400
-1.28348600 0.00504600 1.52767600
-3.02134300 1.07870000 0.02942000
-2.30797600 0.84334300 1.28639200
-3.855612200 0.46248300 -1.80556500
-0.89209500 -0.13317400 2.53073600
-3.49540100 2.04779900 -0.07716400
-2.66028000 1.40583900 2.14642300
-2.84953600 -1.17901400 -0.92466000
-0.65802400 -0.79597400 0.49600300
-1.69541800 -1.17045200 -0.32022200
1.61387800 0.95567400 -0.36974400
1.95997500 -1.30522500 1.73641900
1.70106900 -2.33371300 1.99823700
3.04546300 -1.24988100 1.61730900
1.68957100 -0.66180600 2.57736100
1.31937500 -2.02872900 -1.21175000
0.92304100 -3.00565900 -0.92375800
0.81063900 -1.71488200 -2.12762300
2.37895300 -2.15566100 -1.44646800
2.99826500 0.87559400 -1.03343600
2.97434100 0.27981900 -1.95020200
3.34033500 1.88161600 -1.30193800
3.75104500 0.44298000 -0.36591800
0.59573700 1.51108100 -1.37605300
0.48625900 0.85932600 -2.24916600
-0.39212200 1.63514800 -0.92326200
0.92644700 2.49135600 -1.73855700
1.69266500 1.89447500 0.84373600
1.97703500 2.90119100 0.51577900
0.73032200 1.97458900 1.35741600
244186500 1.55957200 1.56712100
1.09103400 -0.78378400 0.16411200
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3
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 1.68701500 2.80708300 -0.28495200 C 1.66622800 2.79807500 -0.26797000
C 0.54357600 2.17273600 0.10585100 C 0.52822400 2.16082800 0.11932000
6 2.91807800 0.71402300 -0.33578700 C 2.90597500 0.70825000 -0.32504100
C 2.88436800 2.07181400 -0.50659300 C 2.86662100 2.06158000 -0.49016500
H 1.66671400 3.88066000 -0.42004900 H 1.64465200 3.87131500 -0.39997100
H -0.35727700 2.74797600 0.27291000 H -0.37635400 2.73348600 0.28838400
H 3.85151700 0.18862600 -0.51528400 H 3.84286600 0.18898900 -0.50563700
H 3.77166800 2.61868500 -0.81492600 H 3.75268500 2.61177600 -0.79528500
B 1.64646600 0.01916500 0.09147800 B 1.63020400 0.01017400 0.09971100
N 0.45739300 0.81364200 0.31018700 N 0.44512500 0.80234900 0.31932400
Si -1.16579100 0.11757300 0.74469500 Si -1.16759400 0.09544200 0.74400000
C -0.98906900 -1.25577200 2.00573300 C -0.99118300 -1.31410200 1.95942200
H -1.96732200 -1.46410700 2.44961500 H -1.93798100 -1.44943500 2.48992600
H -0.59576000 -2.17318000 1.57123000 H -0.72227900 -2.24991500 1.47056700
H -0.31445700 -0.95248500 2.81072400 H -0.21693700 -1.09304300 2.69772800
C -2.15958400 1.50051900 1.54961300 C -2.15538000 1.45533600 1.58565200
H -2.46228100 2.29147700 0.86049400 H -2.47597100 2.25743100 0.91835700
H -3.07221500 1.07393100 1.97518000 H -3.05588400 1.01401800 2.02135800
H -1.60072900 1.95881800 2.37039900 H -1.58253500 1.90063500 240377000
c -2.01844500 -0.45352000 -0.86158100 C -2.01321400 -0.43505900 -0.86589400
C -1.23795500 -1.59354700 -1.53901600 C -1.18106300 -1.49126300 -1.60591600
H -1.12354100 -2.45955500 -0.88280000 H -0.99225700 -2.37333600 -0.98849800
H -1.77207300 -1.92366900 -2.43822600 H -1.71640400 -1.81644500 -2.50578700
H -0.23875700 -1.27566600 -1.84328000 H -0.21271400 -1.09175000 -1.91868500
C -2.12516300 0.72944400 -1.84195400 G -2.19980600 0.78113600 -1.78469900
H -2.62001200 0.40701700 -2.76569400 H -2.67581500 047014600 -2.72187200
H -2.71343500 1.55412600 -1.42942000 H -2.83968700 1.54352400 -1.33111000
H -1.14045500 1.11846000 -2.11474000 H -1.24144200 1.24406400 -2.03997400
C -3.43366500 -0.95309200 -0.50664900 C -3.38743800 -1.02764700 -0.51453200
H -3.95205500 -1.28456700 -1.41404200 H -3.90676900 -1.33420800 -1.42972700
H -3.40444400 -1.80329200 0.18117100 H -3.29515400 -1.91192600 0.12340300
H -4.04424400 -0.16868500 -0.05019600 H -4.02674300 -0.30204300 -0.00213300
N 1.51590000 -1.43072400 0.29162000 N 1.49515000 -1.44282600 0.29724100
N 3.25425900 -2.97921200 -0.04659200 N 3.30631700 -2.88452300 -0.07378800
N 245287300 -2.19149900 0.10275800 N 246715500 -2.15830500 0.09287600
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4 comp
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
G 234416700 203077200 -0.94334700 | C -2.39978700 1.95309200 -0.93564700
c -0.64739600 1.02342100 155313500 | C -0.61653500 1.02656100 1.51424700
€ -1.68404300 275318100 0.00764000 | C -1.71365000 2.70311400 -0.03372700
c -1.14260200 224558200 1.26563300 | C -1.13510100 2.23460100 1.22744100
H -2.75831700 255187700 -1.80430400 | H -2.82393400 244841300 -1.80651600
H -0.36273900 0.75400700 2.56438900 | H -0.28074100 0.78062300 251694300
H -1.65884300 3.83003900 -0.12142200 | H -1.67195500 3.77197000 -0.21035000
H -1.15899100 2.94239600 2.09988500 | H -1.13393500 2.94849200 2.04614800
N -2.60533000 0.65480700 -0.87037200 | N -2.68371300 0.58300400 -0.81391500
N -0.49926100 -0.02691300 0.55913400 | N -0.50156600 -0.03355700 0.53775500
B -1.59366400 0.09849300 -0.25831700 | B -1.63134400 0.07733600 -0.23143000
o 2.30718400 0.28883100 -0.47409300 | C 2.31263300 0.31792100 -0.41290100
o 1.58730100 -1.62781500 1.89354200 | C 1.54102300 -1.74820800 1.78119800
H 0.84224400 -2.32673100 2.28296700 | H 0.80850500 -2.50045800 2.08285500
H 2.52885400 -2.17160700 1.77655700 | H 2.50588200 -2.24680700 1.65485000
H 1.74804600 -0.85087300 2.64493800 | H 1.64726500 -1.03042400 2.59842800
C 0.55214300 -2.25566700 -0.96354200 | C 0.54167600 -2.14715300 -1.12813400
H -0.22123200 -2.90462000 -0.54517600 | H -0.28573100 -2.77795800 -0.79410700
H 0.16857300 -1.83705400 -1.89826000 | H 0.23508100 -1.64984700 -2.05277700
H 141638500 -2.87808500 -1.20934500 | H 1.38623800 -2.79902200 -1.36434000
¢ 3.53419800 -0.51393700 -0.94918800 | C 3.45686600 -0.46149600 -1.08116500
H 3.27773100 -1.22228900 -1.74186400 | H 3.11658600 -0.99727100 -1.97176900
H 4.29415700 0.16640800 -1.35143100 | H 4.24598100 0.23181000 -1.39402700
H 4.00028700 -1.07411100 -0.13243500 | H 3.91276000 -1.18822000 -0.40040100
o 1.68813100 1.03629100 -1.66992800 | C 1.67870700 1.27282100 -1.43478000
H 1.36154100 0.34979700 -2.45677700 | H 1.23985200 0.73310300 -2.28036800
H 0.82773000 1.63961400 -1.36946400 | H 0.89256200 1.88407100 -0.98218100
H 242891000 1.71192100 -2.11391400 | H 244230600 1.94826600 -1.83779600
G 2.75323900 1.31252300 0.58728700 o 2.87861000 1.13215000 0.76030300
H 3.48649900 2.00356300 0.15408600 H 3.61776100 1.85212200 0.38985200
H 1.91401200 1.90829700 0.95359100 H 2.09700300 1.69820400 1.27514400
H 3.22829600 0.82886300 1.44564200 H 3.37966900 0.49262300 1.49287500
Si 1.02267400 -0.91203400 0.25517100 Si 1.00810000 -0.91225800 0.19485400
i -4.16904200 -2.25609300 -0.18014400 | C -4.07677000 -2.24604100 -0.09845900
o) -3.07372500 -2.47039800 -0.00522100 | O -2.97461600 -2.41063100 0.05620000
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4 comp’
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
G 2.65479200 -1.46222200 -105956800 | C 2.45673000 -1.73921500 -0.84256900
c 0.90509000 -0.91266300 153692600 | C 0.91506400 -0.71371300 1.72385700
€ 2.17342300 -2.34237200 -0.13504600 | C 2.00267300 -2.43866900 0.23122900
c 1.59904700 -2.00840800 1.16505100 | C 1.55426100 -1.87643700 1.50656000
H 3.12988300 -1.85372000 -1.95692100 | H 2.82519800 -2.29366600 -1.70319400
H 0.61788300 -0.75364100 257079000 | H 0.69132300 -0.36880100 2.72822800
H 2.34241700 -3.39714100 -0.32472200 | H 2.08285000 -3.51900700 0.18589900
H 1.77445900 -2.73230900 1.95702000 | H 1.77197300 -2.46498800 2.39315900
N 2.66049600 -0.07035500 -0.91770100 | N 2.56862800 -0.34382700 -0.92380500
N 0.52958500 0.14395500 0.61223400 N 0.51853400 0.17672800 0.65333100
B 1.60784600 0.29026000 -0.22841000 B 1.55909400 0.12634300 -0.24109900
o 217129700 -0.65659500 -0.44702400 | C -2.10446200 -0.59468500 -0.55688400
o -1.81960400 1.15016200 2.08256100 | C -1.88049400 1.03543000 2.09200900
H -1.22576000 1.94728700 253787100 | H -1.24768800 1.71613400 2.66725200
H -2.85317800 1.50032800 2.01187700 | H -2.86975000 1.49203900 2.00695700
H -1.80918800 0.29201600 2.75895200 | H -1.98957000 0.10894100 2.66093300
C -0.99951800 222999700 -0.70574600 | C -1.00071200 2.30816000 -0.60058400
H -0.39425600 2.99928900 -0.22015200 | H -0.52465800 3.09362200 -0.00906600
H -0.53349800 1.99317000 -1.66629000 | H -0.39265500 214972400 -1.49599300
H -1.98441400 265709200 -0.91120600 | H -1.97980200 2.67076500 -0.92365900
¢ -3.55186400 -0.09160500 -0.83451100 | C -3.58207500 -0.18917100 -0.66382900
H -3.47172400 0.72398900 -1.55860600 | H -3.70910800 0.77392900 -1.16820300
H -4.16284800 -0.87774800 -1.29383900 | H -4.13337700 -0.93743300 -1.24488000
H -4.10276100 0.28059500 0.03503200 | H -4.05620000 -0.12386300 0.32006500
o -1.44158300 -1.14220400 -1.71335700 | C -1.50612500 -0.73466600 -1.96469600
H -1.28755900 -0.33259500 -2.43305400 | H -1.60356300 0.18837400 -2.54353000
H -0.46629900 -1.57517700 -1.47728600 | H -0.44581900 -1.00832400 -1.92825800
H -2.03556700 -1.91542000 -2.21516600 | H -2.02811500 -1.52605400 -2.51491400
G -2.36345700 -1.84579100 0.51336900 | C -1.99482200 -1.94540600 0.16559800
H -2.94624300 -2.63322800 0.02014800 | H -2.57733700 -2.70146900 -0.37405400
H -1.40817800 -2.28081800 0.81553400 | H -0.95850600 -2.29110400 0.21124100
H -2.90672600 -1.55571300 1.41734400 | H -2.38503000 -1.89850500 1.18703100
Si -1.14584300 0.71388200 0.38749700 Si -1.15175100 0.73310200 0.39604700
i 2.70398700 2.77504100 -0.13645200 | C 2.73568200 2.63614800 -0.64054600
o) 3.54221100 345270100 -0.46571300 | O 3.59936100 3.20960600 -1.06819400
543




