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The NMR spectrum of cyclopropanecarbaldehyde (1) shows two chemical shifts for the aldehyde
proton at -169.2 °C, separated by 1.71 ppm. The populations of the two conformations at this
temperature are 0.012 and 0.988, corresponding to the aldehyde hydrogen cis (1a) or trans (1b) to
the methine hydrogen, respectively. From the averaged chemical shift at room temperature,
populations of 1a and 1b were estimated to be 0.27 and 0.73. Free-energy barriers of 5.03 kcal/
mol (1a f 1b) and 5.95 kcal/mol (1b f 1a) were determined for the compound at -169.2 °C.
Comparison of these barriers with the barrier for benzaldehyde indicates that the π-donating ability
of the cyclopropyl group is lower than for phenyl.

Introduction

The bonding in cyclopropanes is unique among the
cycloalkanes, due to the small CCC bond angles. Two
bonding descriptions are in common use for cyclopropane,
and each of these has an analogy in the bonding of
ethylene. In both descriptions, the carbon uses sp2 hybrid
orbitals to bond to hydrogen, as in ethylene.1 The
stronger C-H bonds in cyclopropane, relative to those
in larger rings, have been suggested2 to partially com-
pensate for the angle strain in the three-membered ring.
In the Walsh model,3 each carbon has an additional sp2
hybrid orbital pointing toward the center of the ring and
a p-orbital in the plane of the ring with its axis perpen-
dicular to the HCH plane. Addition of the three sp2
hybrid orbitals gives the lowest energy orbital of cyclo-
propane (Chart 1), which is comparable to the σ-bond of
ethylene. The other two occupied orbitals are derived
from combinations of the p-orbitals and are comparable
to the π-bond of ethylene (Chart 1). The bent bond model
of bonding in cyclopropane is similar to the τ-bond model
for bonding in ethylene and uses sp5 or similar hybrid
orbitals for the C-C bonds.2-4

As in the case of a vinyl or phenyl group, the three-
membered ring can function as an electron donor. This
effect is shown, for example, by the high reactivity of
cyclopropylcarbinyl halides toward solvolysis.5,6 Relative
rates of solvolysis are shown in Chart 2 for several
tertiary p-nitrobenzoates.6
The vacant π* orbital of a carbonyl group can also serve

as an electron acceptor, and the relevant orbitals for these
systems are shown below. Maximum overlap of the two

orbitals will occur in either of the two bisected conforma-
tions, as shown for cyclopropanecarbaldehyde (1).

This paper describes a dynamic NMR study of the
equilibrium for this parent carbonyl compound, and
comparison of the barriers for 1 with the value for

benzaldehyde provides a measure of the relative conju-
gating abilities of the cyclopropyl and phenyl groups.

Experimental Section

Cyclopropanecarbaldehyde was purchased from Aldrich
Chemical Co. and was purified by distillation under reduced
pressure using a water aspirator. A small residue, mostly
cyclopropanecarboxylic acid, remained at the end of the
distillation. A 5% solution of 1 was prepared in 3:1:1 CHClF2/(1) 1JCH of 161 Hz in cyclopropane corresponds to sp2 hybridiza-

tion: Levy, G. C.; Lichter, R. L.; Nelson, G. L. Carbon-13 Nuclear
Magnetic Resonance Spectroscopy, 2nd ed.; John Wiley and Sons: New
York, 1980; p 34.

(2) Hamilton, J. G.; Palke, W. E. J. Am. Chem. Soc. 1993, 115, 4159.
(3) Bernet, W. A. J. Chem. Educ. 1967, 44, 17.

(4) Schultz, P. A.; Messmer, R. P. J. Am. Chem. Soc. 1993, 115,
10925.

(5) Roberts, J. D.; Mazur, R. H. J. Am. Chem. Soc. 1951, 73, 2509.
(6) Brown, H. C.; Peters, E. N. J. Am. Chem. Soc. 1977, 99, 1712.
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Chart 1. Occupied Walsh Orbitals of
Cyclopropane
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CHCl2F/CF2Cl2. A small amount of TMS was added to this
solution as an internal reference, and the NMR tube was then
sealed under vacuum.
NMR spectra of 1were taken without spinning on a General

