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Cyclopropanecarboxylic acid has been studied by microwave spectroscopy, electron
diffraction and ab initio computations at the 4-21G level. The molecule is found to
prefer a conformation that has the carbonyl group syn to the cyclopropyl ring. A
second conformer is also present with an energy 3-5 kJ mol™' less stable. This
rotamer is found to have the carbonyl group anti to the ring. An accurate structure
has been derived making use of electron diffraction and microwave data in a joint

analysis.

The aim of this work has been to investigate the structural
and conformational properties of cyclopropanecarboxylic
acid. This compound may exhibit a variety of conforma-
tions which are produced by rotation around the C3-C4
and C4-O7 bond (Fig. 1). The four conformations shown in
this figure all possess a symmetry plane formed by the
HS5C3C40607HS8 atoms, as well as the bisector of the
cyclopropyl ring ending at C3. In addition to these four
conformations, various other forms are of course theoret-
ically possible.

The structural and conformational properties of free,
monomeric cyclopropanecarboxylic acid have been subject
to several studies by various methods in recent years. IR
studies have been made by Tabacik and Maillols' and Po-
well and Klzboe.? The French workers' concluded from
their gas-phase IR studies that only one conformation is
present in the free state, and that this is the anti-anti
rotamer of Fig. 1. In a theoretical study, Huang and Pan’
used MNDO calculations to optimize the geometrical pa-
rameters of monomeric cyclopropanecarboxylic acid. These
optimized geometries were then used in ab initio computa-
tions employing the 3-21G basis set. In this manner, the
syn—syn conformer was found to be the more stable. The
energy difference between syn-syn and anti-syn was calcu-
lated to be 3.41 kJ mol™'.> Very incomplete results of a
microwave (MW) study of the title compound have been
reported, and it was concluded that the syn-syn form had
been assigned.* Owing to the rather conflicting results ob-
tained in the IR’ study on the one hand, and the theoret-
ical® and incomplete MW* on the other, it was decided to
carry through a new, combined MW, electron-diffraction
(ED) and ab initio study of cyclopropanecarboxylic acid.

*To whom correspondence should be addressed.

Acta Chemica Scandinavica 45 (1991) 37-45

Experimental

Microwave experiment. The sample used in this work was
purchased from Fluka A. G., Buchs, Switzerland. The
sample, which was stated to be more than 98 % pure, was
used as received. The MW spectrum was studied in the
26.5-38.0 GHz spectral region at room temperature. The
pressure was about 1 Pa during the recording of the spec-
tra. The spectrometer is an improved version of the one
described briefly in Ref. 5, employing klystrons as radi-
ation sources. The radiofrequency — microwave frequency
double-resonance technique (RFMWDR) was used as de-
scribed in Ref. 6, employing the equipment mentioned in
Ref. 7.

Electron-diffraction experiment. The ED data were rec-
orded on a Balzer Eldigraph KD-G2 apparatus® using Ko-
dak Electron Image photographic plates. The experiment
was carried out using nozzle-to-plate distances of 498.50
and 248.93 mm, respectively. The nozzle temperatures
were approximately 52 °C for the long camera distance and
48°C for the middle camera distance. The electron wave-
length was 5.978 pm in all experiments. Six plates for both
camera distances were used in the structure analysis. The
optical density (D) was recorded on the Snoopy densitom-
eter and processed in the usual way employing a blackness
correction of 1 + 0.03D + 0.09D? + 0.03D* (Ref. 9). The
molecular scattering intensities were modified® with
s/[fllf)], and the backgrounds were subtracted from the
modified form utilizing polynomials of the ninth degree
for both camera distances. The intensity data used in the
backgroun subtraction cover the 25.00 < s < 145.00 nm™!
range with data intervals As = 1.25 nm™' for the long
camera distance, and 45.00 < s < 280.00 nm™' for the
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Fig. 1. Four conformations of

cyclopropanecarboxylic acid. Atom

numbering is indicated.

middle camera distance with data intervals As = 2.50 nm~".

The elastic scattering factors were calculated by the partial
wave method' based on analytical Hartree—Fock potentials
in the case of carbon and oxygen.!' For hydrogen, the
electron density for bonded hydrogen was used.’> The
inelastic scattering factors were those of Tevard et al.?