Publication 111
Supporting Information

4
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)

C 2.42502200 -1.71401100 -0.99516600 C 242027100 -1.65526500 -1.00224500
C 1.01210400 -0.66239000 1.60510100 C 0.97431200 -0.77341200 1.63890700
6 2.08916100 -2.40257800 0.15098800 C 2.04047200 -2.41153800 0.06569100
C 1.66288000 -1.84003100 1.40163900 C 1.61677500 -1.92686300 1.36754400
H 2.81869900 -2.29166700 -1.83046000 H 2.80245800 -2.17212900 -1.88007700
H 0.77570300 -0.36356600 2.62493800 H 0.73934800 -0.52215500 2.67178000
H 2.30141000 -3.46777000 0.15245900 H 2.18444300 -3.48390900 -0.02194100
H 1.86472300 -2.42806700 2.29248200 H 1.83061400 -2.56741900 2.21788400
N 249316400 -0.36771300 -1.10078800 N 2.51287000 -0.28716300 -1.02110400
N 0.58928000 0.19945200 0.57190400 N 0.57331500 0.17019700 0.65428200
B 1.74116000 044225300 -0.30611800 B 1.70117800 043747400 -0.22314400
C -2.08821300 -0.58410500 -0.54476900 C -2.03581800 -0.52056200 -0.64957700
C -1.79574600 1.10223100 2.06007600 C -1.87384800 0.82933200 2.14421300
H -1.19562500 1.84721100 2.59038600 H -1.28283800 1.47914700 2.79505300
H -2.81255600 1.49475500 1.97280100 H -2.87865500 1.25329500 2.07221700
H -1.84276700 0.20403800 2.68096000 H -1.95971900 -0.14611800 2.62952300
C -0.98593400 2.32400300 -0.66306300 C -0.99612900 2.38448300 -0.37990300
H -0.47270900 3.12403100 -0.12207500 H -0.51454500 3.11815000 0.27296700
H -0.46629200 2.16759000 -1.61232100 H -0.44296000 2.34697700 -1.32320200
H -1.99206500 2.68178600 -0.89823600 H -1.99691900 2.75939500 -0.60995600
C -3.54260400 -0.10991800 -0.72104400 C -3.51278500 -0.11426700 -0.74691700
H -3.60579300 0.80925500 -1.31120000 H -3.63582800 0.89044500 -1.16358800
H 412772700 -0.87457100 -1.24652300 H -4.05031600 -0.80812400 -1.40410600
H -4.03315300 0.07137400 0.23994800 H -4.00539800 -0.14037600 0.22973600
C -1.46371300 -0.84916500 -1.92700000 G -1.40948200 -0.52825200 -2.05169800
H -1.48580500 0.04119400 -2.56227300 H -1.50893100 0.44224700 -2.54727400
H -0.42565000 -1.17998400 -1.84176500 H -0.34662900 -0.78958200 -2.01367800
H -2.02174500 -1.63640500 -2.44852500 H -1.91069500 -1.27199000 -2.68247600
C -2.07287100 -1.89087800 0.27025400 C -1.93092700 -1.93223300 -0.05375000
H -2.65379000 -2.66363700 -0.24834600 H -2.48594100 -2.64230300 -0.67867900
H -1.05756200 -2.27103800 0.40193200 H -0.89102900 -2.26728600 -0.00714300
H -2.51763400 -1.75982900 1.26132300 H -2.35315500 -1.98377900 0.95479000
Si -1.06914100 0.74944900 0.36197600 Si -1.08610300 0.69928800 0.44754800
C 2.36473600 1.86965700 -0.27597900 C 2.32472300 1.92778100 -0.25113600
(o] 2.75080900 2.93908700 -0.26207600 (@] 2.76219600 295895700 -0.32260100
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4 (2+1)
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 3.66899500 -0.43420100 -0.42701600 C 3.67512500 -0.48656700 -0.41110700
C 0.79603100 -1.75371500 0.33086200 C 0.76454400 -1.72839900 0.33285900
6 3.29689800 -1.72317000 -0.39062200 C 3.28050100 -1.76176500 -0.34919800
C 1.98871600 -2.28664000 -0.01891700 C 1.94786100 -2.28875800 0.01105700
H 4.65685100 -0.09905800 -0.71085300 H 467339100 -0.17276000 -0.68154500
H 0.00967900 -2.46813900 0.54836900 H -0.04026700 -2.42590500 0.54859900
H 4.04909900 -2.45559100 -0.66303500 H 402226100 -2.51583400 -0.58660900
H 1.97519700 -3.37118700 -0.02795500 H 1.91036200 -3.37218800 0.01920200
N 2.71692500 0.53679900 -0.07830400 N 2.72871500 0.50789900 -0.10830300
N 0.37283100 -0.40458800 047719700 N 0.36368800 -0.37144300 0.45306400
B 1.36123400 0.57723600 0.26799200 B 1.37414800 0.58364400 0.22862400
C -2.24954400 0.06225600 -0.90347100 C -2.27787300 0.03908200 -0.88304500
C -2.07672300 -1.26981200 1.91653100 C -2.05241700 -1.17761800 1.96258200
H -1.45336300 -1.39692400 2.80585200 H -1.37021000 -1.34370500 2.80015400
H -3.06747400 -0.94772400 2.24923200 H -2.99305100 -0.79682000 2.36945700
H -2.19477600 -2.24730500 1.44316400 H -2.26603300 -2.14435900 1.50027100
C -1.32780600 1.70628500 1.58966700 C -1.30468800 1.78415600 1.50135000
H -0.83318800 1.65690700 2.56362700 H -0.82974600 1.77033000 2.48558300
H -0.80582800 245513500 0.99009000 H -0.75381400 249025300 0.87533500
H -2.35002500 2.05899600 1.75285100 H -2.32118000 2.16711300 1.62600700
C -3.73938600 0.37910500 -0.67261400 C -3.78180600 0.20081100 -0.61617200
H -3.88080300 1.34899300 -0.18673100 H -4.00578500 1.13398400 -0.08983000
H -4.27094300 0.41431600 -1.63099900 H -4.33151700 0.22037000 -1.56424400
H -4.22770700 -0.38187000 -0.05669000 H -4.17895200 -0.62783400 -0.02230600
C -1.62760600 1.14894200 -1.79975300 C -1.78843100 1.19036600 -1.77309000
H -1.71647800 2.14515500 -1.35858600 H -2.00039600 2.16623700 -1.32765600
H -0.56723900 0.95988000 -1.99059000 H -0.71090700 1.13045100 -1.95853700
H -2.13491000 1.17275500 -2.77148300 H -2.29106900 1.15355600 -2.74643500
C -2.12139200 -1.30203100 -1.60639800 C -2.02984000 -1.29365900 -1.60470400
H -2.64298800 -1.27856100 -2.57069000 H -2.59216800 -1.31931600 -2.54535900
H -1.07771400 -1.56011500 -1.80523500 H -0.97203300 -1.43069900 -1.84755200
H -2.56496600 -2.11037900 -1.01746400 H -2.35671300 -2.15114500 -1.00747000
Si -1.33960900 0.02235900 0.76915800 Si -1.33655000 0.06953100 0.75959600
C 2.19234900 1.84194900 0.03619800 C 2.25509800 1.82140500 -0.00251900
(o] 257680500 2.97077800 -0.09876500 (@] 2.68419000 292838900 -0.13074000
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B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
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3.72828000 -0.10805200 -0.43733500 3.72550000 -0.12156500 -0.43849200
0.96980300 -1.59833100 0.35444600 0.96287200 -1.58496300 0.37861100
3.45644600 -1.42429600 -0.33688600 3.45066300 -1.42948500 -0.33258300
2.20094800 -2.06190000 0.03230600 2.18698100 -2.05532500 0.05977200
4.69876300 0.27429000 -0.72881900 4.68904700 0.26353500 -0.74871300
0.22711600 -2.35130600 0.58437900 0.21856600 -2.33542600 0.62254700
4.27135200 -2.10298600 -0.55905800 4.25458600 -2.11645000 -0.56637500
2.25629100 -3.14516100 0.05432700 2.23766500 -3.13773600 0.09963100
2.75213500 0.82832000 -0.16810000 2.75136800 0.81610700 -0.14833600
0.46592500 -0.27649000 0.45394900 0.45762600 -0.26273600 0.45996400
1.33194900 0.78713200 0.21442500 1.33352200 0.79210600 0.22105100
-2.19255400 -0.05019300 -0.91785400 -2.18598500 -0.07195900 -0.91249400
-1.88711800 -1.40192000 1.88411000 -1.88941200 -1.35352300 1.80245600
-1.22883300 -1.50692700 2.75080600 -1.19430000 -1.49282900 2.73437800
-2.88728300 -1.16313300 2.25693900 -2.85779300 -1.07012900 2.32381300
-1.94910800 -2.37084900 1.38410700 -2.02113500 -2.31528200 1.40145500
-1.48432200 1.63228500 1.62896500 -1.47881900 1.67562500 1.57041700
-0.98365000 1.61332700 2.60073400 -0.98758900 1.68245400 2.54660000
-1.05799600 245399400 1.05257200 -1.04203600 247626100 0.97156200
-2.54349200 1.84212800 1.80395200 -2.63803200 1.89770100 1.72800100
-3.70897100 0.09544300 -0.68287300 -3.70409100 -0.07009400 -0.67514400
-3.95716000 1.03837200 -0.18712400 -4.03223500 0.82374000 -0.13554200
-4.24033000 0.08184800 -1.64167800 -4.23262700 -0.08477400 -1.63510700
-4.10986400 -0.72213900 -0.07635700 -4.02721600 -0.94831600 -0.10807300
-1.69764500 1.11344400 -1.79620800 -1.79824000 1.14806800 -1.76012800
-1.88606200 2.08578700 -1.33437500 -2.11085700 2.08453800 -1.29046700
-0.62549200 1.04480500 -1.99827600 -0.71801200 1.20302300 -1.92704800
-2.21505400 1.09934100 -2.76268600 -2.28136100 1.08986400 -2.74218900
-1.91478200 -1.38142800 -1.64048000 -1.78995300 -1.35327200 -1.66051300
-2.43449600 -1.39875300 -2.60572200 -2.32522500 -1.40731500 -2.61551000
-0.84907800 -1.52174600 -1.83927300 -0.71856800 -1.37948000 -1.87914000
-2.26883600 -2.24258400 -1.06605300 -2.04384700 -2.25498800 -1.09388600
-1.30050300 -0.01408000 0.76244600 -1.29920000 0.00707700 0.75613900
1.25519900 2.17787200 0.17730200 1.26192800 2.17936100 0.15599000
2.65699600 2.17950800 -0.23054700 2.63611600 2.15874600 -0.26631200
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255