Electric wide-bore GN-300 NMR spectrometer, operating at
300.54 MHz for protons. A pulse width of 4.2 µs was used
with a delay time between pulses of 8 s. The number of
acquisitions was 200 ( 50, and the sweep width and block size
were (3000 Hz and 64 000.
Temperatures were measured by replacing the sample with

an NMR tube containing pentane7 and a copper-constantan
thermocouple. Rate constants at temperatures from -160.9
to -171.4 °C were determined by matching the experimental
spectra of the exchange-broadened formyl hydrogen peak of
the minor conformation with computer-generated spectra.8 The
spectra were treated approximately as a two-spin system, and
input for the calculations included the chemical shifts, popula-
tions, coupling constant, the mean lifetime, τ, for conversion
of the minor conformation to the major conformation, and the
line widths, which were taken to be the same as for TMS.
Chemical shifts of 3040.0 and 2524.2 Hz were measured for
the minor and major conformations at -169.2 °C, and a
chemical shift of 540.6 Hz was used in each calculation for
the methine hydrogen. Populations of 0.012 and 0.988 were
obtained at -169.2 °C by the cut-and-weigh method, and
populations at the other temperatures were estimated by
assuming that ∆G° does not change with temperature (Table
1). A coupling constant of 8.09 Hz for the major conformation
was measured at -162.8 °C, and the coupling constant for the
minor conformation was estimated to be 0.1 Hz by a procedure
described in the next section. On the basis of the coupling
constants, the minor and major conformations can be assigned
to structures 1a and 1b, respectively.

Results

The proton NMR spectrum of cyclopropanecarbalde-
hyde at room temperature (22.7 °C) in 3:1:1 CHClF2/
CHCl2F/CF2Cl2 shows the formyl hydrogen as a doublet
from coupling to the methine hydrogen, and the chemical
shift is δ 8.87. The averaged coupling constant (5.89 Hz
at room temperature) increases at lower temperatures,
as noted earlier by Karabatsos,9,10 and the chemical shift
moves to lower frequency. These properties are consis-
tent with an increase in the population of the major
conformation (1b), which has the formyl and methine
hydrogens trans to one other. The formyl proton chemi-
cal shifts and coupling constants of 1 for various tem-
peratures are summarized in Table 1. The doublet
broadens at lower temperatures, and by -143 °C indi-
vidual lines are no longer seen. The two lines of the
doublet reappear below -143 °C, although viscosity
broadening at still lower temperatures causes the line
widths to increase again. Figure 1 shows the formyl
proton NMR spectra of cyclopropanecarbaldehyde over
a range of temperatures. The chemical shifts at -169.2
°C are δ 10.11 for 1a and δ 8.40 for 1b.
Populations of 1a, determined by two methods, are also

shown in Table 1. The population of 1.2% at -169.2 °C
was measured directly by the cut-and-weigh procedure,
and the other populations in this column were estimated
by assuming that the ∆G° of 0.91 kcal/mol does not
change with temperature. In the second method, popula-
tions in the temperature range +22.7 to -130.9 °C were
estimated from the relationship ν ) p1ν1 + p2ν2, where ν
is the averaged chemical shift and ν1 and ν2 are the
chemical shifts of 1a and 1b, which were measured at
-169.2 °C. The two methods are in good agreement at

(7) Because pentane solidifies below -130 °C, the calibration was
later checked with the thermocouple immersed in 3:1:1 CHClF2/
CHCl2F/CF2Cl2, and the temperatures in the region -160 to -171 °C
were within 0.4 °C of those obtained for a new calibration using
pentane and within 1.1 °C of the previous temperatures obtained using
pentane.

(8) Spectra were calculated with a VAX computer connected by a
modem to a PC equipped with a Radio Shack TRS-80 plotter-printer,
using a dynamic NMR program written by: Binsch, G.; Kleier, D. A.
QCPE 1969, 11, 140.

(9) Karabatsos, G. J.; Hsi, N. J. Am. Chem. Soc. 1965, 87, 2864.
(10) Karabatsos, G. J.; Fenoglio, D. J. J. Am. Chem. Soc. 1969, 91,

3577.

Table 1. Chemical Shifts, Coupling Constants, and
Populations of Cyclopropanecarbaldehyde at Various

Temperatures

T (°C)

chemical
shifts
(Hz)

coupling
constants

(Hz)
populations
of 1aa (%)

populations
of 1ab (%)

22.7 2665.7c 5.89d 17.5 27.4
-60.5 2603.2c 6.71d 10.4 15.3

-100.9 2568.7c 7.35d 6.5 8.6
-111.0 2560.5c 7.45d 5.6 7.0
-121.4 2553.3c 7.42d 4.7 5.6
-130.9 2544.9c 7.17d 3.8 4.0
-136.9 3.3
-142.8 2.9
-150.9 2.3
-154.7 2.1
-160.9 8.00g 1.6
-162.8 3037.0e 2523.4f 8.09g 1.5
-166.6 3038.5e 2523.7f 8.00g 1.3
-169.2 3040.0e 2524.2f 1.2
-171.4 3040.0e 2524.5f 1.1

a The population of 1a at -169.2 °C was measured directly, and
the other populations were estimated with the assumption that
∆G° does not change with temperature. b The populations in this
column were calculated from the relationship ν ) p1ν1 + p2ν2,
where ν is the averaged chemical shift and ν1 and ν2 are the
chemical shifts of 1a and 1b, which were measured at -169.2 °C.
c Averaged chemical shifts. d Averaged coupling constants. e Chem-
ical shifts of minor conformation. f Chemical shifts of major
conformation. g Coupling constants of major conformation. Figure 1. NMR spectra of TMS and the formyl hydrogen of

