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The microwave spectra of 1-cyclopropylcyclopropanol and one deuterated species
(hydroxy! group) have been investigated in the 15.0-17.0 and 24.0-39.0 GHz
spectral region at about —10°C. One rotamer, denoted Conformer Il was
assigned. In this conformation the two cyclopropyl rings are gauche to one
another, and the pseudo m-electrons along the outside of the cyclopropy! ring
are in an optimum position for forming a weak intramolecular hydrogen bond
with the hydrogen atom of the hydroxyl group of the adjacent cyclopropyl ring.
This hydrogen-bonded conformer is at least 2 kJ mol~! more stable than any
other hypothetical conformation including the other gauche conformer with the
same dihedral angle between the planes bisecting the cyclopropyl groups (i.e.
Conformer IIT). The microwave work has been assisted by ab initio computations

at the 6-31G* and MP2/6-31 + G** levels of theory.

It is now well established by infrared (IR), microwave
(MW), NMR spectroscopy and theoretical ab initio
methods that the cyclopropyl ring can act as proton
acceptor for intramolecular hydrogen (H) bonds.! The
pseudo m-electrons® presumed to have their maximum
electron density along the edges of the ring on the
outside, are the acceptor site. Various donor groups
attached to the cyclopropyl ring, such as
HOCH, —, "3~ H,CCH(OH)—,* HOCH,CH,—,**
H,NCH,—,3 and HSCH,—,3¢ have been found to be
involved in this kind of interaction. No information
about the ability of the cyclopropanol group to act as
proton donor and the cyclopropyl ring as proton acceptor
within the same molecule has so far been available.
1-Cyclopropylcyclopropanol is the ideal model substance
to investigate any such interaction, and this was the
motivation to carry out the present research.

1-Cyclopropylcyclopropanol has two internal axes
around which rotational isomerism may arise, viz. the
C1-01 and C1-C4 bonds (Fig. 1). A maximum of nine
rotamers with staggered atomic arrangements may then
exist. However, enantiomers cannot be distinguished by
MW spectroscopy, and there are consequently only five
different conformations that might be discerned by this
method. These five forms are drawn in Fig. 1.

In Conformers I-IIl the HI-O1-C1-C4 chain of
atoms is gauche (about 60° from syn=0°), whereas these

* To whom correspondence should be addressed.
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atoms are anti (180° from syn) in Conformers 1V and V.
The O1-C1-C4-H6 atom linkage is anti in Conformers
1 and V and gauche in the other three forms.
Enantiomers exist for all rotamers but Conformer 1V.

No intramolecular H bonding is of course possible in
Conformers 1V and V because of the position of the H1
atom in these two conformations. However, in
Conformers I-1II the H1 atom is rather close to the C4
atom (see Table 1 below), and hence to the pseudo
n-electrons of the ring and weak intramolecular inter-
actions may then be possible in each of these conforma-
tions. Internal H bonding is definitely most favourable
in Conformer II, because in this rotamer the pseudo
n-electrons on the outside of the ring are oriented such
that they are much closer to the H1 atom here than they
are in Conformers 1 and HI (Fig. 1). It is concluded in
this work that the more favourable H bond interaction
that exists in Conformer I is the major reason why this
rotamer is preferred.

Experimental

Sample. The sample utilized in this work was synthesized
from methyl cyclopropenecarboxylate as recently pub-
lished.* The sample was purified by repeated preparative
gas-phase chromatography. A check of the purified
sample by the same method revealed it to be more than
99% pure. The sample was kept at dry-ice temperature
(—78 °C) or in a refrigerator (—40 °C) when not in use.



Conformer V

Conformer IV

Fig. 1. The five conformations presumed to be possible all-
staggered forms of 1-cyclopropylcyclopropanol. Atom num-
bering is given on the sketch of Conformer I. Conformer Il
is the only one found in the MW spectrum. This rotamer
which is presumed to be stabilized by an intramolecular H
bond, is at least 2kJ mol~' more stable than any other
rotameric form of the molecule.

Microwave experiment. The MW spectrum was studied
using the Oslo spectrometer which is described in Ref. 5.
The 15-17 and 24-39 GHz spectral regions were investi-
gated with the microwave absorption cell cooled to about
—10°C. Lower temperatures, which would have
increased the MW spectral intensities, could not be
employed owing to insufficient vapour pressure of the
compound. The pressure was about 4-10 Pa when the
spectra were recorded and stored electronically using the
computer programs written by Waal.® The accuracy of
the spectral measurements is presumed to be better than
+0.10 MHz.

