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Abstract: The mechanism of the addition reaction between carbene and aza-
cyclopropane was investigated using the second-order Moller—Plesset pertur-
bation theory (MP2). By using the 6-311+G* basis set, geometry optimization,
vibrational analysis and the energy properties of the involved stationary points
on the potential energy surface were calculated. From the surface energy pro-
file, it can be predicted that there are two reaction mechanisms. The first one
(2) is carbene attack at the N atom of azacyclopropane to form an intermediate,
la (IM1a), which is a barrier-free exothermic reaction. Then, IM1a can iso-
merize to IM1b via atransition state 1a (TS1a), in which the potential barrier is
30.0 kJ/mol. Subsequently, IM1b isomerizes to a product (Prol) via TS1b with
a potential barrier of 39.3 kJmol. The other one (2) is carbene attack at the C
atom of azacyclopropane, firstly to form IM2 via TS2a, the potential barrier is
35.4 kJmol. Then IM2 isomerizes to a product (Pro2) via TS2b with a po-
tential barrier of 35.1 kJ/mol. Correspondingly, the reaction energy for the re-
actions (1) and (2) is—478.3 and —509.9 kJ/mol, respectively. Additionaly, the
orbital interactions are also discussed for the leading intermediate.

Keywords:. carbene; azacyclopropane; addition reaction.

INTRODUCTION

Carbenes can be defined as divalent carbon intermediates, in which the car-
bene carbon is linked to two adjacent groups by covalent bonds and possesses
two nonbonding electrons. Carbenes play an important role in organic chemistry,
especialy for the addition reaction between a carbene and a C=0 double bond.14
Therefore, they have attracted much attention not only from theoretical but aso
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applied chemists. For example, the study of carbene has provided simple and di-
rect synthesis of small-ring, highly strained compounds, as well as those that can
hardly be synthesized through conventional ways.® Lu et al. reported systema-
tically the reactions between carbene or substituted carbenes with some small
molecules using theoretical calculations.6-8 Apeloig et al. extensively studied the
mechanisms and stereoselectivity of carbene addition to olefins using experi-
mental aswell astheoretical methods.910 However, the reaction between carbene
and small-ring strained molecules, such as azacyclopropane, has not, to the best
of our knowledge, been hitherto reported. As a representative small-ring mole-
cule, azacyclopropane also plays an important role in organic and medical che-
mistry. Therefore, it is very important to study the addition reaction between car-
bene and azacyclopropane.

In the present study, the addition reaction between carbene and azacyclopro-
pane was systematicaly investigated employing the MP2/6-311+G* level of
theory. Intermediates (IM), transition states (TS) and products (Pro) were |ocated
on the potential energy surface. Possible reaction mechanisms have been pro-
posed. Hopefully, the present results will be helpful for further experimental and
theoretical studies on the similar addition reactions associated with carbene.

Calculation method

The second-order Moller—Plesset perturbation theory (MP2) method™ com-
bined with the 6-311+G* basis set was employed to locate al the stationary
points along the reaction pathways. Frequency analyses were also performed to
confirm the nature of the minima and transition states. Moreover, intrinsic reac-
tion coordinate (IRC) calculations were performed to further validate the calcu-
lated transition states connecting the reactants and products. Additionally, rele-
vant energy quantities, such as reaction energies and barrier energies, were rec-
tified with zero-point vibrational energy (ZPVE) corrections.

All the calculations were realized using Gaussian 98 programs.12

RESULTS AND DISCUSSION

The following two pathways are possible for the addition reaction between
carbene and azacyclopropane:

H>C: + azacyclopropane — IMla— TSla— IM1b — TS1b — Prol (1)

H,C: + azacyclopropane — TS2a — IM2 — TS2b — Pro2 2

Here, reaction (1) is carbene attack of the N atom of azacyclopropane to

form an intermediate 1a (IM1a), which is a barrier-free exothermic reaction. IM1a

then isomerizes to IM1b via a transition state la (TS1a). Subsequently, IM1b

isomerizes to a product Prol via TS1b. Reaction (2) is carbene attack of a C atom

of azacyclopropane, firstly to form IM2 via TS2a and then IM2 isomerizes to a

product Pro2 via TS2b.
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Reaction (1) between carbene and azacyclopropane

The selected geometrical parameters for the intermediates (IM1a, IM1b),
transition states (TSla, Tslb), and product (Prol) in reaction (1) are givenin Fig.
1. Correspondingly, the relevant energy quantities are summarized in Table I.
The potential energy profile of the reaction based on Table | isillustrated in Fig.
2. As can be seen in Fig. 2, reaction (1) consists of three steps: the first oneis a
barrier-free exothermic reaction of 204.2 kJmol, resulting in the intermediate
IM1a; the second step is the isomerization of IM1a to intermediate IM1b via
TSla with a barrier of 30.0 kJ/mol. Subsequently, IM1b isomerizes to product
Prol via TS1b with 39.3 kJ/mol barrier.
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Fig. 1. Optimized structures of the reactants, intermediates (IM), transition states (TS), and
product (Pro) of reaction (1) at the MP2/6-311+G* level of theory, where the bond lengths
and bond angles are in angstroms and degrees, respectively.