B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 3.02606500 -1.15947000 -0.88604200 C 2.90395400 -1.24595600 -0.89427000
C 0.85095300 -0.88258700 1.40622500 C 0.81930000 -0.81932400 1.45366500
6 2.60496600 -2.08129500 0.01770200 C 244597100 -2.13090600 0.01989300
C 1.75603200 -1.85626200 1.17469800 C 1.65892000 -1.84195200 1.21453700
H 3.71698100 -1.46901500 -1.66564600 H 3.54039300 -1.60887000 -1.69631300
H 0.34418800 -0.85702300 2.36636700 H 0.34173700 -0.74251000 2.42746600
H 2.99754300 -3.08768900 -0.09047600 H 2.75667900 -3.16357200 -0.10015900
H 1.86697400 -2.57455900 1.98168300 H 1.76716700 -2.54950500 2.03070500
N 2.69645800 0.18355300 -0.87093000 N 2.68673100 0.12575700 -0.87338400
N 0.48674500 0.16622100 0.51080100 N 0.49293600 0.22548700 0.54065600
B 1.59490000 0.63894800 -0.21383900 B 1.61207600 0.61590800 -0.21627800
C -2.18950000 -0.66476100 -0.53559100 C -2.14881700 -0.67227800 -0.49513100
C -1.89024100 1.09572500 2.03153100 C -1.91440400 1.26125800 1.92830000
H -1.30306700 1.88098900 2.51533400 H -1.38445000 2.12372400 2.33933700
H -2.92296400 1.44804600 1.95691400 H -2.96667100 1.53575000 1.81260100
H -1.89000000 0.22142900 2.68679100 H -1.86719500 045229500 266127100
C -1.12231500 2.26333200 -0.72631100 C -1.05392200 2.21631200 -0.88663500
H -0.54635100 3.05014200 -0.23418800 H -0.44014400 3.01274500 -0.45975400
H -0.66687700 2.07476200 -1.70237500 H -0.61611800 1.93092100 -1.84785900
H -2.13043700 2.64740900 -0.90279900 H -2.04626500 2.62846400 -1.08531700
C -3.60174300 -0.14701100 -0.86999900 C -3.44160900 -0.12669900 -1.12149000
H -3.57405000 0.70357100 -1.55679000 H -3.23281500 0.56349000 -1.94363000
H -4.18706800 -0.93828500 -1.35336900 H -4.03781200 -0.95252500 -1.52647100
H -4.14921000 0.15980500 0.02663000 H -4.06495600 0.39656100 -0.38854500
C -1.46873600 -1.06866100 -1.83513900 G -1.29112000 -1.33395500 -1.58384600
H -1.38051600 -0.22916300 -2.53112900 H -0.98452100 -0.61810600 -2.35363900
H -0.46340100 -1.44869900 -1.63663000 H -0.38586900 -1.78281800 -1.16452000
H -2.02996000 -1.85934100 -2.34726700 H -1.86355300 -2.12576000 -2.08107400
C -2.30826300 -1.89841800 0.37934400 C -2.51009300 -1.71970500 0.56903500
H -2.87947000 -2.68565100 -0.12760700 H -3.04778100 -2.55353000 0.10234500
H -1.32918500 -2.31277600 0.63121900 H -1.61881100 -2.13250900 1.05079700
H -2.83035000 -1.66632000 1.31211500 H -3.15843500 -1.30237800 1.34509200
Si -1.19808200 0.71427400 0.32847400 Si -1.17769100 0.75919400 0.28146400
C 3.24115000 1.96719700 -0.13054900 C 3.27270200 1.88847400 -0.05191300
(o] 2.06040400 2.23658200 -0.06156700 (@] 2.12921900 223369300 -0.07065200
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B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 2.58305100 -1.58367600 -0.99747900 C 242246900 -1.78333600 -0.85645300
Cc 0.93978700 -0.83673600 1.60793900 C 0.96070100 -0.68714500 1.71516200
C 2.10754700 -2.39787100 -0.01200600 C 1.97195400 -2.46031900 0.23178500
C 1.58609800 -1.97478300 1.28233300 C 1.55907500 -1.87150100 1.50516500
H 3.02569300 -2.04003600 -1.88072700 H 2.77906000 -2.35874900 -1.70832500
H 0.68910800 -0.61408900 2.63994300 H 0.76399400 -0.33013600 2.72170400
H 2.24608700 -3.46569700 -0.14589600 H 2.03743700 -3.54239800 0.20200300
H 1.76400100 -2.65757000 2.10957500 H 1.77358000 -2.45466000 2.39634800
N 2.63145000 -0.19332700 -0.93818500 N 2.55523100 -0.40100100 -0.96270800
N 0.56663000 0.17779900 0.64019200 N 0.57185300 0.20696600 0.64852900
B 1.64285800 0.29541100 -0.22331900 B 1.62437100 0.20152700 -0.25816200
C -2.11229100 -0.61672600 -0.48868900 C -2.05792300 -0.57123800 -0.56177700
C -1.81524300 1.09226700 2.11274200 C -1.83329300 1.03264200 2.10020700
H -1.22913700 1.86639700 2.61561900 H -1.21387800 1.72519000 2.67601600
H -2.84596600 1.44942000 2.03650300 H -2.83197500 1.46860100 2.01672300
H -1.82095600 0.20488100 2.75015400 H -1.92201400 0.10387300 2.66890300
C -0.99469600 2.29273900 -0.61978200 C -0.98696400 2.33860400 -0.57558900
H -0.44137800 3.07091300 -0.08791400 H -0.47914400 3.11496800 0.00256500
H -0.49501000 2.11492300 -1.57599500 H -0.44122300 2.19925300 -1.51317300
H -1.99170000 2.68456300 -0.83721700 H -1.98289400 2.71055000 -0.82966700
C -3.51309100 -0.07118600 -0.82737800 C -3.52958100 -0.15065500 -0.68827900
H -3.46635000 0.78720900 -1.50349100 H -3.64061300 0.80916200 -1.20248200
H -4.10686700 -0.84686400 -1.32559100 H -4.08263700 -0.89799000 -1.26905600
H -4.06341800 0.23302200 0.06845900 H -4.01434300 -0.07185000 0.28948200
] -1.38700200 -1.01072300 -1.78886700 C -1.44369500 -0.72160800 -1.96164700
H -1.26701900 -0.15929400 -2.46550200 H -1.52520300 0.20066200 -2.54449500
H -0.39705300 -1.42770900 -1.58799700 H -0.38711000 -1.00596400 -1.91010900
H -1.96506400 -1.77333500 -2.32447200 H -1.96785800 -1.50848700 -2.51645300
C -2.25706500 -1.86309200 0.40518200 C -1.97238300 -1.92195600 0.16413800
H -2.82558100 -2.63763100 -0.12395200 H -2.55193900 -2.67386500 -0.38461800
H -1.28581800 -2.28637100 0.66980600 H -0.93983000 -2.27560200 0.22749700
H -2.79433500 -1.63991100 1.33153700 H -2.37997600 -1.86990500 1.17848200
Si -1.10978000 0.72909200 0.41249600 Si -1.09798600 0.74402200 0.40338400
C 248521600 2.48123700 -0.37708600 C 242048900 2.27682100 -0.63049600
(@] 3.07704800 3.32679800 -0.82949200 O 3.00200400 3.13556800 -1.05315700
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TSa-4_(2+1)
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 3.66975800 -0.32113300 -0.26074600 C 3.68290400 -0.31374600 -0.04103800
c 0.81104800 -1.74568900 0.24963100 c 0.80192400 -1.74719000 0.19487900
c 3.35233400 -1.62915800 -0.20999700 c 3.37392900 -1.61777600 0.02832000
c 2.03618600 -2.25063300 -0.00812600 c 2.04114100 -2.24728300 0.04439500
H 4.69067200 0.00003200 -0.43044200 H 471700500 0.00846700 -0.07410100
H 0.00896800 -2.46936700 0.34396300 H 001557600 -2.46235800 0.16103100
H 417025200 -2.32994200 -0.34744000 H 420722500 -2.31278700 0.04744900
H 2.04814600 -3.33279900 -0.07990100 H 2.06065200 -3.32354700 -0.08567500
N 2.70767600 0.68305500 -0.11403600 N 271145700 0.69523400 -0.09653700
N 0.38278500 -0.40468900 0.42351800 N 0.37882400 -0.40742000 0.39003700
B 1.36421800 0.59372100 0.14670400 B 1.36532700 0.57739100 0.08011100
c -2.28435500 0.07313400 -0.88755000 c -2.28833100 0.07389500 -0.89923200
c -2.02078500 -1.33691600 1.88749200 c -2.00598000 -1.33536300 1.85954900
H -1.39405400 -1.45169100 2.77606500 H -1.34432800 -1.48122400 2.71714100
H -3.02286300 -1.05246300 2.22065600 H -2.98460200 -1.03042500 2.23955100
H -2.10256800 -2.31352500 1.40524900 H -2.13195700 -2.30071400 1.36449600
c -1.33704000 1.65046100 1.63039100 c -1.31587800 1.64961500 1.59246600
H -0.70249100 1.62420100 2.52062900 H -0.66681700 1.62216200 2.47170000
H -0.99266900 247017200 0.99645200 H -0.97962300 246723900 0.95044400
H -2.35276800 1.89185000 1.95586500 H -2.32474200 1.89588400 1.93406400
c -3.75053300 0.45513700 -0.61067100 c -3.75488500 0.42052200 -0.60383800
H -3.83332800 1.43492700 -0.13135300 H -3.85132600 1.39061600 -0.10691200
H 431348900 0.50275500 -1.55056200 H 4,32526500 0.47252000 -1.53853700
H -4.24902900 -0.27786000 0.03068000 H -4.23058800 -0.33503000 0.02889900
c -1.64453300 1.13072300 -1.80593500 c -1.68052600 1.15218200 -1.80799900
H -1.65841200 2.12832100 -1.35836300 H -1.70639700 2.14378200 -1.34640200
H -0.60709000 0.88164800 -2.04679300 H 064232500 0.92002300 -2.06642700
H 219298100 1.19006300 -2.75356500 H 2.24280900 1.21323400 -2.74704500
G -2.23698500 -1.29411500 -1.59484200 G -2.21923300 -1.27742900 -1.62575300
H -2.77886100 -1.24515300 -2.54704200 H -2.78058500 -1.22645800 -2.56612800
H -1.21104900 -1.59959500 -1.81831400 H -1.18841700 -1.54866200 -1.87347700
H -2.70362400 -2.08145400 -0.99574700 H -2.65416300 -2.08568300 -1.02995300
Si -1.32077100 -0.01077600 0.75562100 Si -1.31438700 -0.01275100 0.72616600
G 1.61839700 2.06004400 -0.13717300 c 1.53736600 2.04195400 -0.35264800
0 178118600 3.19219900 -0.33697800 0 1.70233500 3.13660800 -0.65165400
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5 Comp’
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
G 223111000 210853400 -0.97404600 | C 217437800 -2.04386100 -1.01458100
c -0.69868200 1.00435900 157458900 | C 0.76285400 -1.02676200 1.62404900
€ -1.59827200 2.79589000 0.02068300 | C 1.61048600 -2.75982000 -0.00568500
c -1.14030200 224766900 1.29279900 | C 1.23204000 -2.24751100 1.31206600
H -2.59367200 2.66065400 -1.83928000 | H 2.47218500 -2.57166500 -1.91845500
H -0.47839800 0.70402800 259344100 | H 0.57699000 -0.73790000 2.65366600
H -1.54184300 3.87431400 -0.08360700 | H 1.53648500 -3.83281300 -0.14296200
H -1.18250700 2.92528500 2.14214400 | H 1.35257400 -2.93204300 2.14685900
N -2.53432100 0.74535600 -0.94468400 | N 2.48814100 -0.67936500 -0.97523700
N -0.52314900 -0.02628500 0.56449400 | N 0.50930800 -0.00486900 0.63153200
B -1.60122100 0.10487400 -0.28451000 | B 1.55076200 -0.11496900 -0.25983200
o 2.27060000 0.31602400 -0.50480700 | C -2.18563800 -0.28333100 -0.62935700
o 1.61814000 -1.47263000 1.97670200 | C -1.75401200 1.05394500 2.15358300
H 0.88973600 -2.15531300 242278200 | H -1.03493200 1.58166700 278551700
H 2.56596800 -2.00975700 1.88209400 | H -2.66618000 1.65460300 2.11397100
H 1.77712900 -0.64540600 2.67254800 | H -2.00081600 0.10571100 2.63722200
C 0.62018400 -2.31522700 -0.83056500 | C -0.68953200 242941300 -0.41522500
H -0.07743800 -3.00188600 -0.34624000 | H -0.09534600 3.07575600 0.23518400
H 0.16417800 -1.98139100 -1.76647300 | H -0.11894100 227098800 -1.33479700
H 152553700 -2.87397300 -1.08135900 | H -1.60936000 2.95826700 -0.67795400
¢ 3.53784300 -0.46658600 -0.90036800 | C -3.59283000 0.32963800 -0.68385200