Method of calculation. The ab initio quantum-chemical
computations were performed using the GAMESS pro-
gram package.' The program utilized in the present calcu-
lations is a revised version prepared by M. W. Schmidt of
North Dakota State University and S. Ebert of Iowa State
University. The program was slightly modified to run on a
Prime 750 computer. The 4-21G basis set'® was used. This
basis set was chosen because it is economical and is pre-
sumed to describe the conformational and structural prop-
erties of the title compound rather well. In addition, an
empirical relationship between the bond distances obtained
using this basis and the r, distances has been worked out."®
The complete equilibrium geometries for the four selected
conformations shown in Fig. 1 were optimized by calculat-
ing the analytical energy gradients. The potential energy
function for rotation around the C3-C4 bond was calcu-
lated by optimizing all structure parameters for each fixed
torsional angle from 0 to 180° in steps of 30°.

Results

Theoretical computations. Not unexpectedly, the syn—syn
and anti-syn (Fig. 1) come out as the low-energy forms of
cyclopropanecarboxylic acid, with syn—syn predicted to be
2.0 kJ mol™! more stable. The total energy of syn—syn was
calculated to be —303.977036 hartree. The syn—anti and
anti-syn are predicted to be rather high-energy forms of the
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molecule. These ab initio computations find them to be
34.0 and 49.4 kJ mol™', respectively, less stable than syn—
syn. These predictions parallel those of Huang and Pan,?
but are in conflict with the conclusion of Tabacik and Mail-
lols that anti—anti is the preferred form of cyclopropanecar-
boxylic acid.!

The computed potential function for rotation around the
C3-C4 bond is shown in Fig. 2, together with the experi-
mental potential function obtained from the present ED
work (see below). The present theoretical computations
find the maximum to be approximately 33 kJ mol~! above
the syn—syn minimum-energy conformation. The optimized
structure of syn—syn is shown later in Table 8, together with
the experimentally determined structures obtained using a
static as well as a dynamic model. Moreover, it was found
in the computations that several of the structural param-
eters varied with the torsion around the C3—-C4 bond. The
variations of some selected parameters are summarized in
Table 1.

Microwave spectrum and assignment of the ground vibra-
tional state. Survey spectra revealed a relatively weak and
very dense MW spectrum for cyclopropanecarboxylic acid.
The strongest lines of the spectrum have peak absorption
coefficients of roughly 2.5%1077 cm™' at room temper-
ature. It turned out that these transitions are the high-J
b-type QO-branch transitions.

Based on the above theoretical computations and other
accurate, structural studies of carboxylic acids'” it was pre-
sumed that the syn—syn and anti-syn rotamers of Fig. 1
were the two most probable low-energy forms of cyclopro-
panecarboxylic acid. A preliminary set of rotational con-
stants was predicted for both the syn—syn and anti-syn
conformers using a preliminary set of structural parameters
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Fig. 2. Potential energy function for torsion about the C3-C4

bond calculated by ab initio methods (upper graph) and

determined from the dynamic model discussed in the text (lower

graph).

which were rather close to those shown later in Table 8.
The dipole moment component (in units of 107> C m) were
predicted using the bond-moment method™® in addition to
the ab initio computations. The results obtained using the
bond-moment method for syn-syn were p, = 0.6, u, = 4.4
and p. = 0.0 (for symmetry reasons), respectively. The
same three components were computed by the ab initio
method to be 2.1, 4.6 and 0.0, respectively. The bond-
moment predictions for anti—syn read p, = 3.1, p, = 3.1
and p, = 0.0 (for symmetry reasons), respectively, com-
pared to 6.0, 3.9 and 0.0, respectively, obtained using the
ab initio method.

Searches were first made for the high-J b-type Q-branch
transitions of syn-syn. These lines were soon identified.
The strongest low-J ®R-transitions were found next. The
assignments were then gradually extended to include the
rather weak high-J b-type P- and R-branch transitions. The

Table 1. Variation of important structural parameters® as a
function of rotation around the C3—-C4 bond.

Dihedral angle?° 0 30 60 90 120 150 180

nC1-C2) 149.6 150.0 151.0 151.6 151.1 150.1 149.7
nC1-C3) 152.3 152.6 151.7 150.4 150.4 151.4 152.2
rnC2-C3) 152.3 151.2 150.5 150.7 151.8 152.4 152.2
£C1C3C4 115.3 116.4 118.1 118.4 119.5 119.3 1181
£C2C3C4 115.3 115.7 116.8 117.5 1179 116.9 118.1
£C3C406 125.8 126.5 127.1 126.9 126.0 126.3 126.6
£C3C407 112.2 111.6 111.0 111.4 1127 1122 111.9

aBond distances in pm; angles in degrees. °0° corresponds to
syn—syn; 180° corresponds to anti—syn.
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Table 2. Selected transitions of the ground-state MW spectrum
of the syn—syn conformer of cyclopropanecarboxylic acid.

