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The conformations of dicyclopropyl, isopropy! cyclopropyl, and diisopropylcarbenes were optimized using
density functional theory (B3LYP/6-31G(d)). We showed that the optimized geometries of carbenes with
cvclopropy! groups are fully in accord with those expected for bisected W-shaped conformations, in which the
effective hyperconjugation of a cyclopropyl group with singlet carbene can occur. The stabilization energies
were evaluated at the B31.YP/6-311+G(3df, 2p)//B3LYP6-31G(d) + ZPE level using an isodesmic equation.,
The relative stability of carbenes is in the order (¢-Pr)Ce = (i-Pr)(¢-Pr)C: > (i-Pr)zC:, and a cyclopropyl group
stabilizes carbene more than an isopropyl group by nearly 9 kcal/mol. Energies for the decomposition of diazo
compounds to carbenes increase in the order (¢-Pr)z << (i-Pr)(¢-Pr) < (i-Pr); by -9 kcal/mol each. From a singlet-
triplet energy gap (£s,) calculation, the singlet level is lower than the triplet level and the £y shows a trend
similar to the stabilization energy calculations. For comparison, the optimized geometries and stabilization
energies for the corresponding carbocations were also studied at the same level of calculation. The greater
changes in geometries and the higher stabilization energies for carbocations compared to carbenes can explain
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the greater hyperconjugation effect.
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Introduction

The cfleet of a cyclopropyl group in stabilizing the
adjacent carbocation,' fice radical,® or carbene® has been
studied over the past 30 years. Early reports'®'™ showed that
tricyclopropylcarbiny]l  benzoate  solvolyzes to give the
corresponding carbocation more than 107 times [(aster than
triisopropylearbinyl benzoate. The cyclopropy] ring. which
is known to have an antisymmetric Walsh orbital, is cfficient
atl delocalizing an empty p orbital on an adjacent carbon.*
The origin ol the unusual delocalization of carbocations has
been ascribed to the hyperconjugation eflect due to the
symmetrical bisccted conlormation of the cyclopropyl
group. [n term of molecular orbitals, hyperconjugation is the
withdrawal of electrons from the bent symmetry orbital of
the bisected cyclopropyl group into the vacant p orbital on
the adjacent carbocation center.” The results of a structure
analysis of hydroxydicyclopropylmethylium ion by the
single-crystal X-ray ditfraction technique completely agree
with the structure expected for bisected cyclopropylcarbinyl-
type cations.® Cyclopropyl groups are also effective at
stabilizing free radical intermediates. The relative rate
enhancement for the decomposition of the dialkyl azo
substrates to their free radicals decreases in the order (¢-Pr)s
> (c-PrhMe > ¢-PrMe: and Mes, as with carbocations.™ [t
has also been shown that a carbene with two cyclopropyl
groups tormed via the consecutive two-step thermal decom-
position of tosylhydrazone salt is 15 times more etfective
than that with two isopropyl groups at stabilizing a carbene
(Gg. 1) The rate constant for the second step (k) is
important, since it governs the rate of carbene formation.
This is supported by an experimental evidence that rate

cnhancement (ollows the order of dicyclopropyl. isopropyl
cyclopropyl. and diisopropy] groups, and by the observed
ratc cnhancements shown in Eq. 1. Based on a product
analysis, it scems reasonable o consider the presence of
singlet carbene: no evidence was observed (or triplet-state
hydrogen abstraction or jinsertion processes.” [n addition, it
has also been shown that a cyclopropyl group signilicantly
stabilizes a singlet carbene via homoconjugative interaction.
Although previous cexperimental kinetic results for the
cyclopropyl group show unusually ellicient conjugation,
there are still some questions regarding the nature ol the
conformation with a cyclopropy!l substituent. There is little
theoretical support for the unusual stabilization ol carbo-
cation, free radical, or carbenes by cyclopropyl groups.