H 3.32504600 -1.24412800 -1.63934100 | H -3.58402300 1.34468300 -1.09349300
H 4.27467300 0.21334000 -1.34440400 | H -4.23991000 -0.27702700 -1.32788600
H 4.01409000 -0.94151500 -0.03683800 | H -4.05692000 0.36577300 0.30631900
o 1.64061500 0.94223700 -1.76295000 | C -1.60749000 -0.37255800 -2.04957700
H 1.35332600 0.18437100 -2.49798300 | H -1.57823200 0.60460800 -2.54028800
H 0.75351800 1.53214400 -1.51916100 | H -0.59356100 -0.78789300 -2.04785100
H 2.36039500 1.61157100 -2.24926500 | H -2.22935000 -1.03285100 -2.66510300
G 2.65543000 1.43763000 0.47857000 | C -2.26504000 -1.69771700 -0.03635300
H 3.36628500 2.12382400 0.00221100 H -2.94515900 -2.31293700 -0.63733900
H 1.78570000 2.02184800 0.78657600 H -1.28617800 -2.18491600 -0.03410700
H 3.13615600 1.04311100 1.37846800 H -2.64694500 -1.69307000 0.98931800
Si 1.02186900 -0.87548600 0.30100400 Si -1.06066100 0.80522300 0.43360200
i -3.10692900 -2.44551000 -0.76475200 | C 2.92607300 2.53340700 -0.84634500
o -3.18870300 -2.17231300 053554200 | C 3.16628500 2.24331200 0.42805300
H -2.71913000 -2.80254300 128367700 | H 285474300 2.90222400 1.23177500
H -2.57128300 -3.31519800 -1.13064800 | H 2.41255700 3.44554700 -1.13201600
H -3.73261200 -1.30586000 0.89540800 | H 3.69112900 1.33449300 0.70483900
H -3.56552400 -1.79904300 -1.50330800 | H 3.23703800 1.86121800 -1.63840400
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5 Comp
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
G 2.26659100 -1.67011000 -0.98550000 | C 2.21834200 -1.68690600 -0.98909700
c 1.04626900 -0.38063400 1.57999900 | C 1.04321400 -0.42527600 1.60506300
€ 2.07372000 -2.23718700 0.26613900 | C 1.96010100 -2.28400200 0.21960800
c 1.74376400 -1.55547300 1.47037400 | C 1.67139000 -1.61948900 1.46174500
H 2.50008900 -2.33897700 -1.78378300 | H 2.50718500 -2.33616800 -1.81452500
H 0.82141200 -0.00759000 257976300 | H 0.87192600 -0.03796500 2.61013100
H 2.33988900 -3.28609400 0.36194100 | H 2.12014300 -3.35668800 0.27169900
H 2.00804300 -2.04198300 2.40478200 | H 1.93957800 -2.13930800 2.37648800
N 2.32943800 -0.35577500 -1.23609800 | N 2.36760700 -0.35498800 -1.18851200
N 0.54914600 0.33718000 0.49694100 N 0.56868200 0.34752800 0.52997600
B 1.66831800 0.57705400 -0.45887800 B 1.68630400 0.54580800 -0.41757600
o -2.10863200 -0.67441200 -0.47125900 | C -2.08147400 -0.63808800 -0.50233200
o -1.82874700 1.12844500 2.05065600 | C -1.82178500 1.05738800 2.07665500
H -1.24304000 1.90983900 254383100 | H -1.22440200 1.80030100 2.61224300
H -2.86221900 1.47976900 1.98650000 | H -2.84556200 1.43536800 2.01464300
H -1.82138000 0.24520400 2.69420000 | H -1.84163300 0.14416600 2.67680600
C -1.28086600 229679400 -0.75285900 | C -1.25532100 2.31926300 -0.68122700
H -0.89849600 3.18519500 -0.24363100 | H -0.92040100 3.20116500 -0.12905300
H -0.73083700 2.18010900 -1.68955400 | H -0.66718300 224447700 -1.50981900
H -2.32741400 248846600 -1.00530600 | H -2.29538300 249154500 -0.97076400
¢ -3.61316700 -0.34916900 -0.51329500 | C -3.58546200 -0.32969100 -0.50560400
H -3.82253600 0.55886000 -1.08687800 | H -3.81330900 0.61298100 -1.01281400
H -4.16314300 -1.16910900 -0.99147600 | H -4.12901700 -1.12275600 -1.03301400
H -4.03067400 -0.21842500 0.48940900 | H -3.98930500 -0.27551100 0.50986300
o -1.59218600 -0.89273800 -1.90527000 | C -1.58101100 -0.77023800 -1.94792500
H -1.76940300 -0.01899400 -2.53930100 | H -1.78934600 0.13086800 -2.53294200
H -0.52109800 -1.10924000 -1.91808900 | H -0.50309600 -0.95981100 -1.98120200
H -2.10852800 -1.74300400 -2.36782200 | H -2.08185200 -1.60952100 -2.44535400
G -1.88993200 -1.96374600 0.34113900 | C -1.84035900 -1.96509000 0.23076400
H -2.44889300 -2.79239400 -0.11149600 | H -2.40988900 -2.76754900 -0.25402700
H -0.83612300 -2.24742100 0.36654900 | H -0.78371900 -2.24278500 0.21048200
H -2.23931400 -1.86154500 1.37321800 | H -2.16263600 -1.91991700 1.27602200
Si -1.14748800 0.76700000 0.33295100 Si -1.12488400 0.75852800 0.35814500
i 2.12146100 2.20496700 -0.66486400 | C 2.13784200 2.23594500 -0.69488300
o 3.17736000 1.61952100 0.06644700 o 3.13379900 1.65090100 0.07573700
H 3.17093200 1.62453500 1.14921600 H 3.07641400 1.67115700 1.15831100
H 1.42993100 2.86073400 -0.15479400 | H 1.37337700 2.83769400 -0.22447900
H 4.06640400 1.25088500 -0.42017400 | H 4.04128700 1.27094000 -0.36722900
H 2.27575100 2.40051500 -1.72018600 | H 2.29400000 2.36281200 -1.75888700
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B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C -3.54119700 -0.46036000 0.51033300 C -3.52184400 -0.45950700 0.52331400
C -0.80384300 -1.68304800 -0.57736900 C -0.80419000 -1.67949200 -0.60305400
6 -3.19302200 -1.75164200 0.38698600 C -3.17232400 -1.74668900 0.41205300
C -1.95134100 -2.27374400 -0.19091300 C -1.94617200 -2.26831600 -0.21016000
H -4 49876700 -0.17618400 0.93395900 H -4 46371300 -0.16973100 0.97801200
H -0.05112900 -2.34447100 -0.99005000 H -0.06257800 -2.33762300 -1.04573000
H -3.90972500 -2.49151600 0.72207600 H -3.86962800 -2.48553300 0.78621500
H -1.95345500 -3.34774700 -0.34877100 H -1.96197600 -3.33751500 -0.39381400
N -2.71708000 0.58289000 0.11860100 N -2.71689800 057963400 0.08198600
N -0.39276900 -0.31636000 -0.55263000 N -0.38561000 -0.31919900 -0.55292700
B -1.35166900 0.70060200 -0.27709900 B -1.34758400 0.69795600 -0.28801200
C 2.18490000 -0.04746500 0.96134500 C 2.17175400 -0.05081500 0.96112700
C 2.09842900 -1.20576500 -1.92703100 C 2.10496700 -1.19313200 -1.91970900
H 1.51770100 -1.26917200 -2.85165200 H 1.49808300 -1.29324700 -2.82364300
H 3.11047900 -0.88781300 -2.19358300 H 3.09487800 -0.84191700 -2.22343800
H 2.17305200 -2.21036300 -1.50551300 H 2.22964100 -2.18653400 -1.48350900
C 1.54571400 1.75887400 -1.49790200 C 1.53417700 1.76506200 -1.47735600
H 0.96603800 1.84942700 -2.42013800 H 0.94852200 1.85631300 -2.39567000
H 1.23883200 256204300 -0.82736300 H 1.22408900 2.56181800 -0.79986400
H 2.59837000 1.91718400 -1.75019800 H 2.58420600 1.93118700 -1.73435200
C 3.68746800 0.25761000 0.81858300 C 3.68119900 0.19007500 0.81929100
H 3.86387800 1.26261700 0.42392800 H 3.89744800 1.17895200 0.40306600
H 4.18165200 0.19854000 1.79608400 H 4.16716400 0.13305100 1.80051300
H 418698700 -0.45671200 0.15740900 H 4.15166600 -0.55981800 0.17603700
C 1.54537100 0.97617900 1.91681500 G 1.57085700 1.00800400 1.89635900
H 1.66225700 2.00200100 1.55580200 H 1.73915300 2.02345200 1.52506100
H 047759200 0.78491900 2.05449200 H 0.49310800 0.86412700 2.02379900
H 2.01978500 0.91985900 2.90411500 H 2.03227200 0.93900200 2.88861500
C 2.00243500 -1.45843100 1.55136300 C 1.92788000 -1.44075700 1.56739500
H 246607100 -1.51506100 2.54398900 H 2.39169900 -1.50406700 2.55908000
H 0.94634000 -1.71737400 1.66364200 H 0.85974100 -1.64696800 1.68426200
H 247281200 -2.22496100 0.92877300 H 2.36144900 -2.23574100 0.95306800
Si 1.33836100 0.04956500 -0.74711300 Si 1.33830600 0.05242300 -0.74035500
C -1.44126800 2.29503200 -0.21562100 C -1.42684400 2.29251900 -0.20926900
H -1.35697700 2.83726600 -1.15871800 H -1.33579500 2.84393400 -1.14545400
C -2.91293600 2.03559400 0.24216800 C -2.89728500 2.02816500 0.23582400
H -3.68336900 2.43178600 -0.42833200 H -3.66214800 2.44400200 -0.42625700
H -3.13211100 2.35401500 1.26780400 H -3.11183900 2.32213200 1.26820000
H -0.83033600 2.80208900 0.53297400 H -0.81932000 2.78327600 0.55252800
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B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 3.03108100 -0.64497100 -0.93258700 C -3.02845000 -0.56386200 0.92153100
C 1.03655500 -1.41145900 1.29453400 C -1.05010100 -1.43357900 -1.27261800
6 2.70890300 -1.87640900 -0.51100100 C -2.71054600 -1.81089200 0.55849500
C 1.96082900 -2.17889500 0.70091800 C -1.98307500 -2.16633200 -0.65760800
H 3.66345100 -0.52394400 -1.80657000 H -3.64486200 -0.40183700 1.80028100
H 0.59927000 -1.76986700 2.22163200 H -0.61991900 -1.82138700 -2.19227600
H 3.09975300 -2.71205300 -1.08075000 H -3.08653200 -2.61841200 1.17572200
H 2.19498700 -3.11756400 1.19470400 H -2.24118500 -3.11205700 -1.12352000
N 2.64269300 0.55608600 -0.32683500 N -2.64687200 0.60602900 0.25441400
N 0.52927400 -0.15061000 0.85911600 N -0.52722700 -0.16969300 -0.87017000
B 1.45035700 0.86576000 0.39614800 B -1.42867000 0.87458600 -0.44103800
C -1.72392400 -0.28440000 -1.09996300 C 1.68982600 -0.27096600 1.10607000
C -2.02020300 -1.32636700 1.81515100 C 1.99873900 -1.41475100 -1.75808400
H -1.73738300 -1.19310500 2.86348300 H 1.74731900 -1.29495200 -2.81565400
H -3.10954100 -1.24677700 1.75856500 H 3.08814800 -1.37242300 -1.67462300
H -1.74333200 -2.33921900 1.51636900 H 1.67579000 -2.40902700 -1.44311500
C -1.87041500 1.66889000 1.31219400 C 1.90452900 1.59504000 -1.35164000
H -1.51716400 1.89014000 2.32272600 H 1.52251600 1.82065600 -2.35018600
H -1.57249000 249087300 0.66100600 H 1.66618500 243436500 -0.69646800
H -2.96402500 1.64080100 1.34293700 H 2.99378100 1.51923300 -1.42332600
C -3.25009400 -0.15991200 -1.26330100 C 3.20023500 -0.07702100 1.30153900
H -3.60981100 0.83752900 -0.99411500 H 3.51524900 0.937899200 1.04092700
H -3.53487900 -0.33936100 -2.30742600 H 3.46893300 -0.24604700 2.35114700
H -3.78759700 -0.88947100 -0.65016800 H 3.78365200 -0.77976800 0.69833800
C -1.03280300 0.76088700 -1.99436100 G 0.93455000 0.75430100 1.96472100
H -1.30206700 1.78408000 -1.71843700 H 1.14555400 1.78441000 1.66131000
H 0.05578200 0.67455300 -1.94562700 H -0.14816500 0.59902200 1.91200000
H -1.32606000 0.61221300 -3.04105200 H 1.23001000 0.64926200 3.01572500
C -1.27333300 -1.68942400 -1.54110300 C 1.28750400 -1.68256900 1.55790400
H -1.52270200 -1.85046500 -2.59743100 H 1.49544600 -1.80777600 2.62752500
H -0.19408400 -1.81894600 -1.42949100 H 0.21895300 -1.86227500 1.40091400