Transition Obs. Obs. — calc. Centrifugal dist./MHz
freq.¥MHz  freq./MHz
Total Sextic

a-Type

645 «— 54 31513.89  0.00 —0.47

6,6 < 545 29488.01 -—-0.04 -0.62

6,4 «— 5,3 31125.62 -0.05 —0.41

6,5 «— 554 30562.23 -0.04 —-0.68

716 < 645 36683.19 —0.02 —0.81

717 < 64¢ 34352.01 -0.06 -0.91

725 «— 634 36464.18  0.00 —0.66

734 < 633 35926.22 -—0.02 -0.95

735 «— 634 35858.40 0.02 -1.05

752 <« 654 35807.88 —0.03 -1.47

753 <« 652 35807.88 -—0.01 -1.47

b-Type

T4 — Taa 35295.40 0.00 —-0.98

937 «— 98 26751.69 -0.05 -0.17

11,0 11,,, 26986.38 —0.03 -2.35

14, 3145, 30929.87 0.05 -5.70
1741317314 27817.90 —0.06 —-5.82
20;,;,20,,3 26825.36  0.00 13.52
235323449 34604.78 —0.05 -15.29

265, <264, 3157117  0.05 -1.91
295,429, 3263778 -0.04 28.04
32;6—325,; 3748493  0.09 -7.33
3453459 37386.46 —0.02 2717

30 « 244 30020.86 -0.10 -0.23

6,6 — 5p5 32466.85 —0.04 —0.86

9,8 <« 827 3734042 0.13 —0.66

12,9 «— 11,4 2845193 -0.12 —0.44 0.01
15,1145, 3304129  0.03 —-2.68 0.02
1861317790 27077.68  0.05 -7.31 0.05
20,4419,y 2715443 0.03 —9.86 0.09
20,319y, 2715763  0.01 -9.81 0.09
Coalescing b-type transitions®

22,5 <23, 29197.82 0.05 1211 -0.18
25,; «—264¢ 3411851 0.18 17.66 —0.34
26,;, «—27 28964.21 0.06 2017 -0.41
29, <30, 33887.45 0.06 2790 -0.69
32, <334 28614.77 -0.03 38.19 -—-1.12
35,, «36,, 3354287 -0.02 50.01 -1.37
38, <39, 28269.62 -—0.14 65.07 -—2.58
43,, 44, 33092.07 0.13 95.37 —-4.7
49, <50, 32763.31 -0.04 14432 -8.39
24, 23, 2733535 0.04 -16.79 0.23
28, <27, 3797456  0.07 -27.37 0.49
32,; «31, 27756.14  0.05 —39.16 0.96
36,5 <35 27975.98 -0.02 -55.55 1.73
40,; <394 28196.74 -0.05 —76.10 2.93
44,4, 43, 28416.51  0.06 -101.37 4.71
48,, 47, 28633.63 0.00 -131.93 7.28
52,3 <51, 28847.39  0.06 -168.43 10.86
55,, <54, 34159.17 -0.13 —200.58 14.37
59,5 «58,; 34362.54 -0.03 —248.87 20.42
62,5 — 61, 29361.50 0.14 —-290.11  26.17
65,9 «— 644 34657.83 -0.09 —-336.15 33.14
69;, <685, 3484758 0.05 —405.41 44.67

2+0.10 MHz. ®The K_,-energy doublets coalesce for high
values of K_,. Subscripts on the J quantum number refer to K_,.
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Table 3. Spectroscopic constants® for the syn—syn conformer of
cyclopropanecarboxylic acid in the ground vibrational state.
Species Parent Deuterated
No. of transitions 210 56 /\ /\
R.m.s. dev./MHz 0.078 0.063 \/—v\/
AJ/MHz 7625.0001(27) 7619.8344(38) \// /\ /\ /\ /\\ N
ByMHz 2724.75298(96)  2629.4620(22) BVasy i <
Cy/MHz 2382.06299(84)  2308.5222(21) \/ \ v
A /kHz 0.37938(70) 0.37938¢
A /kHz 3.178(10) 3.094(11)
Ay/kHz ~0.5827(19) -0.5827°¢
d,/kHz 0.04581(51) 0.04042(50)
dx/kHz -11.317(25) —11.892(25)
@, 9Hz 0.004760(25) 0.0°
(L + b —1)7102m2u  39.595758(48) 39.603706(71) o
0 o 100 g 200 280 =00
2Uncertainties represent one standard deviation. ?A-reduction, s/nm-1