When carbene approaches the N atom of azacyclopropane, it can form an
intermediate (IM1a) with azacyclopropane, which is a barrier-free process. In
IM1a, the conformation of azacyclopropane is changed dlightly compared with
that in the isolated azacyclopropane. For example, the bond length of C1-C2 and
the bond angle of N-C1-C2 in IM1a and in isolated azacyclopropane are almost
equal to each, whereas the bond length of N-C is slightly prolonged by 0.006 A,
denoting a weakening of the N—C1 bond. Based on population analyses, some
electrons on atom N in isolated azacyclopropane have been transferred to atom
C3inIM1a; i.e., the Mulliken charges on N (C3) are —0.291 (—0.392) and —0.039
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(-0.962) for the isolated reactants and IM1a, respectively. To investigate this
combined process of carbene and azacyclopropane interaction, the potential ener-
gy curve for IMla was constructed along the distance between the two frag-
ments. As shown in Fig. 3, the energy of the system decreases continuously be-
fore combination. Actually, to the best our ability, no transition state could be lo-
cated for this combined process.

TABLE 1. The electronic structure energies (Esg), zero-point energies (Ezp), total energies
(Et) and relative energies (Er) for the species of the addition reaction between carbene and
azacyclopropane at the MP2/6-311+G* level of theory

Species Ese/ au. Ezp/au. Er?/au. Egr / kJmol1
CH, + azacyclopropane —192.3657253  0.075571 -172.416767 0.0
IM1a —172.5933031  0.098745 —172.494559 —204.2
TSla —172.5790342  0.095911 —172.483123 —174.2
IM1b -172.6006735  0.094209 —172.506464 -235.5
TSlb —172.5846392  0.093144 —172.491495 -196.2
Prol —172.7004242  0.101444 —172.598980 —478.3
TS2a —172.4950407  0.091775 —172.403266 354
IM2 —172.5979765  0.093005 —172.504972 -231.5
TS2b —172.5844913  0.092897 —172.491594 -196.4
Pro2 —172.7101680  0.099146 —172.611022 —-509.9
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carbene + 354
o4 azacyclopropane..--~ :
-100 % TSIa
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5 -200- L 1964 1962
g M1 [— T B .
=2 _204.; M2 "IM1b . ‘Reaction (1)
E -3004 2315 355 - B
-400 - Reaction (2)". :
~ % Prol
500 "1 -4783
" Pro2
-509.9
Reaction Coordinate

Fig. 2. Potential energy surface for the addition reaction between carbene and
azacyclopropane at the MP2/6-311+G* level of theory.

As illustrated in Fig. 4, the formation mechanism of IM1a can be explained
by frontier molecular orbital (MO) anaysis. The unoccupied p orbital (main com-
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ADDITION REACTION BETWEEN CARBENE AND AZACY CLOPROPANE 653
ponent of the LUMO) of C3 of carbene overlaps with the p electron at the N of

azacyclopropane, consequently forming a p — p interaction in the N—C3 donor—
—acceptor bond, which changed the two reactants into IM 1a.
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Fig. 3. Energy changesin the combined process of 1M 1a, together with the distance
between two fragments at the MP2/6-311+G* level of theory.
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H2 o -adoption of carbene and azacyclopropane.

The unique imaginary frequency of the transition state TSlais 776.928i cm 2,
and the transition state can, therefore, be affirmed as real. According to the cal-
culation of the IRC of TSla and further optimization for the primary IRC results,
TSlaconnects IM1aand IM1b. In TS1a, the distance of N—C1 and N—C2 reached
1.463 and 1.719 A, respectively. Compared with the IM1a, the N-C and N-C?
distances in TSla are shortened slightly by 0.018 A and elongated by 0.238 A,
respectively, which denote rupturing of the N—C2 bond and destruction of the
three-membered azacyclopropane ring. Simultaneously, the N-C1-C2 anglein TSla
is changed to 71.6°, which can decrease the angle tensility of N-C1-C2. Fur-
thermore, the distance between C3 and N is 1.389 A, which is shortened by 0.105
A compared with the corresponding distance in IM1a, suggesting that a new
C3-N bond isto be formed.
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In intermediate IM 1b, the N—C? distance is 1.458 A, which is approximately
the normal length of an N—C single bond. The distance between C3 and N de-
creased to 1.391 A, which is shortened by 0.103 A compared with the corres-
ponding distance in IM 1a, suggesting the formation of a new C3-N bond. Simul-
taneoudly, because of the release of the restriction of the small ring, the clc?
bond length is elongated to 1.498 A, i.e., by 0.013 A compared with the corres-
ponding distance in IM1a. The N-C1-C2 angle is 114.9°, meaning that the C1
atom had adopted a normal sp3 hybridization state. There is an unconjugated
electron in C2 and C3, respectively. The dihedral angles of H3C2C1H4 and
HEC3NH are 166.0° and 144.2°, respectively. In contrast, the dihedral angle of
H1-CLC2H2 is only 116.7°. Therefore, C2 and C3 adopt a sp? hybridization
state. Since C2 and C3 has an unconjugated electron, the energy of IM1b is high-
er; therefore, it can transfer to the more stable conformer Prol.