H -1.76923000 -2.47569400 -0.96491200 H 1.84665500 -2.45463800 1.02129700
Si -1.23898300 -0.00367200 0.72725200 Si 1.23656900 -0.04404000 -0.72520500
C 1.17764300 2.39279800 0.64160100 C -1.09870800 2.39714100 -0.68053600
C 1.41635200 3.35834300 -0.25198800 (0 -1.30366200 3.34383700 0.23742200
H 1.79674200 3.13539300 -1.24597400 H -1.69308500 3.10155400 1.22389700
H 1.21895400 4.40634200 -0.04643300 H -1.07043300 4.38924000 0.05996500
H 0.75498600 2.69324700 1.59820200 H -0.66781700 2.70345300 -1.63182900
H 3.23309900 1.34108800 -0.56004800 H -3.22115600 1.40870400 046714100
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B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 2.15196600 -1.95927600 -0.98840600 C 2.106024000 -1.945334000 -0.990886000
C 0.91351300 -0.73627200 1.64307700 C 0.941006000 -0.680868000 1.639829000
6 1.67027600 -2.60286900 0.11761700 c 1.642335000 -2.568340000 0.128584000
C 1.35979900 -1.98654900 1.39693200 C 1.384333000 -1.931728000 1.413925000
H 243353300 -2.56023000 -1.85178200 H 2.345588000 -2.561846000 -1.855645000
H 0.81583400 -0.36751200 2.65896400 H 0.859149000 -0.288955000 2.649582000
H 1.65215900 -3.68739400 0.08786900 H 1.589760000 -3.651274000 0.105551000
H 1.53125000 -2.60117600 2.27758300 H 1.586236000 -2.528563000 2.299328000
N 242198900 -0.60251800 -1.07506200 N 2.413222000 -0.598665000 -1.101710000
N 0.56588100 0.20402700 0.59228100 N 0.572050000 0.226970000 0.577346000
B 1.60018900 0.11618300 -0.33456300 B 1.607005000 0.122400000 -0.348718000
C -2.13944100 -0.42616600 -0.59961700 C -2.137060000 -0.451107000 -0.550450000
C -1.78232800 1.04223600 2.13663300 C -1.748497000 1.120304000 2.109276000
H -1.14997000 1.71981200 2.71735900 H -1.089922000 1.796487000 2.660829000
H -2.78496200 1.47636600 2.09611500 H -2.738765000 1.580678000 2.066423000
H -1.85129000 0.09638300 2.67872000 H -1.835910000 0.192577000 2.679799000
C -0.99385900 2.45885800 -0.49016000 C -0.986001000 2414955000 -0.593126000
H -0.47505000 3.20236500 0.12010700 H -0.526512000 3.208572000 0.000849000
H -0.46859700 2.37433500 -1.44458200 H -0.402010000 2.289827000 -1.509249000
H -1.99668300 2.84167600 -0.69779600 H -1.984601000 2.752698000 -0.881926000
C -3.57565800 0.11325700 -0.74360300 C -3.586337000 0.049418000 -0.645773000
H -3.60522200 1.07221600 -1.26922900 H -3.659637000 1.006427000 -1.171124000
H -4.18437600 -0.59293200 -1.32101800 H -4.193231000 -0.674839000 -1.201574000
H -4.06328500 0.24395500 0.22711000 H -4.041362000 0.166602000  0.342454000
C -1.51924500 -0.60621100 -1.99790600 C -1.564807000 -0.637628000 -1.963551000
H -1.49589700 0.33225000 -2.55963400 H -1.601375000 0.289490000 -2.543687000
H -0.49969500 -0.99531400 -1.94142400 H -0.527163000 -0.986004000 -1.934395000
H -2.11157400 -1.32122000 -2.58156600 H -2.149157000 -1.389284000 -2.507185000
C -2.17966300 -1.79178100 0.11090900 c -2.116935000 -1.802488000 0.178193000
H -2.79344600 -2.49376900 -0.46688600 H -2.751781000 -2.519423000 -0.356257000
H -1.18241100 -2.22422500 0.20848000 H -1.106934000 -2.217060000 0.221205000
H -2.61947400 -1.72008500 1.11001400 H -2.500574000 -1.722688000 1.200025000
Si -1.09538900 0.81145100 0.40536100 Si -1.086251000 0.818535000 0.383804000
C 2.60627100 2.45112200 -0.74468200 C 2.578825000 2.400429000 -0.771449000
C 3.36637500 1.95136300 0.23478200 C 3.343418000 1.894850000 0.199232000
H 3.18520900 2.20023700 1.27501500 H 3.169249000 2.142760000 1.241195000
H 1.79720600 3.14075400 -0.53815600 H 1.775245000 3.093790000 -0.552790000
H 418380100 1.27385200 0.02456600 H 4157744000 1.216735000 -0.022881000
H 2.79707700 220817200 -1.78321200 H 2.763733000 2.158890000 -1.812059000
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TSS_comp -5
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 2.75890600 -1.40817000 -0.99995200 C 2.50012900 -1.48063500 -0.97417300
Cc 0.81735600 -0.77861600 1.35786400 C 0.97285000 -0.50420600 1.56035800
C 242323700 -2.20133700 0.06541400 C 2.30944800 -2.12432500 0.21161200
C 1.69949700 -1.81054200 1.23831800 C 1.81433600 -1.56043000 1.44217600
H 3.34335500 -1.86209300 -1.79934400 H 2.93266700 -2.05030800 -1.79409700
H 0.30558800 -0.66542400 2.31284300 H 0.62043600 -0.23948400 2.55773600
H 2.80280000 -3.21963000 0.05364900 H 2.63680900 -3.15894900 0.25844200
H 1.80236900 -2.44385200 2.11370600 H 2.07127900 -2.07569500 2.36148700
N 2.59752100 -0.05696900 -1.07650300 N 2.39797800 -0.13039800 -1.18405500
N 0.47327800 0.13563100 0.36786800 N 0.49114000 0.27507800 0.50900400
B 1.63060600 0.66658100 -0.38942600 B 1.54339200 0.67727100 -0.45788300
C -2.30163200 -0.65844000 -0.38995500 C -2.10781200 -0.67969700 -0.55865900
C -1.76765800 1.38812000 1.90264100 C -1.91510900 0.86060900 2.12517400
H -1.10994500 2.18364400 2.26460000 H -1.31422400 1.54702000 2.72801000
H -2.77806500 1.80009900 1.82768100 H -2.93062700 1.26288700 2.07857600
H -1.79108800 0.60220800 2.66169100 H -1.96408600 -0.09733100 2.64881900
C -1.14698800 2.15903800 -1.01889800 C -1.36599200 2.32039100 -0.53480200
H -0.62040800 3.03323200 -0.63054800 H -1.01745800 3.15985900 0.07175700
H -0.66142900 1.86215000 -1.95181400 H -0.79068300 2.31237100 -1.46397300
H -2.16796500 2.46802000 -1.25850600 H -2.41168500 2.50973500 -0.79275200
C -3.73230700 -0.13141100 -0.60994400 C -3.62739400 -0.47620900 -0.49074400
H -3.76659800 0.66294300 -1.36088300 H -3.93125500 0.48262000 -0.90014800
H -4.38150100 -0.94168000 -0.96343900 H -4.13815200 -1.25156800 -1.07411600
H -4.17187800 0.25759400 0.31360700 H -3.99744900 -0.54117100 0.53689000
] -1.74132700 -1.19679900 -1.71946400 C -1.64862300 -0.65614600 -2.02373900
H -1.73181500 -0.42784000 -2.49766700 H -1.93710100 0.27284800 -2.52470400
H -0.72020100 -1.56820600 -1.60168900 H -0.56171500 -0.76673200 -2.10392900
H -2.36184100 -2.02440900 -2.08446100 H -2.10635300 -1.48560500 -2.57591100
C -2.34397800 -1.80521800 0.63718300 C -1.74465000 -2.04108700 0.05190400
H -3.00057800 -2.60651000 0.27602200 H -2.27548000 -2.84148400 -0.47769500
H -1.35526300 -2.23964100 0.80109600 H -0.67160800 -2.23783100 -0.02661900
H -2.73576000 -1.47467600 1.60387600 H -2.02553600 -2.10503000 1.10829000
Si -1.17769100 0.75555400 0.22932900 Si -1.21108400 0.69608100 0.39167200
C 2.10967600 2.22436700 -0.16604000 C 2.00919000 2.27407900 -0.49883300
Cc 3.32107200 1.53787800 0.23557900 C 3.14407300 1.54739100 -0.01527200
H 3.42928700 1.18282600 1.25422400 H 3.23998200 1.33489700 1.04488600
H 1.54623700 2.71331400 0.62238400 H 143108900 2.84765900 0.21386300
H 4.20373400 1.51884300 -0.38153200 H 4.02374300 1.39477700 -0.61857100
H 2.18491100 2.81457000 -1.07501100 H 2.08912100 2.69385300 -1.49488200
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TSS__comp’ -6
B3LYP-D3(BJ)/6-311+G(d,p) M06-2X/6-311+G(d,p)
C 2.76049900 -1.80321500 -1.11864400 C 2.65874300 -1.72833900 -1.30560300
Cc 0.82363700 -1.01930500 1.22114900 C 0.86113000 -1.03121400 1.15505300
C 2.32915600 -2.56858700 -0.06750800 C 2.19096000 -2.55180700 -0.33053000
C 1.50833600 -2.12882600 1.08744700 C 1.56359200 -2.15889500 0.91364900
H 3.34839300 -2.29648500 -1.89114500 H 3.17383200 -2.18338000 -2.14880600
H 0.34248500 -0.85646700 2.18400300 H 0.45839500 -0.87621200 2.15625500
H 2.63312900 -3.61156000 -0.07038200 H 2.38925300 -3.61224700 -0.45190800
H 1.63775200 -2.77478400 1.95898800 H 1.64831800 -2.85333600 1.74343700
N 2.64556400 -0.45029600 -1.23062300 N 2.67556300 -0.35360800 -1.27235900
N 0.55863400 -0.06029600 0.23981500 N 0.58689800 -0.01987600 0.21721400
B 1.73077900 0.33596600 -0.54191400 B 1.75827100 0.37348400 -0.55007200
C -2.35612400 -0.56029800 -0.18999000 C -2.31248300 -0.57464700 -0.13626800
C -1.35278000 1.64232000 1.78586900 C -1.32709900 1.68007000 1.75280500
H -0.60492400 242222500 1.95368400 H -0.66904100 2.54847300 1.84283000
H -2.33619800 2.12088300 1.77582000 H -2.35933300 2.03928200 1.79365100
H -1.32681200 0.96289700 2.64173000 H -1.16666000 1.04241700 2.62637500
C -0.91916800 1.98770100 -1.24993300 C -0.83151200 1.95723800 -1.29173600
H -0.24099200 2.80899800 -1.01170400 H -0.18156300 2.73443300 -1.130119200
H -0.57087900 1.51979900 -2.17459500 H -0.69341200 1.44563000 -2.22855500
H -1.90655800 2.41457500 -1.44415900 H -1.89933500 2.44992800 -1.41434200
C -3.70371300 0.14167000 -0.44762200 C -3.61184900 0.08518600 -0.61096900
H -3.66360300 0.80089000 -1.31889100 H -3.48394000 0.58716200 -1.57899100
H -4.48424800 -0.60452600 -0.63897400 H -4.39944800 -0.65868800 -0.72558900
H -4.02755500 0.73668800 0.41199600 H -3.97592900 0.84104700 0.10378200
] -1.95130500 -1.36796000 -1.43710100 C -1.82084100 -1.55309800 -1.21297300
H -1.86175400 -0.73087700 -2.32199000 H -1.59782000 -1.04052700 -2.15402100
H -0.99445500 -1.87553500 -1.29270500 H -0.91393600 -2.07572200 -0.89629900
H -2.70918200 -2.12975200 -1.65716800 H -2.59470700 -2.30213300 -1.41958900
C -2.52052200 -1.52214100 1.00160900 C -2.60317000 -1.35031400 1.15748000
H -3.31818700 -2.24486000 0.78976500 H -3.37762600 -2.10415900 0.97154400
H -1.60802500 -2.09054200 1.19379100 H -1.71764100 -1.87675900 1.52355800
H -2.79496400 -0.99422300 1.91979700 H -2.96765900 -0.69330000 1.95302900
Si -1.01426100 0.75347000 0.16107400 Si -0.98991000 0.75981900 0.14822500
C 2.35762800 1.86162000 -0.46435900 C 240790400 1.84027300 -0.33733800
Cc 2.35185100 2.66908700 0.63261900 C 2.28015400 2.62647100 0.81234600
H 2.58258800 3.72646900 0.57042000 H 244349900 3.69744900 0.86616100
H 2.60425700 2.31689000 -1.42204100 H 2.72124200 2.45823800 -1.23974800
H 2.11659100 2.27919900 1.61806300 H 1.99026700 2.12404500 1.73143300
H 3.15511300 0.82104500 -0.43584600 H 3.09707600 0.82947400 -0.31286700
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M06-2X/6-311+G(d,p)