K k; k;
R,C=NNTs —» R,C=N, —» R,C$ + N,
K'Ts
14
\(CzNZ \(CzNz :NZ
!
ky"™ 1 5.8 15.4

Previous theoretical studies of the geometry of cyclopropyl-
carbenes mainly tocused on the optimized conformation.®
The theoretical (MP2/6-31G*) equilibrium geometry for
dicyclopropy] carbene clearly shows that the expected W-
shaped bisected conformation is favored over the sickle-
shaped bisected conformation.® However, it is not clear



A Computational ivestigation of the Stabilitv of Cvelopropvi Carbenes

whether any significant stabilization of dicvclopropylcarbene
compared to other carbenes can satisfactorily explain
previous experimental results. In particular. the observed
kimetic data for carbenes 1-3 appear to require further
theoretical calculations. The goal of our mvestigation was to
deternune the effect of a cyclopropyl group on the rate
enhancement and stabilitv with respect to the optimized
conformation by theoretical calculations.”

Results and Discussion

The lowest-energy conformation of dicyclopropvlcarbene
3 1s the W-shaped conformation (Figure 1). The sickle-
shaped conformation for 3 1s 4.1 keal/mol higher n energy
at the B3LYP/6-31G(d) level."" cormrecting for the zero-point
energy differences.!” It is known that density functional
methods, and BLYP in particular, can provide reliable
geometry optunizations and relative energies for carbene
systems. " Table | lists the calculated and relative energies of
diisopropyl. cvclopropylisopropyl. and dicvclopropy] carbenes
by RHF/6-31G(d) and B3LYP/6-31G(d) calculations. The
structures of carbenes are shown in Figure 1.

The optimized geometry for 3 1s the W-shape as well as
bisected conformations:'? the dihedral angles are @1z
= 148.5% and @512 =-148.5°. Even though the sickle-
shaped dicvclopropy] carbene adopts a bisected geometry.
the W-shape represents an energy minimum on the B3LYP/
6-31G(d) potential surface and therefore may be considered
the most stable geometry. In addition, the W-shape preference
can be explained in terms of hyperconjugation effects: the
empty p orbital on the singlet carbene is expected to
efficiently participate in delocalization with the cvclopropyl
ring located in the W-shape.

The calculated geometry for cyclopropylisopropylcarbene
2 closely resembles the W-shaped bisected conformation:
Qo615 = 150.3% and @ 2614 = -146.7°. The isopropyl group

Table 2. Selected Bond Lengths (A) and Angles (deg) for 1-6
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Figure 1. Optumized geometries for singlet carbenes 1, 2, and 3 at
the B3LYP/6-31G(d) level.

1s twisted shghtly from the bisected conformation by 18.7¢
(@uza1126). On the other hand. in the case of diisopropyl-
carbene 1, one isopropy] group is twisted from the W-shape
by 60°. Thus. the energy difference between the W- and
sickle-shapes 1s smaller to 1.9 keal/mol.

Table 1. Calculated Energies (au) and Relanve Energies (keal/mol,
In Parentheses) of carbenes 1-3 by RHE/6-31G(d) and BILYP/6-
31G(d) Methods

Carbenes  RHF/6-31G(d)
1-3 W-Shape
(-PryC: 1 -273.105128

B3LYP/6-31G(dy"
W-Shape Sickel-Shape
-274.862455 (0) -274.859447 (1.9)
(i-Pr)e-PriC: 2 -271.921586  -273.658957 (0) -273.651328 (4.8)

(c-PrrC: 3 -270.731804  -272.448714 (0) -272.442141 (4.1)

“Energies of the individual species were calculated at the B3LYP:6-
31G(d)*B3LYPi6-31G(d) level, and were carrected for zero-paint
energy differences at the B3ALYP:6-31G(d) level.