I~representation.'® °Held fixed at this value in least-squares fit;
see text. Further sextic centrifugal distortion constants preset
at zero. °Conversion factor 505376 1072° MHz m? u.

maximum value for J was 69 for the R-branch lines and 50
for the P-branch transitions. The frequencies of the very
weak low-J R-branch a-type transitions could now be pre-
dicted very accurately. They were identified using ordinary
Stark effect spectroscopy, or the RFMWDR technique.” A
total of about 230 transitions were ultimately assigned for
the ground vibrational state; a portion of which are shown
in Table 2. 210 of these transitions were used to determine
the spectroscopic constants (A-reduction, I'-representa-
tion)" shown in Table 3.* Inclusion of one sextic centrifugal
distortion constant had to be made in order to get the best
fit. It is seen in Table 3 that the value of I, + I, + I. =
39.595758(48)x10°% m? u, which is typical for cyclopro-

*The complete spectra are available from the authors upon re-
quest, or from the Molecular Spectra Data Center, Bldg. 221,
Room B 268, National Institute of Standards and Technology,
Gaithersburg, MA 20899, USA, where they have been de-
posited.

Fig. 3. Experimental (dots) and theoretical (full line) intensity
curves for cyclopropanecarboxylic acid, and the corresponding
difference curves.

pane derivatives that possess a symmetry plane of the kind
found for the syn-syn conformer.*

Unfortunately, the dipole moment could not be deter-
mined because the low-J transitions generally used for this
purpose were too weak to allow quantitative measurements
to be made.

Vibrationally excited states. The ground-state transitions
were accompanied by a rich satellite spectrum, presumably
belonging to vibrationally excited states of syn—syn. Six
such states were assigned, as shown in Tables 4 and 5. The
strongest of these satellite spectra had approximately 67 %
of the intensity of the ground-state spectrum at room tem-
perature. About 130 transitions were measured for this
spectrum, 117 of which were used to determine the spectro-
scopic constants shown in Table 4. The maximum value of J
was 52 in this case. Only the relatively weak high-J b-type
R-branch transitions were assigned. None of the even

Table 4. Spectroscopic constants#® of the syn—syn conformer of cyclopropanecarboxylic acid in vibrationally excited states of the

C1-C2 torsional vibration.

Excited state First Second Third Fourth

No. of transitions 117 54 42 31

R.m.s. dev./MHz 0.065 0.071 0.076 0.119

A,/MHz 7597.9444(35) 7572.0765(48) 7547.2952(62) 7523.561(11)
B,/MHz 2725.7145(12) 2726.5714(26) 2727.3151(28) 2727.9538(61)
C,/MHz 2385.3840(10) 2388.6003(25) 2391.7122(27) 2394.7326(60)
A /kHz 0.3845(13) 0.3794° 0.3794¢ 0.3794°
A/kHz 3.087(11) 3.072(15) 3.045(19) 3.132(33)
Ay/kHz —0.447(15) —0.5827¢ -0.5827° —0.5827¢
8,/kHz 0.04375(52) 0.04427(67) 0.04478(84) 0.0482(14)
dy/kHz —11.972(25) —12.763(33) —13.553(42) —14.512(71)
@,9Hz 0.005092(87) 0.0 0.0 0.0
L+l = 1)° 40.061722(52) 40.515959(83) 40.95985(11) 41.39421(19)

2¢Comments as for Table 3.
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Table 5. Spectroscopic constants#? for the syn—syn conformer of
cyclopropanecarboxylic acid in vibrationally excited bending
states.

Vib. exc. state Lowest bend Second lowest bend

No. of transitions 40 26

R.m.s. dev./MHz 0.085 0.121

A/MHz 7637.8806(79)  7625.325(17)
B,/MHz 2725.6348(47)  2724.9911(73)
C,/MHz 2382.6952(46)  2381.8640(71)
A/kHz 0.3794°¢ 0.3794°¢

A /kHz 3.085(23) 2.962(46)
Ay/kHz —0.5827° —0.5827¢
8,/kHz 0.05024(92) 0.0380(19)
dy/kHz —10.937(46) —10.958(86)

L+ — )90 m2u  39.48027(12) 39.55900(29)

a*Comments as for Table 3. “Same conversion factor as used
in Table 3.

weaker high-J P-type transitions could be identified with
certainty.

