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to that of the other oxo-amino form (1) that is predicted 
to be the most stable in aqueous solution. 
As far as tautomers 1,2, and 4 are concerned, the PCM 

treatment results in relative electrostatic contributions to 
the solvation free energy that are similar to those from the 
SCRF method, giving an energy ordering in aqueous so- 
lution, l < 2 < 4. However, the solvation energies of l and 
5 are now predicted to be very close, due to the same 
functional groups being present, rather than considerably 
different, as in the SCRF treatment, due to their consid- 
erably different dipole momenta. Thus, in the SCRF 
treatment the relative energies are 1 < 5 < 2 < 4, while 
the PCM calculation gives 1 < 2 < 4 < 5. 

Turning now to a comparison with experiment, tem- 
perature jump spectroscopy2 shows that in aqueous solu- 
tion, cytosine exists mainly as the l(H)-amino-oxo form 
(l), in agreement with the prediction of both computa- 
tional methods. However, experimentally, the other oxo- 
amino form (5) is found to be higher in energy than 1 by 
15 kJ mol-', with the imine form (2) a further 9 kJ mol-' 
higher in energya2 This experimental ordering, 1 < 5 < 2, 
clearly agrees well with the results of the SCRF model, 
while the PCM treatment is seen to give an incorrect or- 
dering of the tautomers. We note that both methods 

predict values of the relative solvation free energies of 
tautomers 1 and 2 in excellent agreement with that ob- 
tained from the FEP method (17 kJ 

Conclusions 
The ab initio calculations described here show that it 

is necessary to include polarization functions on all atoms 
to predict the correct relative energies of the tautomers 
of cytosine, with electron correlation and zero-point en- 
ergies being relatively unimportant. It is found that ge- 
ometry optimization at the 3-21G level is adequate. The 
inclusion of solvation effects by both SCRF and PCM 
models yields relative energies of tautomers 1 and 2 in 
excellent agreement with the experimental estimate. 
However, it is only the SCRF model that predicts the two 
oxo-amino tautomers to be close in energy in water, in 
agreement with experiment. This is somewhat surprising 
in view of the more accurate representation of the solute 
charge distribution which is expected to result from the 
PCM description. 
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Crystal structures of methylenecyclopropane-2-carboxamide reported by Van Derveer et al. and Schultz et 
al. show a distortion of the exocyclic methylene group such that it bends in the direction of the substituted ring 
carbon. Ab initio molecular orbital calculations were performed on a series of methylenecyclopropane derivativea, 
induding methylenecyclopropane-2-carboxamide, as well aa 2-formylcyclopropanone and 2-formylcyclopropaniminea, 
in order to determine the origin of this ground-state distortion. Electron-withdrawing substituents cause a 3O 
to 4O distortion of the exocyclic methylene group toward the substituted ring carbon. Two electronic interactions, 
working alone or in tandem, are possible explanations for the distortion of the exocyclic methylene group. The 
f i t  interaction proposed is between the u* orbital of the substituent and a Walsh orbital of the threemembered 
ring, which causes a distortion of the three-membered ring. The distorted ring causes a distortion of the exocyclic 
methlene group. The second interaction proposed is between the r* orbital of the substituent and the A orbital 
of methylenecyclopropane. The exocyclic methylene group distorts toward the substituent in order to increase 
the stabilizing interaction. 

Introduction 
Since the discovery that methylenecyclopropane (MCP) 

undergoes a degenerate thermal rearrangement,' MCP and 
ita derivatives have been the focus of numerous experi- 
mental2 and theoretica13i4 studies. Recently, Van Derveer 
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et al. reported the X-ray crystal structure of MCP-P- 
carboxamide, which showed distortion of the exocyclic 
methylene group toward the substituted ring carbon and 
the vinyl hydrogens tilted out of the plane of the carbon 
skeleton. These distortions are in the same direction as 
the motions which occur during the preferred rearrange- 
ment p a t h ~ a y . ~  Because of our interests in the effects 
of substituents on the stereochemical outcome of reactions 
and on ground-state distortions,6 we undertook an ab initio 
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Table I. Calculated and Experimental Structurer of Methylenecyclopropane-2-carbo.amide 
X-raf neutron diffraction? 