Carbenes Length (A) Angle (deg) Cations Length (A) Angle (deg)
3 6
:C(e-Pr) Cl1-C2=1438 C1-C2-C8=114.0 "C-{¢-Pr) Cl-C2=1406 Cl-C2-C8=1255
(c-Pr) Cl-C4=1553 C3-C1-C4 =364 (c-Fr) Cl-C4=1.584 C3-Cl-C4=546
C3-C4 = 1.469 Cl-C3-C4=618 C3-C4 = 1451 Cl-C3-C4=0627
2 §
:C-{(c-Pr) C2-C6= 1428 Cl1-C2-Co=1144 "C-{¢-Pr) C2-C3=17383 C3-C2-C4=1263
(c-Pr) C6-Cl4= 1558 Cl13-C6-Cl4=558 (c-Fr) C3-C8=106l16 C8-C3-C9=528
Cl13-Cld = 1434 Co-Cl3-Cl4=6138 C8-C9=1436 C3-C8C9=636
(-Pr) C1-C2 = 1495 C5-Cl-C3=1103 (i-Pr) C2-C4=1472 C3-C4-C6=1105
Cl1-C3=1537 C4-C5=13557
1 4
:C-(i-Pr) C2-C1=1488 Cl-C2-Ce6=1172 “C-(i-Pr) C8-C2=1445 C2-C8-Cl0=1269
C2-C6= 1489 C8-Cl0= 1444
(-Pr) Cl-C3=1543 C5-Cl-C4=1116 (i-Pr) C2-Cl=1534 Cl-C2-C7=1108
Cl-C4=134 C2-C7=1.605

C6-C13 = 1.340
C6-Cl13=1.339

C13-Ce-Cl15 = 1098

Cl0-Cl6 = 1.334
Cl10-Cl4 = 1.604

Cl14-C10-C16 = 110.8

Optimized geometry of the individual species calculated at the BILYP:6-31G(d)"B3LYP:6-31G(d) level - ZPE at BILYP:6-31G(d).
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It is important to examine the bond lengths and bond
angles for these carbenes. We can calculate both substantial
shortening of the C(2)-cvclopropyl ring bonds and length-
eming of two vicmal bonds in the cyclopropyl ring for the
optimized geometry. These changes result from the effective
hyvpercomugation of a cyclopropyl group with singlet
carbene. The bond lengths between C(2) and rings are the
same distance 1.438 A in carbene 3 and are slightly shorter
(1.928 A) in carbene 2 (Table 2 and Figure 1). Meanwhile.
the bond distance between the C(2)-(/-Pr) group n carbene 2
is elongated to 1.495 A compared to 1.488 A for the
corresponding bond length in carbene 1 (the other bond
length C2-C6 in 1 is 1.489 A). The vicinal bonds of the two
cvclopropyl groups in 3 have the same internuclear distance
of 1.553 A. This is 0.045 A longer than that found in
cvclopropane at the B3LYP/6-31G(d) level.™ Furthermore.
the two vicinal bonds of the cvclopropane ring in carbene 2
are longer. at 1.558 A and 1.568 A. Meanwhile. the distal
bonds in the cyvclopropyl rings in carbenes 3 and 2 are
shorter, at 1.469 A and 1.434 A, respectively. In the case of
carbene 2. the average elongation (0.005 A) of the two
vicinal bonds compared to carbene 3 is matched by a
decrease (0.010 A) in the C(2)-ring bond distance. The bond
angles for £3.1,4 1n 3 and for £ 13,6.14 in 2 are 56.4° and
55.8° whereas for £ 1,34 in 3 and £ 6.13.14 in 2, they are
the same (61.8%). The bond angles at the carbene center for 2
and 3 are similar (114.0° and 114.4%), wlule for 1 this value
15 117.2° 1t 15 worth noting that the bond angle at the
carbene center is affected bv steric hindrance: 123.5° for
singlet di-ferf-butvlcarbene and 110.8° for singlet dimethyl-
carbene at the B3LYP/6-31G(d) level.”* Thus, isopropyvl
groups. which are more stericallv demanding than cvclopropyl
groups, increase the bond angles at the carbene center.