Relative intensity measurements made largely as de-
scribed in Ref. 20 yielded 82(15) cm™ for this vibration,
which is assumed to be the first excited state of the torsion
around the C3-C4 bond. This value is rather close to
63.3(4) cm™' found for the corresponding vibration in the
isoelectronic syn conformer of cyclopropanecarboxylic acid
fluoride.? It is seen from Tables 2 and 3 that I, + 1, — I,
increases by 0.465964 10™* m? u, slightly less than the
0.4808 107 m? u found in cyclopropanecarboxylic acid
fluoride.” The slight increase seen in the latter molecule
may reflect the fact that the C3—C4 torsional vibration is
lower in the fluoride [63.3(4) cm™!]* than in the acid [82
(15) cm™"]. Tabacik and Maillols' calculated this frequency
to be 98.1 cm™".

Three more successively excited states of the C3-C4
torsional vibration were also assigned, as shown in Table 4.
It is seen from Tables 3 and 4 that the rotational constants
change rather linearly upon excitation of the torsional
mode. This is characteristic of a harmonic vibration.? In
these three cases, as well as for the two other vibrationally
excited states shown in Table 5, the spectroscopic constants
were determined from low-J b-type R-branch transitions
and ®Q-branch lines with maximum value of J = 35 in most
cases. Accurate values for the A; and the Ay centrifugal
distortion constants could not be determined from these
transitions. A; and Ay were therefore preset to the values
found for the ground state (Table 3) in the final fits.

Table 5 lists the spectroscopic constants of two additional
excited states, which are believed to be the first excited
states of the two lowest bending vibrations. The reason for
assigning these two excited states as bending vibrations is
that the value of I, + I, — I. decreases upon excitation,” as
can be seen from Tables 3 and 5. Relative intensity meas-
urements yielded a frequency of 183(30) cm™! for the low-
est bending vibration and 209(40) cm™! for the second
lowest bending vibration. Tabacik and Maillols' calculated

STRUCTURE OF CYCLOPROPANECARBOXYLIC ACID

these two frequencies to appear at 217.7 and 268.3 cm™,
respectively.

Structure determination. The rotational constants of the
ground vibrational state (Table 3) were used in a modified
form (described below), together with the ED intensity
data, to determine the geometrical structure of cyclopro-
panecarboxylic acid in the following manner. The syn-syn
conformer was assumed to have C; symmetry, in accord-
ance with the MW results above. The molecular geometry
(Fig. 1) was described by twenty independent parameters:
r(C1-C2), A[r(C1-C3) — r(C1-C2)], A[r(C3-C4) — r(Cl1-
C2)], r(C3-HS), A[r(C1-H9) — r(C3-HS)], A[r(C1-H11)
— r(C3-H5)], r(C4-06), r(C4-0O7), (O7-H8), £C1C3C4,
£C3C1H9, A(£C3C1H11 — 4ZC3C1H9), A(£C2C1H9 —
£C3C1H9), A(£C2C1H11 - £C3C1H9), £C3C406,
£C3C407, £C4C3HS5, £C407HS8, t(O6C407H8) and
©(H5C3C406). The torsional angle t(O6C407HS) is equal
to 0° when O6-C4 bond is syn to the O7-H8 bond.
t(H5C3C406) is equal to 0° when the C3-HS5 bond is syn to
the C4-O7 bond.

It was found in the course of the analysis that insufficient
experimental data were available to allow independent de-
termination of the structure the two methylene groups. It
was therefore assumed that the differences between some
of the parameters are equal to the differences computed
above by the ab initio method; i.e. A[r(C1-H9) — r(C3-
H5)] = 0.41 pm, A[r(C1-H11) — r(C3-H5)] = 0.41 pm,
A(£C3CIH11 — ZC3C1H9) = —0.98°, A(LC2C1H9 —
ZC3CIH9) = 1.69° and A(£C2C1H11 — £ZC3C1HY) =
0.50°.