3-21G 6-31G* molecule 1 molecule 2 molecule 1 molecule 2 
bond 
c1-C~ (Ri) 1.483 1.474 1.477 1.481 1.471 1.475 

1.544 1.530 1.545 1.551 1.522 1.524 
1.458 1.450 1.458 1.450 1.442 1.433 C 1 4 3  (R3) 

c1-c4 1.299 1.306 1.301 1.300 1.317 1.321 
c247 1.490 1.600 1.494 1.480 1.490 1.484 
C7-08 1.218 1.199 1.240 1.243 1.234 1.241 
C7-Ntl 1.355 1.357 1.328 1.321 1.316 1.321 

angle 

c243 (%I 

59.1 59.2 58.8 59.1 59.5 59.8 
63.3 63.1 63.5 64.0 63.0 63.2 

c2*1*4 (AI) 146.3 146.4 145.5 145.4 146.1 145.8 
c 3 4 1 4 4  (Az) 150.4 150.5 150.9 150.3 150.9 150.6 
c2-c7-08 122.5 122.9 121.5 121.1 121.5 121.5 
CZ-cTN, 115.0 114.8 116.2 116.7 116.4 116.3 

114.6 117.4 116.9 118.2 117.0 117.3 
116.3 118.7 117.7 117.9 117.0 116.9 

c2*3*I 
C Z - C l ~ S  

c&243 
c 7 4 2 4 1  

dihedral angle 
cZ434144 179.9 179.5 -178.6 -173.5 179.9 -172.8 
c3424144 -179.9 -179.6 178.8 174.3 -179.9 173.8 

c2-c 1-CrHs 179.8 179.3 -177.5 -174.8 179.8 -173.5 
C3-C144-Hh 179.8 179.6 175.9 152.0 179.8 173.4 

c74241-c3 -103.6 -105.9 -105.8 -103.6 -103.6 105.8 
106.6 108.2 107.2 106.6 106.6 -106.5 

08474241 44.5 47.1 44.3 44.5 44.5 35.2 

C Z 4 1 4 4 - H 6  -0.7 -1.2 -1.9 -17.6 -0.7 4.8 

c34 d k H 8  0.4 0.1 0.4 -5.2 0.4 -4.9 

c74143*1 

Table XI. RHF/3-21G Geometric Parameters for 
Methylenecyclopropane and Various 2-Substituted 

Derivatives 
substituent R1 RI, Rn AI A2 A.4 

1.468 1.552 1.476 147.6 148.7 1.1 
1.462 1.537 1.477 148.3 148.7 0.4 OH (anti)' 

OH (syn)' 1.473 1.521 1.477 149.1 148.8 -0.3 
OH (IN)' 1.467 1.531 1.486 149.3 148.1 -1.2 
F 1.461 1.517 1.482 149.1 148.7 -0.4 

1.471 1.541 1.476 148.5 148.4 -0.1 
1.472 1.545 1.472 148.4 148.4 0.0 H 

CN 1.483 1.553 1.463 146.0 150.4 4.4 
COzH (IN) 1.484 1.548 1.457 146.0 150.5 4.5 

CHO (IN) 1.488 1.548 1.456 146.0 150.5 4.5 
CHO (OUT) 1.480 1.553 1.460 146.5 149.7 3.2 
CHO (90') 1.462 1.546 1.477 147.9 148.7 0.8 
CHO (-90') 1.467 1.543 1.475 147.8 148.9 1.1 

NHZ 

CH3 

COzH (OUT) 1.482 1.550 1.457 146.0 150.3 4.3 

CONHZ (IN) 1.483 1.544 1.459 146.3 150.4 4.1 
CONHZ (OUT) 1.472 1.551 1.466 147.3 149.0 1.7 
BH2 1.498 1.582 1.461 145.8 149.4 3.6 

OThe OH conformations are defined as IN when the hydroxyl 
proton is oriented over the ring, syn when the hydroxyl proton is 
oriented away from the ring and toward the exocyclic methylene 
group, and anti when the hydroxyl proton ie oriented away from 
the ring and away from the exocyclic methylene group. 