Singlet carbenes are 1soelectronic with carbocations. Thus.
we would expect that effects that stabilized carbocations
would also stabilize singlet carbenes. It would be interesting
to compare the optinuzed geometries for the comresponding
cvclopropylcarbinyl cations at the same B3LYP/6-31G(d)
level (Figure 2).

The bisected W-conformation of dicyclopropyvlcarbinyl
cation 6 has the lowest energy. as expected by Olah." The
sickle-shaped conformations for 6 and 3 are 2.5 and 2.2 keal/
mol higher in energy at the same level of calculation. Based
on a comparison of the geometry of carbene 3 with that of 6,
the bond length between the o-carbon and cvclopropyl
group is shortened to 1.406 A (0.032 A shorter than in 3) and
the two vicinal bonds are lengthened to 1.584 A (0.031 A
longer than in 3). as shown in Table 2. The isopropyl
cvclopropylcarbinyl cation 3 also has a W-shaped confor-
mation in which both the 1sopropy] and cvclopropyl groups
are located at the bisected geometry without distortion
(groas = -1197° and ¢nase=+119.7%). Meanwhile. in the
case of dusopropvlcarbinvl cation 4, the two 1sopropyl
groups are twisted from the W-shape bisected conformation
by +36.18% and -36.29°, respectively. The bond angles at the
carbocation center for 6. 5. and 4 are 125.5° 126.3°, and
126.8°, whereas. the corresponding angles in sickle-shaped 6
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Figure 2. Optimized geometries for carbocations 4, §, and 6 at the
B3LYP/6-31G(d) level.

and sickle-shaped S are 128.2°, and 129.4°. The bond angles
of the sickle-shape are 2.7-3.9° wider than those of the W
shape. Significant bond shortening between the carbocation
and cyclopropyl ring (1.383 A) and bond lengthening
between the two vicmal bonds (1.616 A) 1S seen n 6.
Consequently, greater changes are seen mn the bond lengths
in carbocations compared to carbenes. Considering these
changes, 1t 1s understandable that the rate constant for a
carbocation with two dicyclopropyl rings (x 107) relative to
that with two 1sopropy1 groups 1s much greater than that for a
carbene (x 14). Overall. with regard to the optimized geo-
metries for carbenes and carbocations, a cvclopropyl group
1s more effective at stabilizing an empty p orbital on an
adjacent carbon than an isopropyl group. As shown in Figure
3 and Table 3, the bond lengths between cyclopropy] groups
and C2 for dicyclopropy]l methane 9 and cyclopropyl-
isopropylmethane 8 are the same at 1.519 A. which is 0.081
A longer than that of carbene 3 and 0.113 A longer than that

Figure 3. Optimized geometries for alkanes 7, 8, and 9 at the
B3LYP/6-31G(d) level.
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Table 3. Sclceted Bond Lengths (A) and Angles (deg) for 7-9

-
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7

8

9

C2-C5=C2-C4=1.548
C3-C6=0C4-C9= 1540
C3-C7=C4-Cl1 =13537

2-C6=1519
Co6-Cla=Cl

Length (A)

Angle (deg) C3-C2-C4=1183

53-Cl16=13510
Co-Cl13= 1511
CI-C5=C1-C3= 1536
CI-C2-C6=1135.1

C2-C1=1.543 C2-C1=C2-C7=13519
CI1-C4=C7-CI3=1.509
CI-C3=C7-Cl4=1.509
C3-C4=C13-Cl4=1.511

CI-C2-C7=113.6

Co-C3-C7 1094 C15-C6-Cl6 - 60.0 C4-C1-C3 - CI13-C7-C14 601
C9-C4-C11 1094 Co-C15-Cl6 - 60.0 CI-C4-C3 C7-C14-C13  60.0
Co-C16-CI15 60.1 CI-C3-C4  C7-C13-C14 399