Results

Ab initio calculations. The computations of geometries
and energies were first made at the 6-31G* level of
theory for all the five conformers shown in Fig. 1 using
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the Gaussian 92 program package’ running on the Cray
Y-MP computer in Trondheim and IBM RS6000 cluster
in Oslo. Attempts were made to optimize fully the
geometries of these five conformations. However, only
Conformers I-1II were found as stable minima. (No
imaginary vibrational frequencies® were computed for
any of these three rotamers). It is noteworthy that no
energy minimum was located for either Conformers 1V
or V using this basis set. Both these conformations are
characterized by having the H1-O1 and C1-C4 bonds
anti. The computations starting with structures close to
Conformers IV and V refined to one of the Conformers
I-1IIT in all cases. It is presumed that the failure to locate
Conformers IV and V as stable minima on the energy
surface is not an artefact of the computations, but reflects
a genuine property of the title molecule.

Interestingly, only one conformer has been found for
cyclopropanol in a MW investigation.® This rotamer has
the hydroxyl group in a gauche conformation correspond-
ing to that in Conformers I-11I. It was questioned whether
the anti form exists at all for cyclopropanol.®

Finally, the computations were repeated for
Conformers 1-1II at the much more elaborate
MP2/6-31+G* (frozen core) level of theory with full
geometry optimization. These three rotamers were again
predicted to be stable minima.® The resulting geometries
are given in Table 1, together with other parameters
of interest.

This table reveals some interesting predictions:
Conformer 1l is computed to be approximately
4kJ mol™! more stable than both Conformer 1 and
Conformer 1. In Conformer I the pseudo n-electrons
are much more conveniently located for interaction with
the H1 atom than in the other two rotamers because the
C4-C6 side of the ring is so close to the H1 atom in this
case (see non-bonded distances in Table 1). Moreover, it
is noted that the H1-O1-C1-C3 dihedral angle is 10-20°
larger in Conformer II than in the other two conforma-
tions. The widening of this dihedral angel brings the H1
atom into closer contact with the pseudo m-electrons
along the C4-C6 edge of the ring, and thus increases the
weak H bond interaction in Conformer 1I.

The bond lengths and bond angles of the three rota-
mers are predicted to be close to their counterparts in
cyclopropane'® and bicyclopropyl.!!

MW spectrum and assignment of Conformer II. The ab
initio results in Table 1 predict that Conformer II is the
most stable form of 1-cyclopropylcyclopropanol. The
rotational constants of this table indicate that this com-
pound is a prolate symmetrical top with the asymmetry
parameter k= —0.70. The largest dipole moment com-
ponent is predicted to lie along the a-inertial axis.

A survey spectrum taken in the 15-17 GHz region in
order to locate the J=4«3 a-type transitions met with
immediate success and lead to a quick assignment of the
“R-branch transitions shown in Table 2. These lines were
rather weak; the maximum intensity of the low-K_; J=
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Table 1. Structure, rotational constants, principal axes co-
ordinates of the H1 atom, dipole moments and energy
differences of the three stable rotamers of 1-cyclo-
propylcyclopropanol calculated at the MP2/6-31+G**
(frozen core) level of theory.

Conformer: ¢ 1 I ]]]