molecular orbital study of substituted MCPs and related 
compounds. One point of interest is whether the distor- 
tions of MCP-2-carboxamide, some of which are only 
present in one of the two nonequivalent molecules in the 
unit are inherent molecular properties or are due 
to crystal packing forces. During the course of our work, 
Schultz et al. reported a neutron diffraction crystal 
structure of MCP-2-carboxamide.' The same distortion 
of the exocyclic methylene group toward the substituted 
ring carbon was observed, but the vinyl hydrogens were 
found to be in the plane of the ring. As shown below, ab 
initio calculations give excellent structural predictions and 

(7) Schultz, A. J.; Van Derveer, D. G.; Parker, D. W.; Baldwin, J. E. 
Acta Cryetallogr. Sect. C: Cryst. Struct. Commun. 1990, C46, 276. 

also permit an interpretation of the observed structural 
distortions. 

Results and Discussion 
The geometry of MCP-2-carboxamide waa optimized 

with the 3-21G8 and 6-31G*s basis seta using Pople's 
GAUSSIAN 88 program.1° The geometric parameters ob- 
tained from these calculations, along with those from the 
X-ray and neutron diffraction crystal structures, are 
presented in Table I. There is good agreement between 
the ab initio structures and molecule 1 of both crystal 
structures, including the distortion of the exocyclic 
methylene group toward the substituted ring carbon. The 
RHF'/6-31G* bond lengths are within hO.04 A of those for 
molecule 1 and 2 for both crystal structures. The calcu- 
lated angles are within *lo of the experimental values for 
most angles, including the angles describing the distortion 
of the exocyclic methylene group, C2-C1-CI (A,) and 
C3-C1-CI (A2). These angles are calculated to be 146.4' 

X 

(A,) and 150.5' (A2) with the 6-31G* basis set, while ex- 
perimentally these anglea are found to be 145.6146.1' (A,) 
and 150.3-150.9' (Ad.  Since the calculations on the iso- 
lated molecule accurately reproduce the distortion of the 
exocyclic methylene group toward the substituted ring 
carbon, this distortion is the result of the carboxamide 

(8) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
102, 939. 
(9) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1978, 28, 218. 
(10) GAUS~IAN 88: Friech, M. J.; Head-Gordon, M.; Schlegel, H. B.; 

Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; 
Whiteaide, R. A.; Seeger, R.; Melius, C. F.; Baker, J.; Martin, R.; Kahn, 
L. R.; Stewart, J. J. P.; Fluder, E. M.; Topiol, S.; Pople, J. A. Gaussian, 
Inc., Pittsburgh, PA, 1988. 
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Table 111. Total Energies of the Carbonyl Substituted 
MCPs for the IN and the OUT Conformations As 

Calculated at the RHF/3-21G Level of Theory. The 
Relative Energies Are Given in Parentheses. The Total 

Energies Are Given in Hartrees. The Relative Energies Are 
Given in kcal/mol 

substituent IN OUT 
CHO -266.107 49 (0.2) -266.107 77 (0.0) 
COzH -340.586 74 (0.0) -340.586 06 (0.4) 
CONHz -320.868 79 (0.0) -320.866 58 (1.4) 

substituent, not crystal packing forces. In molecule 2 of 
both crystal structures, the exocyclic methylene group is 
also distorted out of the plane of the ring by 6-8" (see 
dihedral angles C2-C3-Cl-C, and C3-C2-Cl-C, in Table 
I). This distortion is not reproduced by the calculations 
and is not present in molecule 1 of either crystal structure. 
This distortion is most likely the result of crystal packing 
forces. While the RHF/6-31G* structure is in better ac- 
cord with both crystal structures, the 3-21G basis set 
provides satisfactory trends in lengths and angles with a 
substantial savings of computer time. All structures sub- 
sequently discussed have been optimized using the 3-21G 
basis set. 