Optimized geometry of the individual speeies calculated at the B3LYP:6-31G(d)/B31.YP#6-31G(d) level + ZPE at B3LY16-31G(d).

of carbocation 6. Furthermore, the bond lengths and angles
of cyclopropyl groups for 9 and 8 are not significantly
different than those of cyclopropane,' even though all of the
cyclopropyl groups are located in the bisected conformation;
for example, the dihedral angle for H (on C2)-C2-C1-H (on
Cl)is 180.0° Consequently, the optimized geometry of the
cyclopropyl group is influenced by the electronic environ-
ment of the adjacent carbon atom,

To predict the relative stabilities, isodesmic equations such
as that shown in [q. 2 were calculated at both the B31.YP/6-
31G(d) and B3LYP/6-311+G(3dt.2p) levels, while correcting
for zero-point energy differences, The B3LYP/6-311+G(3dt.2p)
energies will be used in our discussion,

R' R

e : X \CH + o

3/L + (H, ’/ 2 HO )
r? R2

carbene | mcthane alkane carbene

The stabilization energies for singlet carbenes 1, 2, and 3
are 26.81, 36,44, and 45.10 kcal/mol (Table 4). A cyclo-
propyl group can stabilize carbene more than an isopropyl
group by 9.63 kcal/mol; thus, two cyclopropyl groups
provide nearly twice (18.29 kcal/mol) the effective stabili-
zation,

Although the calculated stabilization energies for carbenes
are in reasonable agreement with experimental values, they
need to be evaluated by calculating the isodesmic equation
for carbocation, As expected, the results provide a clear
explanation for the additional stability of carbocations
compared to carbenes. The stabilization energies are 81.95
keal/mol for diisopropylearbinyl cation 6, 92.30 keal/mol for
cyclopropylisopropylcarbinyl cation 5, and 104.16 kealimol
for dicyclopropylcarbinyl cation 4 (Table 5). A cyclopropyl
group can stabilize carbocation more than an isopropyl
group by 10.35 keal/mol, and two cyclopropyl groups
provide more than twice {2221 kcal/mol) the effective

Table 4, Stabilization Energies of carbenes 1. 20 and 3 calculated at the B3LYP/6-3 111 G3dE2p)/B3LY P/6-31G(d) and B3LYP/6-31G(d)/

B3LYP/6-31Gid) level

RIR: carbenel alkane SE*
6-31G(d) 6-311~G(3dI2p) 6-31G{d) 6-311+0G(3d1.2p} 6-31G(d) 6-311+G(3dI:2p)
i-Pr/i-Pr -274.862435 -274.960663 -276.179989 -276.275731 27.39 26.81
i=Pric-Pr -273.658957 -273.756139 -274.960862 -275.055817 37.20 Jo.44
¢-Pr/e-Pr -272.448714 -272.545424 -273.736688 -273.831353 45.94 45.10

“Crergies were corrected lor zero-point energy from BILYP#6-31G(d) frequency caleulations on B3LYP/6-31Gid) optimized geometries. *The
stabilization energy SE—EunanctEcatonc—Ecanenct—Emenane 10 kealimol. Energies for methane at the B3LYP/O-311+G(3d1.2p+2PE and B3LYT%6-
JIGIA+/PE are -40.491550 and -40.473179. Encrgics for methylenciearbene) at the B3LYP:6-311+G3dE2p) -7 PE and B3LYP/#6-31G(d) +7PE are

-39.133754 and -39.111990.