As mentioned above, and also shown in Table 8, the ab
initio results indicate that some of the structural parameters
change somewhat with the torsional angle. Allowance for

o)

uhks-uks

LA LI B U L L L L 0 L e

o 100 200 300 400 500 600
r’pm

Fig. 4. Experimental (dots) and theoretical (full line) radial
distribution functions with an artificial damping constants B =
2.5 pm?. The position and approximate area (length of the bar)
of the peaks corresponding to the most important distances are
shown, together with the difference curve. Theoretical intensities
have been used below s = 25.00 nm~".
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Table 6. Zero-point rotational constants.?

AB.iv 8,2MHz B,7MHz
Parent molecule
A 8.472 7633.47(169)° 7633.83(200)°
B -0.917 2723.84(18) 2723.98(25)
C -0.827 2381.24(17) 2381.32(23)

O-D isotopomer

A 8.828 7628.66(176) 7629.35(202)
B —0.766 2628.70(15) 2628.61(22)
c -0.760 2307.76(15) 2307.69(21)

2See text. “Calculated from B, rotational constants shown in
Table 3 in the manner described in the text. “Calculated from
r-structure. This structure was derived from the rg-structure in
Table 8 using the relationship between r, and r, given in the
text. “Uncertainties estimated as 20 % of the A,;, correction.
°Uncertainties are two standard deviations from least-squares
refinements using a diagonal weight matrix.

such a variation is not incorporated in the structure analy-
sis. The structure derived from the combined MW and ED
analysis therefore must be considered as an average struc-
ture.

Both a static and a dynamic model have been used. The
static model refined the composition of the syn-syn and
anti-syn conformations. Syn-syn was found to make up
65 % and anti-syn 35 % at 323 K.

In the dynamic model, twelve rotamers were included

between 0° (syn—syn) and 180° (anti-syn) rotation about the
C3-C4 bond. Each rotamer was weighted according to its
population calculated from potential energy function
(lower graph shown in Fig. 2) and the Boltzmann distribu-
tion law. The procedure employed is described in more
detail elsewhere.? In the present case the potential func-
tion (V) was presumed to be adequately represented by

V(g) = 1V, (1.0 — cos @) + LV, (1.0 — cos 2¢) (1)

eqn. (1) for the dynamic model. @ is equal to 0° for syn-syn
and 180° for anti-syn. V| and V, were fitted to the intensity
data and found to be 2.1(9) and 13(2) kJ mol™!, respec-
tively. This translates into an energy difference between
syn-syn and anti-syn of 2.1(9) kJ mol™!, with syn-syn the
more stable. This energy difference is the same as that
found above (2 kJ mol™") by ab initio methods. However,
the microwave data indicate a somewhat larger energy
difference, and below arguments are given that 3 kJ mol™
is the minimum energy difference between syn-syn and
anti-syn.

The root mean-square amplitudes of vibration, /, and the
perpendicular correction coefficients, K, used in the analy-
sis were calculated employing a normal coordinate program
written by Hilderbrandt and Wieser.>* The modified force
field used in this work was based on force constants of
related molecules™? and adjusted to fit the observed
vibrational frequencies.! Framework values for / and K
were used for the dynamic model, i.e. the contribution
from the torsional motion about the C3—C4 bond was sub-

Table 7. The root mean-square amplitude of vibration, /, and perpendicular correction coefficient, K, at 323 and 0 K, respectively, for
the parent species of cyclopropanecarboxylic acid for the syn—syn conformer.?

Atom pair® /(323 K)/pm 10 K)/pm K(323 K)/pm K(0 K)/pm
(Calc.) (Calc.) (Calc.)

Calc. Obs.¢

C1-C2 4.92 4.92 486 1.45 0.49

C1-C3 5.04 5.04 497 1.15 0.49

C3-C4 4.99 4.99 4.87 0.31 0.20

C4=06 4.04 4.04 4.01 0.50 0.27

C4-07 4.41 4.41 435 0.90 0.33

C1—-H9 7.70 7.70 7.70 2.50 1.21

C1-H11 7.70 7.70 7.70 2.40 1.17

C3—-H5 7.70 7.70 7.70 2.34 1.76

O7-H8 7.03 7.03 7.03 2.80 2.37

C1.--C4 8.04 7.6(5)

C3---06 5.96 6.4

C3--07 6.34 6.87 (8)

06---07 5.60 6.1

C1---H5 10.71 10.71

C1---H10 10.78 10.78

C1---H12 10.72 10.72

C3---H8 9.71 9.71

C4---H5 10.37 10.37

06--H8 13.30 13.30

2Only / and K values for torsion-independent distances are given. They are equal to the framework values. *See Fig. 1 for numbering
of atoms. “Values with uncertainties given were refined. The remaining -values were fixed to the calculated values given in the

previous column.
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tracted. Separate framework values for / and K were calcu-
lated for all 12 conformations between ¢ = 0 and ¢ = 180°.