In order to find an explanation for the distortion of the 
exocyclic methylene group toward the substituted ring 
carbon in MCP-2-carboxamide, a variety of substituents 
was studied, ranging from strongly electron-donating (- 
NHJ to strongly electron-withdrawing (-BHJ. The degree 
of the distortion is determined by the difference (AA) 
between two angles, A2-A1. A positive value for AA in- 
dicates that the distortion is in the direction of the sub- 
stituted ring carbon, as in the carboxamide described 
above. The results are given in Table 11. When the 
substituent is electron-withdrawing, AA ranges from 3O to 
4'. No obvious trend can be found for AA when the 
substituent is electron-donating. 

One hypothesis proposed to explain these results in- 
volves the interaction between one of the occupied Walsh 
orbitals of the cyclopropane ring and the a* orbital of the 
electron-withdrawing substituent. This interaction is 
shown in Figure 1. This type of conjugation between a 
substituent and a cyclopropane ring was invoked by 
Hoffmann to explain the influence of substituents on the 
equilibra between cycloheptatrienes and norcaradienes.lla 

Electron-withdrawing substituents, such as esters and 
cyano groups, cause the equilibrium to be shifted in favor 
of the norcaradienes. Hoffmann proposed that a vacant 
a* orbital of the substituent interacts with a filled Walsh 
orbital, as in Figure 1; this interaction causes a transfer 
of electron density from the ring to the substituent, causing 
a decrease in the antibonding character of R3 and a de- 
crease in the bonding character of R1 and R2 This results 
in a decrease of the bond length of R3, and an increase of 
the bond lengths of R1 and R2 The strengthening of R3 
shifts the equilibrium toward the side of the nor- 
caradienes.ll Allen et al. examined a large number of 
crystal structures of substituted cyclopropanes and found 
that in cases where the substituent is electron-withdrawing, 
the distal bond (R3) is shortened and the vicinal ring bonds 
(Rl, R2) are lengthened relative to cyclopropane.12 

(11) (a) Hoffmann, R. J. Chem. Phys. 1964,40,2480. (b) Hoffmann, 
R.; Stohrer, W. D. J. Am. Chem. SOC. 1971,93,6941. (c) Hoffmann, R. 
Tetrahedron Lett. 1970,33, 2907. 
(12) Allen, F. H. Acta Crystallogr. 1980, B36, 81. 

x* 

3 

W +?K* 

Figure 1. Diagram showing the interaction between the ?r* orbital 
of a substituent and a Walsh orbital (W) of a three-membered 
ring. 

The same trend is found in the calculated structures of 
substituted MCPs. The bond lengths of the ring bonds 
for all MCP derivatives calculated are listed in Table 11. 
Good a-acceptors, like CHO, cause R1 and R2 to lengthen 
and R3 to contract. A methyl group, which is a very weak 
a donor, has a very small effect, and even the better do- 
nors, F, OH, and NH2, cause relatively small increases in 
R2 and R3 and a small decrease in R3. The net result of 
these bond length changes are that all acceptors generally 
cause a 3"-4" difference between Al and A2, while donors 
cause changes of only &lo. This distortion of the three- 
membered ring is proposed to cause a decrease in Al and 
an increase in AS. 

For each carbonyl derivative, there are two conforma- 
tions of the substituent that are minima with respect to 
rotation about the Csubtituent-Cring bond. These confor- 
mations are defined as IN and OUT, where IN indicates 
that the carbonyl oxygen is oriented over the ring and OUT 
indicates that the carbonyl oxygen is oriented away from 
the ring. The geometries of both conformations of 2- 
formyl-MCP are shown in Figure 2. The crystal structure 
of MCP-2-carboxamide is found to be in the IN confor- 
mation. The IN conformation is calculated to be 1.4 
kcal/mol more stable than the OUT conformation at  the 
RHF/3-21G level. The OUT conformation of 2-formyl- 
MCP is favored by 0.2 kcal/mol, while the IN conforma- 
tion of 2-carboxyl-MCP is favored by 0.4 kcal/mol. 