Table 5, Stabilization Energy of carbocations 4, 5, and 6 calculated
J1GIY/B3LY Pi6-31G(d) level

at the B3LYPAO-3111G3AR2py/B3LY P6-31GHd) and B3LYP/6-

+
R'R'CI + I R'R*CIL *+ *CIy
carbocationl  methane alkane carbocation
e Carbocation] alkane SE"

' 6-31G(d) 6-311-G(3dt:2p) 6-310G{d) 6-311+G(3df.2p) 6-31G(d) 6-311+G(3dt.2p)
i-Prii-Pr -275.2879135 -275.378530 -276.179989 -276.275731 82.63 81.95
i-Prie-Pr -274.088532 -274.173556 -274.960862 -275.055817 93.02 92.30
o-Pric-Pr -272.882339 -272.969533 -273.736688 -273.831333 106.30 104.16

“Encrgy was corrected tor zero-point

cnerey from B3LYP/6-31G(d) frequency calculations on B3LYP/-31Gtd) optimized geometrics. “lhe

stabilization energy SE=lakuet Feabacation=Ccochocanont —Cmehne 10 Kealimol. Energies for methyl carbocation at the B3LYP/6-3 1 1+CG(3df.2p)~ZPT: and
B3LYP/6-31G{dV ZPC are -39.463747 and -39.449427. Energies for methane at the B3LYP/6-31 1t G{3dE2p) - ZPE and B3LYP/6-31G(d) 1ZPE are

-40.491550 and -40.473179,



94 Bufi. Korean Chem. Soc. 2004, Vol. 25, No. 1

NI15-N6 1.150A
Cl-C4=1.510A

N6-C2 1.300A
CIl-C3=1.519A
ZC1,C3,C4=599° £C4,C1,03=59.6° ZC1,C4,C3=60.5°
P62, 5=112.2°

C2-Cl 1492A
C3-C4=1.505A

Figure 4. Optimized geometrics for the dicvclopropyl diazo
compound at the BALYP/6-31G(d) level.

stabilization, The higher stabilization energies for carbo-
cations 4-6 compared to carbenes 1-3 can explain the greater
hyperconjugation effects: 1) shortening of the C™-ring bond
and lengthening of the vicinal bonds in the ring, 2) in
particular, in the case of isopropylcyclopropyl species, 5
displays the bisected W-geometry without distortion, and
thus gives an unusually higher S[ than 2, and 3) the
carbocation angles (125.0° for 1,2,8 in 4 and 126.3° for 3.2,4
in S) are greater than the carbene angles by ~10°,

To evaluate the factors that stabilize carbenes, we com-
puted the stabilization energies of diazo compounds for
dicyclopropyl, isopropyl cyclopropyl., and dicyclopropyl
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groups (Table 6). The calculated stabilization energies
revealed that the cyclopropy!l group does not participate in
the stabilization of diazo compounds. In addition, the
optimized geometry for the cyclopropyl group in diazo
compounds is very similar to that for cyclopropane (Figure
3). which is an indication of no hyperconjugation effect.
This also suggests that for the thermal decomposition of
diazo compounds (Iiq. 1), the stability of singlet carbene
intermediates must govern the relative rate and products.

Energies for the decomposition of diazo compounds are
shown in Table 7 for the same theoretical calculations. The
positive I for 1-3 can be understood in terms of endothermic
reactions. The relative b increases in the order (¢-Cy): <
(i-Pr){c-Cy) < (J-Pr)2, and the stabilization energies of diazo
compounds are similar, as shown in Table 6, which means
that the rate constant 4 {(in Eq. 1) is mainly influenced by the
effective stabilization of singlet carbene by a cyclopropyl
group.

Based on previous experimental results, we propose the
existence of singlet-state carbene 1-3. Even though direct
experimental evidence demonstrates the existence of singlet-
state carbene, it will be further considered in a compu-
tational study on the singlet-triplet energy gap.'® The £y
values are 17,56, 10.38 and 0.46 kcal/mol for 3, 2, and 1,
respectively, and the positive numbers correspond to a
singlet level below the triplet state (Table 8). The £y shows
a trend similar to the stabilization energy calculations: the
greater the stabilization of singlet carbenes, the greater the
calculated gap. Based on both the stabilization energy and
Exp it can be assumed that two cyclopropy! groups stabilize

Table 6. Stabilization Energics of diazo compounds calculated at the B3LYP/6-3 1 1+G(3df.2p)/B3LY P/6-31G(d) and B3LYP/6-31G(d)W/