cyclopropanecarbaldehyde, taken at different temperatures.
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-130.9 °C, but at higher temperatures the difference in
the estimated populations of 1a increases. For calcula-
tions of the barriers, populations estimated by the first
method were used, but the second method is considered
to be more accurate and is used where applicable,
including room temperature (27.4% at 22.7 °C). From
the room-temperature populations, the coupling constant
for 1b (8.09 Hz), and the averaged coupling constant at
room temperature (5.89 Hz), the coupling constant of 1a
was calculated to be 0.1 Hz from the relationship J )
p1J1 + p2J2.
A rate constant of 55 s-1 was determined for the

conversion of 1a to 1b at -169.2 °C, corresponding to a
barrier of 5.03 kcal/mol. The rate constant for the reverse
process was estimated as 55 (0.012/0.988) ) 0.67 s-1, and
the calculated barrier for 1b f 1a at this temperature
is 5.95 kcal/mol. Five barriers determined for 1a f 1b
at temperatures between -160.9 and -171.4 °C ranged
from 5.03 to 5.15 kcal/mol.

Discussion

The results of some previous conformational studies
of 1 are summarized in Table 2. In the gas phase,
conformation 1a is slightly more stable than 1b. An
enthalpy difference for 1a and 1b of 0.17 kcal/mol was
determined for this phase by Raman spectroscopy.20
Only the microwave study16 indicated a smaller energy
for 1b under these conditions, and the estimated experi-
mental error in this experiment was larger than the
energy difference. Molecular orbital calculations also
have been used to study the conformations of 1; in recent

calculations, 1bwas estimated23 using the CBS-4 method
to have an energy 0.25 kcal/mol lower than 1a, with a
transition state 5.7 kcal/mol above 1b.
The conformational preference found experimentally

for the gas phase is reversed in the condensed phase, and
1b was determined in a Raman study of the neat liquid
to be more stable than 1a by an enthalpy difference of
1.16 kcal/mol.20 The population of 1.2% found by us for
1a at -169.2 °C in the mixture of Freons corresponds to
a free-energy difference of 0.91 kcal/mol. Our best esti-
mate of 27.4% for the population of 1a in this solvent
mixture at 22.7 °C was derived from the averaged and
slow-exchange chemical shifts and corresponds to a free-
energy difference of 0.57 kcal/mol. Only conformation 1b
was found in a Raman study19 to be present in the solid
state.
The rotational barriers of 5.03 and 5.95 kcal/mol for 1

provide a measure of the electron-donating ability of the
cyclopropyl group in this compound. The relative con-
jugating abilities for cyclopropyl and phenyl groups have
been of interest for a long time, and conflicting conclu-
sions have been reported.6,24 Solvolysis studies of p-nitro-
benzoates described earlier (Chart 2) were interpreted6
to indicate that the cyclopropyl group is a better electron
donor than phenyl. However, the chemical shifts of the
C+ in the cations derived from the three nitrobenzoates
(Chart 3) were explained24 in terms of greater electron
donation by phenyl than by cyclopropyl in these systems.

∆G° values for the isodesmic reactions shown in eqs 1
and 2 were obtained25 for the gas phase by cyclotron

(11) Rademacher, P.; Wuerthwein, E. U. THEOCHEM 1986, 32, 315.
(12) Huang, M. B.; Pan, D. K. THEOCHEM 1984, 17, 49.
(13) DeMare, G. R.; Peterson, M. R. THEOCHEM 1983, 13, 115.
(14) Fomicheva, M. B.; Zubkov, V. A. Zh. Strukt. Khim. 1979, 20,

743.
(15) Bartell, L. S.; Guillory, J. P. J. Chem. Phys. 1965, 43, 647.
(16) Volltrauer, H. N.; Schwendeman, R. H. J. Chem. Phys. 1971,

54, 260.
(17) Pelissier, M.; Serafini, A.; Devanneux, J.; Labarre, J.-F.;

Tocanne, J.-F. Tetrahedron 1971, 27, 3271.
(18) Little, T. S. Ph.D. Thesis, University of South Carolina,

Columbia, SC, 1983, p 128.
(19) Reference 18, p 116.
(20) Durig, J. R.; Little, T. S. Croat. Chem. Acta 1988, 61, 529.
(21) Badawi, H. M. THEOCHEM 1991, 228, 159.

(22) Durig, J. R.; Feng, F.; Little, T. S.; Wang, A.-Y. Struct. Chem.
1992, 3, 417.