In order to show that conjugation is responsible for the 
ring distortion, which in turn causes the distortion of the 
exocyclic methylene group, the structures of 2-formyl-MCP 
with the formyl group rotated 90" or -90" from the IN 
conformation were optimized (Figure 2). Elimination of 
conjugation between the carbonyl a* orbital and the cy- 
clopropane Walsh orbital should cause the distortion of 
the three-membered ring to be greatly diminished, which 
should cause AA to decrease. In both the 90' and -90" 
conformers (Table 11), the distortion of the three-mem- 
bered ring and the exocyclic methylene group decrease. 
AA is 1.2" for the 90° structure and 0.8" for the -90° 

(13) Pietro, W. J.; Francl, M. M.; Hehre, W. J.; DeFrees, D. J.; Pople, 
J. A.; Bmkley, J. S. J. Am. Chem. SOC. 1982, 104, 5039. 
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IN OUT 

90" -90" 
Figure 2. RHF/3-21G geometries of the IN, OUT, 90°, and -90° 
conformations of 2-formyl-MCP. 

A 

W 

Figure 3. RHF/3-21G geometries of 2-formyl-CPO, anti-2- 
formyl-CPI, syn-Zformyl-CPI, and CPI. 

structure versus 4.5' for the IN conformation and 3.2' for 
the OUT conformation. 

The same type of distortions found in the substituted 
MCPs is expected to occur in appropriately substituted 
cyclopropanones (CPO) and cyclopropanimines (CPI). 
The geometries of 2-formyl-CPO and anti-2-formyl-CPI 
were optimized and are shown in Figure 3. The AA for 
distortion of the exocyclic oxygen is 3.0" while the AA for 
the exocyclic nitrogen is 9.7'. As expected, a CPO and CPI 
with an electron-withdrawing substituent undergo the 
same distortion of the exocyclic group as the MCP deriv- 
atives. While the distortion of the 2-formyl-CPO is of the 

Y 
1.301 A 

Figure 4. RHF/3-21G structure of distorted MCP with the ring 
CC bonds held constant. 

same magnitude as 2-formyl-MCP, the AA for anti-2- 
formyl-CPI is significantly larger. The cause of this ad- 
ditional distortion is the result of a repulsive 1,dinteraction 
between the exocyclic proton and the unsubstituted ring 
carbon. The repulsive 1,4-interaction is also present in 
syn-2-formyl-CPI and CPI. The AA for CPI is 5.5'; AA 
for MCP and CPO is 0'. When an electron-withdrawing 
substituent is added to CPI, the distortion caused by the 
substituent reinforces the l,4-repulsion in anti-2-formyl- 
CPI; AA is increased by 5.2'. These two effects cancel in 
syn-2-formyl-CPI; now AA is -2.4', 3.1' less than AA in 
CPI. 

As a final test of the distorted ring hypothesis, we op- 
timized the structure of MCP with the ring CC bond 
lengths fixed to values comparable to the substituted 
MCPs (R, = 1.455, R2 = 1.480, R3 = 1.550). The structure 
is shown in Figure 4. There is a distortion of the exocyclic 
methylene group (AA = 0.5), though of a smaller magni- 
tude than found in the substituted MCPs. The distortion 
of the cyclopropane ring by electron-withdrawing sub- 
stituents does distort the exocyclic methylene group, al- 
though it may not be the only effect responsible for the 
latter distortion. 

Another possibility is an interaction of the T* orbital of 
the substituent with the exocyclic T system. This inter- 
action involves overlap of the p orbital on the carbon of 
the substituent with the lobe on the exocyclic carbon. The 
ground-state conformations of the substituted MCPs sit- 
uate the lobe on the substituent carbon in the best position 
to interact with the exocyclic carbon p orbital, causing the 
largest distortion of the exocyclic methylene group (AA). 
When the substituent is rotated M O O ,  the p orbital on the 
substituent carbon interacts less with the exocyclic 
methylene p orbital, decreasing the distortion of the exo- 
cyclic methylene group. This is observed for the *90° 
rotated 2-formyl-MCPs (Figure 3). 

Conclusion 
Although a quantitative dissection of the origins of this 

distortion has not been achieved, the dependence of the 
magnitude of the distortion on the type and orientation 
of the substituents has been established, and calculations 
with the 6-31G* basis set have been shown to be in ex- 
cellent agreement with experiment. 
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