The unique imaginary frequency of the transition state TS1b, which connects
IM1b and Prol, is 730.712i cmL. In TS1b, the N-C1-C2 angle is 111.6°, which
is reduced compared with the corresponding angle in IM1b (114.9°). Simultane-
ously, the dihedral angle of C3-N—C1-C2 is 13.6°, which is significantly de-
creased compared with the corresponding dihedral angle in IM1b (67.1°), sug-
gesting the planar structure Prol isto be formed.

In Prol, three carbon atoms adopt sp® hybridization and the bond lengths of
C—C and C-N are 1.543 and 1.485 A, respectively. The angle tensility in a four-
-membered ring is smaller than that in a three-membered ring. Therefore, Prol is
more stable than IM1b. Based on the calculated results, the energy of Prol is
lower by 242.8 kJ/mol than IM1b.

Reaction (2) between carbene and azacyclopropane

When carbene approaches the carbon atom of azacyclopropane, it can form
an intermediate (IM2) with azacyclopropane via TS2a, then IM2 can isomerize to
Pro2 via TS2b. The geometrical parameters for the intermediate (IM2), transition
state (TS2a, TS2b), and product (Pro2) in reaction (2) are given in Fig. 5. Corres-
pondingly, the relevant energy quantities are summarized in Table |I. The poten-
tial energy profile of reaction (2) based on Table 1 is illustrated in Fig. 2, from
which, it can be directly seen that reaction (2) consists of two steps:. the first one
is carbene and azacyclopropane form IM2 via TS2a, for which the potential
barrier is 35.4 kJ/mol; then, IM2 isomerizes to product Pro2 with a barrier of
35.1 kJ/mol.

The unique imaginary frequency of the transition state TS2a is 1286.34i cm 2,
therefore the transition state can be affirmed as real. According to the calculation
of the IRC of TS2a, and further optimization for the primary IRC results, TS2a
connects reactants and IM2. In TS2a, the distance of N—C2 reached 1.696 A,
compared with isolated azacyclopropane, this distance is elongated by 0.221 A.
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ADDITION REACTION BETWEEN CARBENE AND AZACY CLOPROPANE 655

Simultaneously, the N-C1-C2 angle reached to 70.7°, which is increased by 10.9°
compared with that in isolated azacyclopropane. Therefore, the N-C2 bond is to
be ruptured and the three-membered azacyclopropane ring to be destroyed. In
TS24, the N-C3 distanceis 1.980 A, which denotes an N-C3 bond is to be formed.
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Hal Hag N HaZ 14757 HaZl P 2
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Fig. 5. Optimized structures of the intermediates (IM), transition states (TS), and product
(Pro) of reaction (2) at the MP2/6-311+G* level of theory, where the bond lengths
and bond angles are in angstrom and degree, respectively.

In IM2, both C! and C2 adopt the sp3 hybridized state. The N-C1-C2 angle
is 111.4°, which denotes that the three-membered ring of azacyclopropane is un-
folded. Simultaneously, there is an unconjugated electron in N and C3, respect-
ively. Therefore, IM2 has a higher energy and it can transfer to the more stable
conformer Pro2.

The unique imaginary frequency of the transition state TS2b, which connects
IM2 and Pro2, is 778.737i cmmL. In TS2b, the C2-C3 distance is shortened to
1.431 A, denoting a double C2—C3 bond is to be formed. The C2—H# distance is
about 1.197 A, which is prolonged by 0.103 A compared with that in IM2. Si-
multaneously, the N-H# distance attains 1.676 A, which is shortened largely
compared with that in IM2. Thus, in the TS2b, a new N-H4 bond is to be formed
and the C2—H4 bond is to be broken simultaneously.

In Pro2, the N-H# distance is shortened to 1.014 A, denoti ng that the atom
H4 has been transferred to the N atom and a new N—-H#4 bond is formed. Both the
C2 and C3 atoms adopt an sp® hybridized state and the C1-C2-C3angle is 123.9°.
The C2—C3 distance is 1.342 A, which is the normal C=C double bond Iength.