The asymmetry parameters,” %, for bonded atomic pairs
were estimated from the diatomic approximation as » =
al’/6, where a is the constant in the Morse potential, and
are assumed to be 0.020 pm~' for C-C, C-O and C=0
bonds,* and 0.026 pm~' for C-H bonds.*>* The asymm-
etry parameters for all non-bonded atom pairs were ig-
nored. Correction for shrinkage was incorporated by refin-
ing a geometrically consistent r,-structure.*

The rotational constants were used in the analysis after
transforming the ground vibrational state constants f3,
(where B, = A,, B, or C,) into the zero-point rotational
constants B, using eqn. (2),** where Af,;, is the harmonic

B, =B + ABui 2

correction to the ground-state rotational constants. These
corrections were calculated from the force field, employing
the program of Hilderbrandt and Wieser.” The results are
shown in Table 6.

The weights of the ED and MW data were chosen so that
the standard deviation calculated from the r -structure (de-
fined below) are approximately the same as the standard
deviations of the B, rotational constants, which are esti-
mated to be 20 % of AB,,-

The conversion from r, to r, is given by* eqn. (3), where

e = rg - lsa(lZT - [20) - K(] (3)

r, = r, —l/r and I and [, are the root mean-square ampli-
tudes of vibration at temperatures T and 0 K, respectively.
The zero-point isotopic change in the C-H bond distance,
defined by eqn. (4), was accounted for using eqn. (5),*

or, = r,(C-D) — r,(C-H) 4)

&r,(C-D) = 1.5a[B(C-D) — B(C-H)] —
[K(C-D) — K(C-H)] (5)

which gives the same equilibrium geometry as when the
equilibrium bond distance is estimated from the diatomic
approximation as in eqn. (6). In Table 7 the root-mean-

r. =r, + 1.5aF — K, (6)

square amplitudes, /, and the perpendicular correction
coefficients, K, are shown.

MW searches for anti-syn. The ED data and the ab initio
results strongly imply that another high-energy conformer,
the anti-syn, coexists with the syn—syn. A total of about 600
transitions were assigned for the syn—syn conformer. These
include all the strongest lines of the spectrum, practically
all lines of intermediate intensities and a large number of
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weak absorptions. The Stark effects of the strongest of the
unassigned transitions were investigated, and RFMWDR
studies® were also made in attempts aimed at finding fur-
ther conformations. In particular, the anti-syn conforma-
tion was looked for. The rotational constants for this form
were precicted to be approximately A = 7.47, B = 2.86 and
C = 2.47 GHz, with sizable components of the dipole
moment along the a and b inertial axes, as predicted above
using both the bond-moment method'® and ab initio com-
putations. The high-K_, lines of the a- type J = 6 « 5 and
J = 7 « 6 transitions should be easy to identify using the
RFMWDR technique.® This search was made, however,
with a negative result. It is thus concluded that the syn—syn
conformer is more stable than any other rotameric form of
cyclopropanecarboxylic acid by at least 3 kJ mol™". In the
ED refinement the energy difference was found to be
2.1(9) kJ mol~!. The MW data strongly indicate that 3 kJ
mol~! is the minimum energy difference between syn—syn
and anti-syn. It is suggested that the latter conformer is
3-5 kJ mol™! less stable than syn—syn.

Table 8. Structure of cyclopropanecarboxylic acid.?

Static model,>  Dynamic model,° Ab initio, r,°
I, Z(ED+MW) 1,2 (ED+MW) r

Bond distances/pm

C1-C2 149.7(6) 149.3(7) 149.6 149.2
C1-C3 152.2(3) 152.4(3) 152.3 151.9
C3-C4 147.5(4) 147.8(5) 146.6 147.3
C4=06 121.4(2) 121.4(2) 120.9 121.9
C4-07 134.9(3) 134.9(3) 135.8 135.2
C1-H9 110.3|° 110.4]° 107.1 108.6
C1-H11  110.3(4) 110.4¢(4) 107.1 108.6
C3-H5 109.9 110.0 106.7 108.0
O7-Hs8 98.5(11) 98.2(12) 96.9