e
3

-0.48120100
0.53870900
-1.98998100
-2.44033800
-2.96194300
-3.79412400
-1.72946300
-4.32145000
-2.64197600
-4.73899400
-4.11656700
-5.05273100
-5.79639900
1.93988500
2.55014100
2.74529800
3.93515300
1.94410900
4.12992100
2.27920100
4.73594300
4.39240700
4.73449900
5.81509000
0.26678500
-0.19696400

-0.68879200
0.27751100
-0.27901600
1.04962700
-1.28863200
1.35767900
1.87101800
-0.99218600
-2.32551000
0.33368200
2.39234200
-1.79200300
0.57170300
0.12116300
-1.13570100
1.26281800
-1.23502000
-2.03100900
1.15426800
2.24319400
-0.09663900
-2.21757000
2.05350700
-0.18442700
1.25187600
-1.84400000

-0.00000200
-0.00000100
-0.00000100
-0.00001100
0.00001000
-0.00001000
-0.00002100
0.00001100
0.00001700
0.00000100
-0.00001800
0.00002000
0.00000200
0.00000000
-0.00001100
0.00001000
-0.00000900
-0.00002000
0.00001100
0.00001800
0.00000200
-0.00001700
0.00002000
0.00000300
0.00000100
0.00000000

-

“NH
B
N

g

-0.56639100
0.67820300
-2.08100800
-2.80493400
-2.80486700
-4.19411400
-2.26898400
-4.19404700
-2.26886500
-4.88933100
-4.73474600
-4.73462700
-5.97299200
2.04880800
2.75798500
2.75792800
4.14617800
2.20321800
4.14612200
2.20311700
4.84824900
4.68271200
4.68261100
5.93126400
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0.00007400
0.00005700
0.00003100
1.20636000
-1.20633700
1.20551800
2.14858100
-1.20557100
-2.14852800
-0.00004600
2.14436700
-2.14445000
-0.00007600
0.00002500
1.20739000
-1.20737400
1.20187600
2.13758200
-1.20192500
-2.13753900
-0.00004100
2.14347300
-2.14354800
-0.00006700

0.00008500
0.00005800
0.00003400
-0.00013500

0.00016300
-0.00017700
-0.00023700

0.00012200

0.00029800
-0.00004800
-0.00031000

0.00022400
-0.00008000
0.00002300
0.00015600
-0.00014300
0.00012200
0.00028700
-0.00017600
-0.00024700
-0.00004400
0.00022800
-0.00030700
-0.00007000
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M06-2X/6-311+G(d,p)

=~ "BH

x_-NH

-1.26767000
-0.20647400
1.18600600
1.32335100
0.19641700
-1.06300200
-2.23217500
-0.50008600
2.08731500
2.30950600
0.32714500
-1.94227700

0.50424300
1.46774800
0.87380800

-0.48849500

-1.36003200

-0.84412100
0.80327800
2.62001400
1.47759800

-0.94569500

-2.43361500

-1.47698000

-0.00008100
0.00000400
-0.00001300
0.00003300
0.00009900
-0.00004700
-0.00013100
-0.00009000
0.00004400
0.00014600
0.00019900
-0.00005200

I I T I E I T I I T T T I E I ETO0000 00 ZOZ0000|TTITITTOO0 0TS

3.82324200
3.78012900
2.60228000
1.31067000
0.72866700
1.35521000
2.73464200
-0.86061000
-2.14982200
-1.26237300
-1.20434100
-3.68535300
-1.79158600
-2.06243900
4.77324100
4.71939000
2.79959600
0.58707800
0.68141600
3.00372800
-2.25375700
-0.62590600
-1.20402800
-0.36346600
-1.29367200
-2.11476700
-4.28784400
-3.88762600
-3.70286700
-2.49250900
-0.78388100
-1.84972100
-2.33756600
-2.74858300
-1.05486900

-0.64094700
0.69315100
1.52499600
1.20904200

-0.01161500

-1.28485300

-1.51082700
0.05787300

-0.08754000

-1.31827300
1.70879100
0.16245600
0.95061100

-1.48792400

-1.13978300
1.21115400
2.53258200
1.98022800

-2.26609700

-2.47523100

-1.20528400

-1.26779400

-2.31178800
1.91477200
2.54870400
1.68233100
0.06767200

-0.55991500
1.16735900
0.87731800
0.78916600
1.97427200

-2.26939800

-1.56216700

-1.70314700

-0.12100700
-0.13675700
-0.39142100
-0.25074300
0.18286700
-0.00688600
-0.28465700
0.73782100
-0.73745100
1.97403300
1.60011500
-0.25078800
-1.81069600
-1.35981600
0.03839400
0.01547800
-0.74091200
-0.50065800
0.07558000
-0.39765200
2.42175200
2.78029100
1.52766500
2.26764600
0.90729500
2.20471600
-1.08727200
0.51386000
0.16570900
-2.65083100
-2.20454400
-1.42722600
-0.64570100
-2.21201900
-1.72692000
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B3LYP/6-311+G(d,p)//M06-2X/6-311+G(d,p)

-3.66123600
-3.59466600
-2.61777600
-1.33113300
-0.66994400
-1.62792400
-2.78945500
0.79452400
2.31157500
0.69860000
0.71357100
3.56619800
2.15282400
2.45679600
-4.48038400
-4.40798800
-2.98074100
-0.73042900
1.61857400
-0.13234800
0.54927600
-0.25956600
0.84602400
1.48896600
4.45838600
3.70430200
3.52634300
3.05072300
1.30219900
2.01518300
1.56016300
2.64517300
3.29969800
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bg -2.26360500
Bg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500
Bqg -2.26360500

EIIZTEIEIZTIIEIIITITTIITIDNNOCOANZ2TZ0000

0.76718100
-0.54809400
-1.52129500
-1.32225100
-0.04092300

0.87480800

1.43183200
0.18091900
-0.07684300

1.93406300
-1.08700100
-0.17913500
-1.36949200

1.10770200

1.35943900
-0.94447400
-2.53703400
-2.11628000

2.21077200

2.04145900

2.65334800
-1.04001200
-2.10436800
-0.90131600
-0.28073300

0.71164700
-1.05014000
-1.54481300
-1.30591600
-2.24556500

1.24013000

2.04356800

0.93800600

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

0.06884900

-0.03605600
0.30490100
-0.18345200
-0.52183400
-0.36124200
-0.71138300
-0.80955400
0.62800300
-0.47179400
1.27093400
1.99908100
0.40837400
-1.28533400
-1.43725200
0.34553400
0.90180400
-0.31311400
-0.95309100
1.79265300
1.97248800
0.46110000
2.49445600
1.62249100
2.74654600
-0.22001200
1.02971800
1.06886900
-1.88909200
-1.96996500
-0.643299200
-2.05122700
-0.90379400
-2.11698700
-2.00000000
-1.80000000
-1.60000000
-1.40000000
-1.20000000
-1.00000000
-0.80000000
-0.60000000
-0.40000000
-0.20000000
0.00000000
0.20000000
0.40000000
0.60000000
0.80000000
1.00000000
1.20000000
1.40000000
1.60000000
1.80000000
2.00000000

S59

267




Publication 111
Supporting Information

B3LYP/6-311+G(d,p)//M06-2X/6-311+G(d,p)

TITIITITZ2WZ0 0600

1.61484900
0.82487500
-0.67926500
-1.54459900
-1.29772900
-0.00880400
1.22445900
2.65794700
1.30068500
-0.88530400
-2.564063000
-1.87095100
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.08542100
1.18443900
1.30529900
0.37103200
-0.97486700
-1.30738800
-1.15253600
0.16371200
2.10053200
2.28267500
0.57277800
-1.36808600
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.12509200
0.23005300
-0.17110300
-0.15651700
0.28693400
-0.03892000
-0.41624900
0.42265100
0.56092600
-0.53257500
-0.53334900
1.01700200
-2.00000000
-1.80000000
-1.60000000
-1.40000000
-1.20000000
-1.00000000
-0.80000000
-0.60000000
-0.40000000
-0.20000000
0.00000000
0.20000000
0.40000000
0.60000000
0.80000000
1.00000000
1.20000000
1.40000000
1.60000000
1.80000000
2.00000000

-1.32268300
-1.22955700
0.00000000
1.20821900
1.28356900
0.02886700
-2.15502600
2.14005800
2.22511000
-0.11072200
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

-0.76818700
0.58298900
1.23637800
0.50692200

-0.89329100
2.31790200
1.15370900
1.06665900

-1.41638200

-1.26851200
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
-2.00000000
-1.80000000
-1.60000000
-1.40000000
-1.20000000
-1.00000000
-0.80000000
-0.60000000
-0.40000000
-0.20000000
0.00000000
0.20000000
0.40000000
0.60000000
0.80000000
1.00000000
1.20000000
1.40000000
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0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.00000000

1.60000000
1.80000000
2.00000000

0.38290700
1.34986100
0.96697000
-0.38296500
-1.34984600
-0.96692800
0.68118600
2.40113100
1.71990000
-0.68110900
-2.40115000
-1.71995600
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

1.33759100
0.33715000
-1.00037800
-1.33757400
-0.33720700
1.00041900
2.37929800
0.59977000
-1.77963500
-2.37932000
-0.59969700
1.77958100
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

-0.00000100
0.00002000
-0.00001900
0.00000300
0.00001600
-0.00001600
-0.00000100
0.00001000
-0.00001800
-0.00000700
0.00001500
-0.00002500
-2.00000000
-1.80000000
-1.60000000
-1.40000000
-1.20000000
-1.00000000
-0.80000000
-0.60000000
-0.40000000
-0.20000000
0.00000000
0.20000000
0.40000000
0.60000000
0.80000000
1.00000000
1.20000000
1.40000000
1.60000000
1.80000000
2.00000000

0.70192500
-0.70191300
-1.45877600
-0.61973600

0.61972000

1.45877700

1.22521800
-1.22519600
-2.54012000

2.54012000

0.00000000

0.00000000

0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

1.05194300
1.05194900
-0.13281000
-1.23033400
-1.23033300
-0.13282500
2.00186800
2.00188000
-0.13462800
-0.13465600
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00001300
0.00001100
0.00002600
-0.00004200
-0.00004000
0.00003000
-0.00000100
-0.00000500
0.00000400
0.00001200
-2.00000000
-1.80000000
-1.60000000
-1.40000000
-1.20000000
-1.00000000
-0.80000000
-0.60000000
-0.40000000
-0.20000000
0.00000000
0.20000000
0.40000000
0.60000000
0.80000000
1.00000000
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0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

1.20000000
1.40000000
1.60000000
1.80000000
2.00000000

SMD(DCM)/MN15/def2-TZVP

7a

0.00062300
-0.42197300
-1.59280800

0.35295200
-1.86435700
-2.21236400
-0.02848300

1.26181600
-1.18532200
-2.86239700

0.57677300
-1.47909800

1.51398500

2.47295100

1.96983100

3.81697000

2.15357000

3.31631700

1.25514200

4.24153200

4.53464800

3.64500400

5.29106100
-1.09084900
-0.87894600
-2.32275400
-1.85262200

0.06102800
-3.28874900
-2.51715500
-3.05722100
-1.67208900
-4.22367000
-3.81382800