(23) Wiberg, K. B.; Castejon, H. J. Org. Chem. 1995, 60, 6327.
(24) Olah, G. A.; Westerman, P. W.; Nishimura, J. J. Am. Chem.

Soc. 1974, 96, 3548.

Table 2. Some Conformational Studies of Cyclopropanecarbaldehydea

method
used

solvent
or phase T (°C) % 1a

energy difference
1b - 1a (kcal/mol)

barrier
1a f 1b (kcal/mol)

barrier
1b f 1a (kcal/mol) ref

b gas 55 ( 10 >2.5 >2.5 15
c gas -78 °C to rt -0.029 ( 0.057 4.38 ( 0.41 4.43 ( 0.41 16
d (gas) 0.8 5.4 4.6 17
e CS2 34 18
e neat liquid 29 18
e CD3CN 23 18
e solid -130 0 19
e gas 0.17 (∆H) 20
f gas 4.35 4.20 20
e neat liquid -1.16 (∆H) 20
g (gas) 0.66 21
h (gas) 0.53 21
i (gas) 1.17 22
j (gas) 0.33 5.82 5.49 22
k (gas) -0.25 5.46 5.71 23
l m -169.2 1.2 -0.91 (∆G°) 5.03 (∆Gq) 5.95 (∆Gq) this work

a Some early calculations for 1, not listed in the table, are described in refs 11-14. b Electron diffraction. c Microwave spectroscopy.
d SCF-LCAO-MO calculations, INDO. e Raman spectroscopy. f Far-infrared. g MO calculations, extended 4-31G, G 86. h MO calculations,
extended 6-31G, G 86. i MO calculations, 3-21G, G 86. j MO calculations 6-31G*, G 86. k MO calculations, CBS-4 method. l NMR
spectroscopy. m 3:1:1 CHClF2/CHCl2F/CF2Cl2.
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resonance, and ∆E values for eqs 1-3 were estimated25
using STO-3G calculations. The reaction for the tertiary

system (eq 1) was found to be essentially thermoneutral
in the gas phase by both methods, and the authors con-
cluded that in solutions this reaction would be exother-
mic, with the cyclopropyl-substituted cation having the
lower energy. Reactions 2 and 3, however, were deter-
mined to be endothermic in the gas phase, with the STO-
3G calculations indicating that the phenyl group is the
more effective substituent by 20 kcal/mol in the primary
system and by half this amount in the secondary system.
The decreasing stability of the benzyl cations in eqs

1-3 with increasing methyl substitution on C+ was
interpreted25 as being a consequence of a greater interac-
tion between the phenyl π-system and the vacant p-
orbital in all three benzyl cations, relative to the corre-
sponding interaction in the cyclopropylcarbinyl cations
involving the Walsh orbital of the cyclopropyl group, as
shown by the change in energy for eq 3. The increased
orbital splitting in the benzyl systems was suggested to
decrease the ability of added methyl groups to stabilize
the cation.
Rotational barriers could also provide information

about the relative stabilizing abilities of cyclopropyl and
phenyl. Barriers obtained for cyclopropylboron difluo-
ride,26 vinylboron difluoride,27 and phenylboron difluo-
ride28 (Chart 4) by infrared, Raman, and microwave
spectroscopy, respectively, indicate that phenyl is a
poorer donor than cyclopropyl or vinyl, but the barriers
determined by dynamic NMR spectroscopy for cyclopro-
panecarbonyl fluoride,29 acryloyl fluoride,30 and benzoyl
fluoride31 (Chart 5) indicate the reverse order. The
discrepancy could be explained by an error in one or more

of the barriers for the boron difluorides. In particular,
the value for phenylboron difluoride may be low.
The barriers for 1 and benzaldehyde should provide a

good measure of the relative π-donating abilities of the
cyclopropyl and phenyl groups. No electron donor to π*
other than cyclopropyl or phenyl exists in these com-
pounds, and the CHO group is small, so that steric effects
should be unimportant. Katrizky32 has suggested that
the differences in steric interactions for planar and
perpendicular benzaldehyde are negligible and that σ°R
for the transition state to rotation in this compound is
also close to zero; therefore, the barrier should accurately
represent the resonance energy. A free-energy barrier
of 7.9 kcal/mol33 in vinyl chloride solvent was obtained
for benzaldehyde using 1H NMR spectroscopy and an
approximate equation for the rate constant. Later stud-
ies using 13C NMR spectroscopy and complete line shape
analysis gave values of 7.61 kcal/mol34 in a mixture of
CHCl2F and CF2Cl2 and 7.76 to 7.65 kcal/mol35 in
dimethyl ether as solvent. The close agreement of the
results from different laboratories demonstrates the
reliability of barriers obtained by dynamic NMR spec-
troscopy. Comparison of the barrier for benzaldehyde
with those for cyclopropanecarbaldehyde provides evi-
dence that phenyl is the better donor in these simple
systems.
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