B3LYP/6-31G(d} level”

R'R'CN, + CH, R'R*CIL, *  CH,N,
diazoalkane  methane alkane diazomethane
RUR: diazoalkanc Alkanc SE"
6-31G(d) 6-311-G(3dr.2p) 6-31€Gi(d) 6-3111G(3dl.2p) 6-31G(d) -311-G(3dI.2p)
Prii-Pr -384.428584 -384.560904 276.179989 -276,275731 —8.69 +6.89
f-Pric-Pr -383.2000643 -383.338413 -274.960862 -275.053817 ~6.93 +3.28
c-Pric-Pr -381.983675 -382.114643 -273.736688 -273.8313353 ~7.68 +3.71

“Energies were corrected for zero-point energy Irom B3LYP#6-31Gi) frequency calculations on B3LY6-31G{d) optimized geometries. "The
stabilization energy SE=Fapant Eugometiane—Fanesahane—FEmemane in kealimol. Encrgies for diazomethane at the B3LYP/6-311-Ci adt 2p) +7PE and
B3LYP:i6-31Gid) +ZPF are - 148.765740 and -148.707922. Energies tor methane at the B3LYP/A-311+G(3df2p) +ZPF and B3LYP/6-3 1 G(d) ~ZPT: arc

404915350 and -40.473179.

Table 7. Calculated Reaction Energies for the decomposition of azo compounds (o their corresponding carbenes 1-3 using a B3LY P theory®

ks
R'R’C-N, —= R!'RCs + N,
RIRY Avo Carbene £
" 6-31G(d) 6-311-G(3di.2p) 6-31G(d) 6311+GBAL2D)  631GW)  6-31 1+G(3dI2p)
i-Prii-Pr -384.428384 -384.560904 -274.862453 -274.960663 +29.8 +24.4
i-Prfe-Pr -383.206643 -383.338413 -273.658957 -273.736139 +18.2 +13.2
c-Pric-Pr -381.983675 -382.114643 -272.448714 -272.545424 +10.2 =3.0

“Corrected jor the zero-point energies. *E=Entene | Cimosen—Eua in keul/mol. Energies lor nitrogen at the B3LYP/6-3111G(3dI2p) + ZPE and B3LYP/6-

31G(d) + ZPE are -109.561326 and -109.518642,
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Table 8. Singlet-Triplet Energy Ditferences for carbenes calculated at the BALYP/6-311+G(3df 2pW/B3LYP/6-31G(d) and B3LYP/6-

31G(dy/B3LYP/6-31G(d) level

Er Es Est
carbene - -
6-31G(d) 6-311+G(3df.2p) 6-31G(d) 6-311+G(3df.2p) 6-31G(dy 6-311+G(3df,.2py*
i~Pr/i-Pr -274.868101 -274.962613 -274.862455 -274.960663 0.55 0.46
i-Pt/¢-Pr -273.648463 -273.742270 -273.658957 -273.756139 10.68 10.38
¢-Pr/c-Pr -272.427103 -272.520115 -272.448714 -272.545424 17.65 17.56

¢ Esr=Fr—F5s— ZPE — 4.09 (correction factor for the overestimation of methyvlene is 4.09 keal‘mol at the B3LYPi6-31G*#B3LYP/6-31G{d) level). *Esr
=Er- Es+ ZPE + 1.68 (correction factor for the overestimation of methyvlene is 1.68 keal:mol at the B3LYP:6-31 1+G(3df.2p) B3LYP:6-31G(d) level ).

E'7 the unrestricted value.