A comparison between the two reaction pathways indicates that the two po-
tential barriers along reaction (1) is 30.0 (IMla — IM1b) and 39.3 (IM1b —
Prol) kJmoal, respectively, which is similar to that along reaction (2) (reactants —
— IM2, 35.4 kJ/mol, and IM2 — Pro2, 35.1 kJ/mal). Hence, it can be predicated
that reactions (1) and (2) should be the parallel reactions from the viewpoint of
kinetics. However, the energy of reaction (1) is —-478.3 kJmol, which is lower
than that of reaction (2) (-509.9 kJmoal). Therefore, from the thermodynamic
viewpoint, Pro2 should be the dominant product.
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CONCLUSIONS

In the present study, the mechanism of the addition reaction between carbene
and azacyclopropane was investigated at the MP2/6-311+G* level of theory.
Geometry optimization, vibrational analysis, and relevant energy properties for
the involved stationary points on the potential energy surface were calculated.
Two reactions, (1) and (2), were found. Reaction (1) is carbene attack of the N
atom of azacyclopropane to form an intermediate 1a (IM1a), which is a barrier-
-free exothermic reaction. IM1a then isomerizes to IM1b via a transition state 1a
(TS1a), where the potential barrier is 30.0 kJ/mol. Subsequently, IM1b can iso-
merize to a product Prol via TS1b with a potential barrier of 39.3 kJ/mol. The
orbital interactions are also discussed to explain the combined process of the
leading intermediate. Reaction (2) is carbene attack of the C atom of azacyclo-
propane, firstly to form IM2 via TS2a, the potential barrier of which is 35.4
kJmol. Then IM2 isomerizes to a product Pro2 via TS2b with a potential barrier
of 35.1 kJ/mol. The reaction energies for reactions (1) and (2) are —478.3 and
—509.9 kJmol, respectively. From the kinetic viewpoint, reactions (1) and (2)
should be the paralel reactions. However, from the thermodynamic viewpoint,
Pro2 should be the dominant product. Hopefully, the present results will fill a
void in the available data in the study of the interactions between carbene and the
small-ring strained molecules.
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U3BOJ

TEOPUJCKO ITPOYUYABAKBE MEXAHU3MA AJIUITNJE KAPBEHA
HA A3AIIUKJIOITPOIIAH

XIAOJUN TAN?, PING LI% WEIHUA WANG?, GENGXIU ZHENG® 1 QIUFEN WANG®

1College of Medical and Life Science, University of Jinan, Jinan, Shandong, 250022, 2Department of
Chemistry, Qufu Normal University, Qufu, Shandong, 273165 u 3College of Chemistry and
Chemical Engineering, University of Jinan, Jinan, Shandong, 250022, P. R. China

HcnuTrBaH je MexaHu3aM ajunuje kapbeHa Ha azauukionponan nomohy Moller—Plesset-ose
neprypbarmone Teopuje apyror pexa (MP2). Ilpumenom 6asuor cera 6-311+G* u3Bpuiena je om-
THMH3allMja reoMeTpuje, BUOpalmoHa aHanu3a u oapeleHe eHepreTcke 0cOOMHE CTAHOHAPHHX Ta-
Yyaka Ha XMIIEPIIOBPUIMHH TOTeHIMjaiHe eHeprije. Ha ocHOBY eHeprerckor npoduia mnpeasuljeHo
je 1a mocToje ABa peakuuoHa Mexanusma, (1) u (2). Y npsom (1), kap6en namama N aTom asaruk-
nonpornana u rpaau uarepmeanjep la (IM1a), wro je ersorepmua peakiuja 6e3 6apujepe. 3aTum
ce IM1a uzomepusyje y IM1b npeko mpenasHor crama la (TSla), rae moteHunujanHa 6apujepa us-
Hocu 30,0 kI/mol. Tocrne Tora, IM1b ce uzomepusyje y npoaykr (Prol) mpeko TS1b ca nores-
ujaHoM Gapujepom ox 39,3 kJ/mol. ¥V npyrom mexanusmy (2), kap6eH Hamaga C aToM a3alukiio-
mpomana, npeo rpagehu IM2 npeko TS2a, ca morennujanHom 6apujepom ox 35,4 kJ/mol. 3atum ce
IM2 usomepusyje y mpoaykr (Pro2) npeko TS2b ca motenmujansom Gapujepom o 35,1 kd/mol.
Hocnenuo tome, enepruje peakudja (1) u (2) cy —478,3 u —509,9 kJ/mol, pexom. Ocum Tora,
pa3MaTpaHa je ¥ HHTepakiuja n3mely opOuTana Kox rIaBHIX HHTEpPMeEIH]jepa.

(Ilpumibeno 3. mapTa, peBuaupaso 15. nenem6pa 2009)
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