-0.00111800
-1.50492700
-1.93377900
-2.48188300
-3.27193500
-1.20461800
-3.81728500
-2.18339800
-4.21525600
-3.57998900
-4.54901500
-5.25811600
0.38600800
-0.41247000
1.54723300
-0.06258500
-1.31470700
1.88730900
2.18433000
1.08547700
-0.68557200
2.77854800
1.35450200
1.11644400
2.34402100
0.93388600
3.33433400
2.51590500
1.93169200
-0.00210300
3.13170000
4.26561300
1.77351500
3.90729100

0.00069500
0.00104300
0.64777200
-0.64553800
0.66403600
1.15908200
-0.66144900
-1.15724200
0.00132600
1.18589600
-1.18292400
0.00141200
-0.00020500
0.64466000
-0.64582700
0.65998700
1.15546500
-0.66256900
-1.15598900
-0.00156100
1.18010500
-1.18348500
-0.00209100
0.00073000
0.64966200
-0.64894100
0.66489000
1.16336500
-0.66637100
-1.16191900
-0.00131200
1.18819100
-1.19041000
-0.00223100

7b

OIOIOO0O0IIOIOIOONOOPITIIOIOIOOOOIIIOIOIONOOIIIOIOIOOOOD

0.00017900
1.35704600
249334100
1.49239500
3.70089600
2.42753700
2.69813800
0.63890000
3.78972800
4.56511500
2.79417200

-0.00845600
1.00120500

-1.02640800
0.99507500
1.80247500

-1.03613300

-1.82172900

-0.02442000

-0.00340600
-0.77517000
-0.25311000
-2.01831000
-0.93544200

0.70226400
-2.70397500
-2.45279500
-2.15413500
-0.53046100
-3.65332700

1.65758700

2.29438200

2.28254300

3.68141500

1.77073100

3.66954300

1.74956300

4.35391600

0.00055100
0.00054000
0.63907400

-0.63800000
0.65829700
1.14779400

-0.65748000

-1.14657700
0.00015000
1.16879000

-1.16841300
0.00114900

-0.63834100
0.64104300

-0.65753200

-1.14786000
0.66083900
1.15023400
0.00177700
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1.77013700
-1.81744000
-1.34815000
-1.46986800
-2.49004900
-2.66792200
-0.61169100
-3.68996700
-2.43483800
-3.76541000
-2.75341000
-4.65855200
-0.03436900

5.29492300
-5.26103500

4.23744800

4.21653100
-0.78998000
-2.03490900
-0.28012800
-2.73394500
-2.46016600
-0.97577500

0.67620200
-2.19585000
-3.68460800
-0.58002200

6.08363300
-3.00624700
-3.06469700

-1.16900500
1.17254300
-0.00002800
0.63776500
-0.63841800
0.65657100
1.14625300
-0.65823100
-1.14659200
-0.00096400
1.16694000
-1.16854200
0.00207700
-0.00072000
-0.00121900

7c

0.00034500
1.12321600
2.34397600
0.93247800
3.32152500
2.53806200
1.93643600
0.00956100
3.13524400
0.37762500
1.53540300
-0.43401900
1.84997100
2.19214600
-0.08268200
-1.33537200
1.05367600
-1.50016800
-1.20954200
-2.46805100
-3.23963900
-1.20117900
-3.78766700
-2.20158700
-4.19084900
4.08876000
4.48077500
1.78184100
2.93570600
1.37408900
-0.83043900
-3.65148900
-5.46613500
-4.71935500

0.00000800
1.08427500
0.85219200
2.31188300
1.82390000
-0.07769900
3.25624500
2.53651800
3.02975000
-1.51472200
-1.96472200
-2.45501300
-3.30665000
-1.27884200
-3.78783600
-2.15697400
-4.23087000
0.43054000
1.60293600
-0.34694300
1.96428300
2.23479500
0.05118900
-1.25784200
1.20162400
3.95213900
1.63040400
4.42124000
-3.75634400
-5.51831600
-4.69427700
3.06450600
1.56739200
-0.66320700

-0.00067900
-0.00037300
-0.65115300
0.65101500
-0.65792200
-1.17224600
0.65819400
1.17223700
0.00004600
-0.00070800
0.65105200
-0.65245600
0.65803400
1.17270700
-0.65914300
-1.17457700
-0.00025800
-0.00042600
-0.65297200
0.65267100
-0.65962000
-1.17537500
0.66005300
1.17533500
0.00008300
-0.00015900
-1.29091600
1.29136700
1.29114600
-0.00000900
-1.29259000
-1.29346600
0.00044100
1.29535500

Pyridine (8a)

-1.14259200
-1.19399900
0.00014600
1.19414300
1.14243600
-0.00014600
0.00020700
-2.05840200
-2.14917800
2.14946300
2.05812500

-0.71900000
0.66871400
1.37642500
0.66848300

-0.71922400

-1.40906000
2.45938000

-1.30060300
1.17688400
1.17638600

-1.30101500

-0.00021700
-0.00012500
0.00010500
0.00021300
0.00011800
-0.00009000
0.00016300
-0.00037600
-0.00024500
0.00034800
0.00017900

Acetonitrile (8b)

OZIIIITIIZOOOOOMTTMMTMTMTTOIOIOOOOOIOIOOOO0OO0OIOIOOOOOROOO0OITOIOIOONOOTIT

0.00000000
0.00000000

0.00000000
0.00000000

1.42906400
0.27783500
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0.00000000 0.00000000 -1.17399100
0.00000000 1.02496800 -1.54217100
0.88764800 -0.51248400 -1.54217100
-0.88764800 -0.51248400 -1.54217100

-1.72052400 1.06346800 0.00000500
-2.20659100 -0.23918400 -0.00000300
-1.32860000 -1.32323200 -0.00000600
0.03871500 -1.10445400 -0.00001100
0.52993400 0.20257400 0.00000100
-0.34921400 1.28360000 0.00001800
-2.40735500 1.90032600 0.00001200
-3.27547200 -0.41453600 -0.00000400
-1.71764700 -2.33366700 -0.00000600
0.73988900 -1.93043900 -0.00002000
0.05020300 2.29239800 0.00003300
1.98020100 0.46630400 -0.00000800
2.25651900 1.53659400 -0.00021900
2.83629200 -0.39314200 0.00002700

Benzaldehyde (8c)

-0.02041000 0.01958400 -0.06134200
-1.03716900 -1.15792300 -0.52390600
-1.37740100 -2.28825700 0.22565500
-1.72900800 -0.98291600 -1.73367300
-2.33332400 -3.20620700 -0.21033500
-0.90373800 -2.46835800 1.18645700
-2.67834900 -1.89021700 -2.18370500
-1.52043100 -0.09907300 -2.33177400
-2.98386500 -3.01562100 -1.42110400
-2.56982300 -4.06852600 0.40284900
-3.18669000 -1.71897700 -3.12581500
-3.725652900 -3.72674200 -1.76485700
1.21240400 0.29677800 -1.08645600
1.41187400 -0.37396900 -2.29609200
2.19268600 1.23362500 -0.72198200
2.51556100 -0.11619000 -3.10927100
0.69658400 -1.12443300 -2.61591400
3.29764600 1.50109300 -1.51960500
2.08307600 1.76922900 0.21925700
3.46171500 0.82487800 -2.72637200
2.63576800 -0.65698800 -4.04121500
403146400 2.23382200 -1.20348400
4.32034700 1.02770000 -3.35544800
-0.92495500 1.33770700 0.23995500
-2.01265000 1.24245000 1.12432400
-0.75653100 2.56440500 -0.40831700
-2.86451900 2.31009500 1.37125200
-2.19636600 0.29646800 1.62986200
-1.61268800 3.64275900 -0.18170200
0.05483600 2.68643500 -1.11806000
-2.66601000 3.52270900 0.71378000
-3.68965600 2.19746800 2.06530400
-1.45365900 4.57637000 -0.70939800
-3.33201200 4.35834100 0.89345800
0.73760100 -0.46062900 1.30654900
1.48532500 -1.57574500 1.21847400
0.72301000 0.22521300 2.45586400
2.22072800 -2.05085800 2.28279800
1.47733000 -2.07227700 0.25658000
1.44187100 -0.19011800 3.56403300
0.12762500 1.12655200 2.47174600
2.19917000 -1.34715400 3.48166700
2.80356500 -2.95342700 2.16632900
1.40290800 0.39754000 4.47017300

7ae8a

ITOIOCIOOOZIITIOIOIOCOOOOCIIIOIOIOOOOIIIOIOIOO0OO0OQOPNOIOIIIIIOOOOOONIIIO
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2.77010700

-1.69386000

4.33313400

7be8b

0.00412200
-0.43472200
-1.54010600

0.20894600
-1.98339600
-2.08039000
-0.21902000

1.06926400
-1.31192800
-2.83849600

0.29138200
-1.07709400
-2.03280500
-1.04201700
-2.91532400
-2.09769200
-1.91423400
-0.30415400
-2.84761700
-3.64796200
-1.87265900

1.51381300

2.61110500

1.78735100

3.91644500

244407400

3.08613700

0.97002300

4.13928500

4.75173600

3.27796800
-3.94540400
-1.85368700

5.76450900

0.01821300

0.03464700

0.05947200

0.06151300
-0.82271400

0.95871300

-0.00152100
1.49544100
211451800
2.19925900
3.37231700
1.59619600
3.45861900
1.75976300
4.03372500
3.83586600
3.98747100
-1.12450200
-0.89832000
-2.40564300
-1.89216000
0.07776800
-3.41264900
-2.63070000
-3.14087400
-1.69826200
-4.39626600
-0.37059100
0.28303800
-1.28870600
0.03530200
1.01702900
-1.55093900
-1.81867500
-0.88613900
0.54856100
-2.26477600
-4.38818000
5.60602100
-1.20733600
-0.01078000
-0.02671200
-0.05249700
0.96905900
-0.57766200
-0.56978300

0.63993700
0.20968700
0.80747600
-0.81062100
0.42178900
1.59515200
-1.22339600
-1.30495400
-0.59749800
0.89792700
-2.01868400
0.20347100
-0.78944500
0.76955700
-1.20586700
-1.25914100
0.37923000
1.53498000
-0.61188600
-1.97930100
0.83030900
0.18650700
0.76235100
-0.82980600
0.35993300
1.54610900
-1.25900500
-1.30802800
-0.65420200
0.81995800
-2.05039700
-1.11306600
-1.09393900
-1.17126300
2.23137100
3.37543500
4.81736900
5.19550100
5.18195000
5.15030700

7ce8c

QOOO0OITOIQOO0O00TOIOQOO0BITIOOZO0OO0OIITOIOIONOOIIOIOINOONNIIOIONOIOONOLT

0.17808900
0.41378300
-0.56573800
1.65249300
-0.30920600
-1.564789500
1.88613900
245202800
0.91224000
-0.15218900
-0.21032300
-0.41540100
-0.51296600
-0.02096700
-0.72462100
-0.37597400
-0.77554000
1.38786000
1.47608800
2.41222500
2.54413600

-0.00357100
-1.25011200
-2.19726000
-1.35743100
-3.20571300
-2.19177700
-2.36508700
-0.65142100
-3.30573800
1.38027800
1.48396600
2.52941100
2.69301400
0.63014700
3.72249900
2.50670600
3.82297600
0.13051800
-0.75140800
1.06424200
-0.68675500

-0.04442300
0.95892400
1.26284400
1.60355500
2.17491900
0.80322500
2.51481800
1.40392800
2.81310400
0.72489300
2.11515900

-0.03443000
2.71666100
2.75600900
0.58245100

-1.11904200
1.96512700

-1.10610200

-2.18951100

-0.93276800

-3.05969400
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0.71711100

3.47960300

2.39756200

3.56055200
1.15118600
-1.24504000
3.06559300
-0.56606300
-1.06961600
-0.97986300
2.63264500
4.58827600
4.46544100
-1.07217300
-2.25703900
-2.46799200
-3.36204600
-4.65147400
-3.16729000
-5.74788700
-4.77327500
-4.26565600
-2.16163000
-5.65071000
-6.74940300
-4.13456900
-6.40736900