Table 9. Calculated Dipole Moments {debve) of Singlet Carbenes 1-3

RHF B3LYP QCISD
carbene
STO-3G° 6-31G* STO-3G* 6-31G* 6-31G* 6-31G*
#-Prfi-Pr 1.40 1.71 1.48 1.65 1.75 1.66
i-Pt/e-Pr 1.43 1.73 1.57 1.79 2.53 1.75
¢-Pric-Pr 1.07 1.35 1.17 1.26 217 1.27

“B3LYP/6-31G* optinnzed geometry used. QCISD=Quadratic Configuration Interaction with Singles & Doubles. *Calculations for triplet carbenes.

carbene nearly twice as much as one cvclopropyl group.

To gain more insight mto the electronic structure of
carbenes, the dipole moments were determined at the
different levels of theory. The values are given mn Table 9.
and thev show a remarkable difference depending upon the
basis set used. Use of the 6-31G(d) basis set increases the
dipole moment by ~10 % compared to the STO-3G basis set
at the B3LYP level. The single-pomnt energy calculation of
the quadratic configuration interaction (QCI) theorv!” with
the 6-31G(d) basis set was performed using B3LYP/6-
31G(d) optunized geometries. This was done because it is
known that QCI methods are reliable for calculating dipole
moments.’® The QCISD dipole moment is very similar to the
B3LYP value at the same level with the 6-31G(d) basis set.
The dipole moments calculated for carbenes 1-3 followed
the order (¢-Pr)- < (-Pr)~» < {(/-Pr)(c-Pr), independent of the
basis set used. The slightly larger dipole moment for carbene
2 compared to 1 may indicate that it 1s a relatively polar
molecule. This view can generally be explained on the basis
of a significant contribution from two different substituents
in wlich asvmumetrical hyperconjugation effects are trans-
ferred to the empty p orbital. It is worth noting that the
B3LYP dipole moment for the triplet carbene 1s greater than
that for the singlet carbene by 0.91 A for 3. 0.74 A for 2 and
0.10 A for 1. This trend is consistent with the view that the
cvclopropyl group stabilizes singlet carbenes more than the
1sopropyl group.

Conclusion

The fact that diazo dicvclopropy] compounds decompose
faster than the corresponding diazo compounds to carbene
clearly shows that a cvclopropyl group is a better partici-
pating group than an isopropyl group. The effective hyper-
conjugation of a cvclopropyl group in the bisected W-shaped
conformation may facilitate this reaction. The optunized
geometry of singlet dicvclopropylcarbene 3 1s fully consistent

with that expected for the bisected W-shaped conformation
at the B3LYP/6-31G(d) level. The cyclopropyl groups in
carbenes 3 and 2 help stabilize the empty p orbital by
hyperconjugation and in each case the elongation of the two
vicinal bonds is matched by a coresponding decrease in the
distal bond of twice the magmtude. The bond between the
carbenic center and cvclopropyl nng 1s also calculated to
shorten. When the optimized geometries of diazo compounds
of dicyclopropyl and dicvclopropyl methane become
available, 1t will be mteresting to see whether the bond
lengths and angles of ¢vclopropyl groups remain similar to
those of cyclopropane itself. The changes seen m carbo-
cations are similar but substantially greater than those in
carbenes. and this reflected by the fact that the rate constants
for carbocations are greater than those for the corresponding
carbenes. The computed stabilization energy for the cyclo-
propy1 group of 1sopropyl cyclopropylearbene 2 1s 9.63 keal/
mol larger than that for the 1sopropyl group of dusopropyl-
carbene 1. Thus, the stabilization energy of dicyclopropyl-
carbene 3 1s nearly twice as large as that of 1. Very similar
trends were computed for the stabilization energies of the
1soelectronic dicyclopropyl, cvclopropylisopropyl. and
dicvclopropyl carbocations, but these were also greater than
those of the corresponding carbenes. The singlet-triplet gap
Esr values of carbenes 1, 2. and 3 are 0.46, 10.38, and 17.56
keal/mol. respectively, in favor of the singlet: the stabili-
zation by cvclopropyl groups for singlet carbene increases
the energy gap. These calculated results provide a possible
explanation for the rate constant and stability of cyclopropyl-
carbenes.
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