Bond angles/®

C1C3C4 116.8(3) 116.6(3) 1153

C3C406 124.7(4) 124.1(6) 125.8

C3C407 112.5(3) 112.6(3) 112.5

C3C1H9 116.4|° 117.0|°¢ 116.9
C3C1H11 1154 116.0 1156.9

C2C1H9  118.1(9) 118.7¢(10) 118.6
C2C1H11 1169 1175 117.4

C4C3H5 1156 115.6 115.6

C407H8  105.4(8) 105.4(12) 111.3

R factor’

R2(LC) 341 3.20

R2(MC) 6.47 6.49

2Uncertainties are 2o from least-squares refinements using a
diagonal weight matrix. °65(5) % syn—syn and 35(5) % anti-syn.
eV, = 2.1(9) kd mol~" and V, = 13(2) kJ mol~'. Estimated
using egn. (6). °*Could not be refined and selected differences
(see text) were therefore fixed to the values obtained in the ab
initio computations. ‘Defined in Ref. 9.
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Discussion

The present investigation shows beyond doubt that the
most stable conformer is the syn—syn, contrary to the sug-
gestion of Ref. 1 that anti-anti is the preferred rotameric
form. Undoubtedly, another conformer in addition to syn—
syn is present. This is the anti-syn, which is 3-5 kJ mol™'
less stable than syn—syn.

The preferred form of cyclopropanecarboxylic acid has
the carbonyl group in the syn position. This is also the case
with cyclopropanecarboxaldehyde,* cyclopropyl methyl
ketone,* and cyclopropanecarboxylic acid fluoride’ and
chloride.* One reason for this conformational choice is
presumably a stabilization effect caused by interaction of
the carbonyl group electrons with the cyclopropyl group
electrons. Steric effects might also be important in some of
these molecules.

A notable feature of the structure of cyclopropanecar-
boxylic acid is the fact that the C1-C2 bond length is
slightly shorter (2.5 pm) than the CI-C3 bond length
(Table 8). This finding is reproduced in the ab initio calcula-
tions also shown in Table 8. It has been pointed out that
unsaturated substituents have such an effect on the
cyclopropyl ring.* In Table 9 experimental results for

Table 9. Selected structural parameters for cyclopropyl
derivatives.

Compound Type Bond distances/pm

of

distance C1-C2 C1-C3
Cyclopropyl cyanide3® I 150.0(3) 152.9(5)
Isocyanocyclopropane® I 151.3(5) 152.3(7)
Cyclopropylacetylene®4° I 150.3(7) 152.5(6)
Vinylcyclopropane*':# r 150.0 152.7(6)
Cyclopropylisothiocyanate®®? r, 151.5(38)  152.0(3)
Cyclopropy! bromide* A 153.4(12) 150.1(6)
Cyclopropylamine* r 148.6(8) 151.3(3)
Cyclopropane* I, 151.57(23) 151.57(23)
Cyclopropanecarboxylic acid® r, 149.3(6) 152.4(3)

#Two rotamers are present in this molecule. Results pertain to
syn. ®Two rotamers are present in this molecule. Results pertain
to trans. “This work; dynamic model.

Table 10. Carboxylic group structural parameters.?

Cyclopropanecarboxylic ~ Acetic acid

acid

(ED + MW) MW*® (r,) ED* (r,)
C3-C4 147.8(5) 150.3(5) 151.7(15)
C4=06 121.4(3) 120.5(4) 121.2(9)
C4-07 134.9(3) 135.2(4) 136.1(9)
£C3C406 124.1(6) 125.4(4) 126.6(18)
£C3C407 112.1(4) 111.7(3) 110.6(2)

aThis work, dynamic model. °Bond lengths in pm; angles in
degrees.
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several cyclopropyl derivatives with electronegative or un-
saturated substituents are collected. It is noted that there
are no really great differences between the cyclopropyl
bond lengths in these compounds. The comparatively small
difference between C1-C2 and C1-C3 bond lengths
(2.5 pm) found for the title molecule is rather typical.***

There is nothing unusual about the carboxyl group geom-
etry of cyclopropanecarboxylic acid. The structure of this
group is close to that of acetic acid (Table 10). The possible
conjugation of the carboxyl group electrons into the cy-
clopropyl ring is thus seen to have practically no effect on
the carboxyl group geometry.
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