-1.50527200
1.10595600
1.77458700
0.23851900

-4.28299500

-4.11839200

-2.46968100
2.79944100
4.98190200
4.82363900

-1.52119500
0.29235800
1.99676700
-0.37885600

-0.13421700
0.41025100

-0.54338300

-0.22293200

-1.23960300

-0.59955500
0.31665900

-1.61053100

-1.47432000

-1.29051300

-0.35888200

-2.14710200

-1.58504200

-2.36684700
-1.81019400
-0.11322300
-2.88432700
3.68708600
2.46161800
3.13689900
4.04906400
2.55159100
-0.13258900
-4.10316400
-3.73180200
-1.64763900
-0.92876600
-0.62506400
0.30036800
-1.44251900
-0.99975700
-2.64520100
-1.75703000
-0.06748300
-3.39392000
-2.97115400
-2.94849900
-1.42653000
-4.32423300
-3.54201400

-1.32421600
-1.23140100
0.00000000
1.20756300
1.28494700
0.03736000
-2.15194700
2.13787200
2.22640100
-0.10936500

-0.76236700
0.59267800
1.23287200
0.49979400

-0.89731200
2.31418300
1.16921700
1.06095500
-1.42114700
-1.27096800

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

lepyridine

-1.39861400
-2.73173300
-3.53521400
-2.94054400
-1.56215400
-4.61376000
-3.22140700
-3.58904500
-1.16906800
-0.78399900
0.77564800
1.42702200
1.47261400
2.80477400
0.79278200
2.85105100
0.89107200
3.53164900
3.29474400
3.37702400
4.61362300

-1.20960700
-1.23308100
-0.11143300
1.14195500
1.29412100
-0.21442800
-2.19608700
2.00135900
2.29048700
0.03501100
0.02300100
-1.13762100
1.15682800
-1.19593500
-2.00128600
1.16438200
2.05230700
-0.02929900
-2.14524100
2.09400700
-0.04942400

0.19692700

0.20175400

0.02045900
-0.188599200
-0.21020000

0.03682300

0.35855000
-0.34044400
-0.39447900
0.00080900
0.00361700
-0.19196400
0.19797200
-0.20257300
-0.33328400
0.19829400
0.36258600
-0.00582700
-0.36551400
0.36177100
-0.00975200

leacetonitrile

O00ZITIIOIOIONOZWIIIIOOOOZWIIIIOOOOZIIIOIOIOOOOIOOMTMMTMMMMMMOIOT

-0.71706000
-2.05112500
-2.82666800
-2.21091400

-1.25219300
-1.23967700
-0.08245800

1.17742400

-0.00006000
-0.00008300
-0.00011000
-0.00010800
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-0.82897800
-3.80714500
-2.56578600
-2.84268000
-0.38850000
-0.09487200
1.43203600
2.57686500
4.01624300
4.37377400
4.37355200
4.37377600

1.29863700
-0.16495500
-2.20181500

2.06195200

2.29132200

0.00260000
-0.00925100
-0.00792200
-0.00518600

0.50989000

0.51001000
-1.03420000

-0.00008200
-0.00012900
-0.00008700
-0.00012300
-0.00007600
-0.00006500
0.00001100
0.00011300
0.00028500
-0.89118300
0.89177300
0.00039800

lebenzaldehyde

-1.67715400
-2.64621000
-3.63010300
-3.44447000
-2.48007000
-4.28612800
-2.74719900
-4.15342400
-2.46243600
-1.58625000
-0.52074500
0.72501000
1.57823800
1.22462600
1.15290100
2.94146300
2.08646500
0.10801100
3.86711200
3.25430200
3.43588300
1.77038800
4.91566200
4.15616800

0.03767400
-0.88087300
-1.13304200
-0.38279300

0.61045900
-1.90121600
-1.47043200
-0.59550200

1.16921200

0.77774300

1.83361200

1.76520900

0.61726800

2.72278100
-0.67855900

0.87373700
-1.68982300
-0.88513500
-0.14994000

1.88244400
-1.42907100
-2.68878400

0.04413700
-2.23425200

1.21422700
1.25305600
0.20800200
-0.97674900
-1.13646700
0.31892000
2.16589500
-1.77325400
-2.06718800
0.03482500
0.01560900
0.10709700
0.00344100
0.26111600
-0.34061500
0.22658500
-0.44499600
-0.52682100
0.13643700
0.47013700
-0.19853000
-0.71427200
0.31798200
-0.27467700

TOIIIOITIIOIITIOOWZZITIIIOOO O IITOIOIOOOIOOOWIIIIOOOOZ|IITIOOZWIIIIO

-3.30564700
-1.27276500
-3.06131700
-2.32923000
-3.90545100
-0.83690800
-3.52514500
-2.67686000
-2.89196300
-0.66230900
-1.71330600

1.67152600
1.90900500
1.64435000
2.99662400
1.62735200
1.22767900
0.74279800
0.76576700
2.27670200
3.02498000
2.93518200
3.42937700
3.75924800
0.66691400
0.46843000

0.08819100
0.19137300
1.08384800
0.97310000
0.30773600
0.16952200
2.04410800
1.60830200

-1.24944700

-0.67626800

-1.14543700
0.89415800

-1.23706100

-2.25287700

-1.18864200

-0.55659100

-2.07450000

-3.00352400

-1.74803300

-2.30089000
0.70120900
0.08421500
1.67459000
0.23061100
1.46007800
0.76027500

-0.94675300
1.49194700
-0.05817300
1.20362500
-1.82662100
2.48539800
-0.25589700
2.01253900
-0.78912200
0.51791700
-0.22206100
-0.41011900
1.79314000
2.09654500
1.68577900
2.60139900
-1.105389200
-0.79312300
-2.04237300
-1.31219500
-1.09967800
-1.99815300
-1.40196700
-0.43693900
-1.41431400
-2.23337700
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-0.28827300 1.69657200 -0.93534400
1.05992900 2.38379400 -1.85574700
1.83909100 1.87627800 0.75026500
2.15022800 2.85500900 0.36521700
0.90541100 2.02053100 1.30308100
2.60323200 1.53903600 1.45643800
1.07807400 -0.77547100 0.20476900

0.15148100 3.06980900 -0.78180400
0.63179200 1.26093800 1.66342300
1.01098000 3.27543900 0.25868900
0.98548700 2.55086200 1.51406900
0.24976600 3.74842100 -1.63151300
0.60525700 0.81659100 2.65873800
1.68190600 4.12615400 0.18873000
1.27700400 3.08732200 2.41335400
-0.89346300 2.19573000 -0.83027500
0.27294000 0.41045500 0.57877800
-0.85063200 1.01829600 -0.14546200
2.73570000 -0.78558400 -0.62447100
1.40980300 -1.96253900 1.86617400
0.49225500 -2.02895400 2.45960100
1.76368900 -2.98184800 1.68769600
2.16416300 -1.45240400 2.47251800
0.00407500 -2.08820900 -0.86681800
-0.82891400 -2.55347300 -0.33315700
-0.40942500 -1.47615600 -1.67518300
0.58598000 -2.89039700 -1.33080600
3.53775900 -2.08575200 -0.68320900
2.97619800 -2.89633200 -1.15923500
4.45543200 -1.93425700 -1.26566000
3.83317700 -2.42060100 0.31570700
2.45482800 -0.29305400 -2.04458600
1.95761800 -1.05854000 -2.64794900
1.82085400 0.60171800 -2.03785500
3.39435000 -0.03153100 -2.54772100
3.55584700 0.27407800 0.11078600
4.53876700 0.38230100 -0.36596600
3.05951200 1.24776100 0.08065300
3.72471100 0.01005200 1.16033600
1.09604300 -1.07718000 0.25662700
-2.19851100 0.21327300 -0.09373300
-3.12162800 0.41197500 -1.05269300
-2.44474200 -0.64778400 0.90845800
-4.32456700 -0.26069200 -1.03864900
-2.84528600 1.12805000 -1.81346300
-3.63518300 -1.34026300 0.98632700
-1.65624700 -0.75505500 1.64149500
-4.58955800 -1.14993400 -0.00398800
-5.04002300 -0.08601100 -1.82930500
-3.80360100 -2.01771600 1.81104900
-5.52780000 -1.68800500 0.02883000

2epyridine

-0.84950000 2.89186200 -1.01292400
-0.10353500 1.35997700 1.56274600
-0.06514400 3.31262900 0.01872500

0.01562900 2.67819200 1.32116700
-0.85845100 3.51748700 -1.80674100
-0.06018200 0.99263600 2.58729900

0.44930400 4.26093900 -0.10275600

0.19200100 3.31813000 2.18154600
-1.72021000 1.83719700 -1.01141700
-0.29023100 0.37905400 0.54830500
-1.46210400 0.74010500 -0.25377100

2eacetonitrile

DZZ2TTETTIGRAOOIETIIOINIANZVITIEIIIONZIEZTOIITL IO T ZIOEETEOAEZZIIITE0 ONEGEN LE TR ITI
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2.29683200
1.24466900
0.36754700
1.76344200
1.91636600
-0.17953800
-0.96932700
-0.63533300
0.50169900
3.30345400
2.87557000
4.17304600
3.66781600
1.89986500
1.51768500
1.12867600
2.76935400
2.94298300
3.86831100
227774700
3.20232100
0.75171900
-2.61716200
-3.45432500
-4.49995600
-4.87307900
-5.30722300
-4.09622900

-0.56041500
-1.57434100
-1.70844800
-2.563554200
-0.86683700
-2.32899700
-2.76460300
-1.94504500
-3.13626000
-1.70936200
-2.64799800
-1.47604500
-1.87895000
-0.29073600
-1.19190600

0.48631900

0.05516500

0.69929000

0.92784100

1.56264900

0.58144600
-0.99802100
-0.28874100
-1.06828600
-2.05493500
-2.11482000
-1.76454800
-3.02167500

-0.57875700
2.10638600
2.74590800
2.04776400
2.60086400
-0.50617300
0.11212100
-1.42379300
-0.79165400
-0.52755900
-0.89459700
-1.15506300
0.49018700
-2.03035700
-2.51942300
-2.09560600
-2.60346900
-0.00257300
-0.54701600
-0.09454100
1.05491300
0.40594700
-0.19558800
-0.14669600
-0.08473600
0.93749100
-0.75608100
-0.38635200

2ebenzaldehyde

O TETTILTOITEATETEITONIZTITITOITEIOAOVRZZCTZTTONOOIZTEZTONZ2VITIOIEITOH EET GO IEIIEQLETIZEE

0.99432400
0.23851900
1.19996600
0.58397200
1.46440000
-0.26913000
1.77570100
0.36286400
0.22074400
0.45085600
0.02579700
3.08581000
1.24023500
0.21370300
1.81297600
1.66247200
0.51605600
-0.55062200
0.63276100
0.98994900
3.78698900
3.35220800
4.84825600
3.73343800
3.12072000
2.52862300
2.74312700
4.15300600
3.81603600
4.83114000
3.29860600
3.90293200
1.29951600
-0.72037600

3.18859000
1.28172700
3.37036400
2.57615500
3.91719900
0.82714800
4.23838900
3.08146400
2.24180100
0.41712600
1.02233300
-0.89608800
-1.50462400
-1.68404700
-2.41805100
-0.71166000
-2.48315800
-2.57629600
-2.38291400
-3.42450300
-2.25434500
-2.92138700
-2.12574200
-2.75726800
-0.29327400
-0.87546100
0.73377900
-0.26751600
0.04548500
0.24441400
1.00836400
-0.38494900
-1.08952100
0.03896600

-0.95702600
1.36337400
0.37360500
1.42714400

-1.62103200
2.21193100
0.67882000
2.36399200

-1.57567700
0.24567400

-1.01335700

-0.07858900
2.29386700
2.62647200
2.48198400
2.91563500

-0.47828300
-0.24902200

-1.56059200

-0.18343400

-0.09647200

-0.84681900

-0.34376700
0.87488600

-1.48374500

-2.19910900

-1.48603400

-1.85511000
0.87953300
0.51328900
0.96423900
1.88157900
0.48256100
-1.89578100
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-1.77286400 -0.62068300 -1.74921100
-2.78891000 -0.42905700 -0.75935800
-1.92185400 -1.42883800 -2.46674000
-2.84346000 0.69041300 0.08668500
-3.76321600 -1.43620700 -0.67060200
-3.85205400 0.77910900 1.02521900
-2.12260700 1.49331200 -0.01049800
-4.76077400 -1.34644900 0.28315000
-3.71376800 -2.28024900 -1.34931100
-4.79933800 -0.24118800 1.12886100
-3.90940500 1.64079000 1.67694400
-5.60829100 -2.12378900 0.36739700
-5.68297000 -0.16539300 1.87259200

ETET OIEOT 0 TO0
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