Distances/pm

H1-01 96.8 96.9 96.8
C1-01 141.7 1421 142.2
C1-C2 149.3 149.1 149.2
C1-C3 150.4 150.5 150.5
C2-H2 108.1 108.1 108.1
C2-H3 108.2 108.1 108.1
C3-H4 108.2 108.1 108.1
C3-H5 108.2 108.1 108.2
C1-C4 149.7 149.2 149.3
C4-C5 150.7 150.4 150.5
C4-C6 150.4 151.1 150.7
C4-H6 108.5 108.5 108.7
C5-H7 108.1 108.1 108.2
C5-H8 108.1 108.1 108.1
C6-H9 108.1 108.3 108.1
C6-H10 108.1 108.1 108.1
Angles/®
H1-01-C1 107.5 107.0 107.5
01-C1-C2 1139 1129 1123
01-C1-C3 117.0 1159 116.3
C1-C2-H2 116.5 116.8 115.3
C1-C2-H3 118.0 117.5 119.8
C1-C3-H4 117.3 115.8 117.3
C1-C3-H5 118.1 120.1 17.7
01-C1-C4 115.0 1131 113.8
C1-C4-C5 121.3 122.7 119.9
C1-C4-Cé6 120.2 119.9 1225
C1-C4-Hé6 1134 113.0 113.5
C4-C5-H7 118.3 118.7 116.3
C4-C5-H8 117.9 117.2 1185
C4-C6-H9 116.6 116.9 1187
C4-C6-H10 118.2 118.6 117.2
Dihedral angles?/°
H1-01-C1-C2 135.8 155.3 147.5
H1-01-C1-C3 67.5 87.7 80.1
01-C1-C2-H2 -15 -0.2 -09
01-C1-C2-H3 1431 144.4 1439
01-C1-C3-H4 —2.8 —4.0 -4.38
01-C1-C3-H5 —148.3 —150.0 —150.5
H1-01-C1-C4 -81.1 —61.4 —67.5
01-C1-C4-C5 338 158.1 —-79.8
01-C1-C4-C6 —-37.6 86.6 208.7
01-C1-C4-H6 1785 —55.6 63.4
C1-C4-C5-H7 —2.9 -0.9 —4.6
C1-C4-C5-H8 142.2 143.4 139.2
C1-C4-C6-H9 4.0 6.0 0.9
C1-C4-C6-H10 —140.8 —139.0 —143.2
Non-bonded distances®/pm
H1 - C4 279.0 260.0 266.8
H1 - C5 2929 389.7 368.4
H1 - C6 336.8 304.7 415.4
Rotational constants?/MHz
A 5 003.6 4 468.1 4 461.0
B 2 0035 22271 2 230.6
c 1862.8 18409 18415
(cont.)

488

Table 1. (continued)

Conformer: @ I ] 1]

Principal axis coordinates? of the H atom of the hydroxyl
group/pm

lal 32.2 77.8 1309
1bl 192.6 201.5 187.4
Icl 58.4 52.0 79.3
Dipole moment®/1073° C m
e 0.60 5.27 2.23
[T 2.57 1.77 2.23
", 4.97 2.86 5.17
Energy difference?/kJ mol ™’

4.1 0.0 4.0

2See Fig. 1 for definition. ® Measured from syn=0°. ¢ Sum
of van der Waals radii:'® H - C (half thickness of aromatic
molecule) 280 pm. ?Calculated from the structures given
above in this table. 1 D=3.335 64 x 1073° C m. " The total
energy of conformer Conformer Il was calculated to be
—801 955.33kJ mol~' (—308.876 559 hartree) ¢ Energy
difference between Conformer Il and each of the two other
conformations.

9«8 were roughly 2x 1077 cm™!. Attempts were next
made to find the strongest b- and c-type transitions of
the spectrum, but none was found, presumably because
the corresponding components of the dipole moment
along the principal inertial axes are too small to produce
a spectrum strong enough to be assigned with certainty.
This is in keeping with the ab initio results of Table 1,
which indicate that p, and p, are considerably smaller
than p,. The spectroscopic constants (4-reduction I'-
representation)'? obtained by the least-squares method
are listed in Table 3. Only A; and A;; were fitted with
the rest of the centrifugal distortion constants pre-set at
zero, because the molecule is not widely different from a
prolate symmetrical top (k= —0.701 556).

Attempts to determine the dipole moment by Stark-
effect measurements failed because the transitions were
so weak that quantitative measurements could not be
made.

The ground-state spectrum was accompanied by the
spectra of several vibrationally excited states. The first
two excited states of what is presumed to be the torsional
vibration around the C1-C4 bond were assigned; their
spectroscopic constants are found in Table 4.* Relative
intensity measurements using selected transitions per-
formed largely as described in Ref. 13 yielded
72(20) cm ™! for this vibration, compared to 83 cm ™! as
calculated by ab initio above (MP2/6-31+ G** level not
given in Table 1).

* The complete spectra are available from the authors upon
request, or from the Molecular Spectra Data Center, National
Institute of Standards and Technology, Molecular Physics
Division, Bldg. 221, Rm. B265, Gaithersburg, MD 20899,
where they have been deposited.



Table 2. MW spectrum of the ground vibrational state of
Conformer Il of 1-cyclopropylcyclopropanol.

Transition Observed Obs. —calc.
frequency?/MHz freq./MHz
Sk 1S -16 41
404303 15891.72 0.08
41,34—31,2 16997.15 003
414313 15 464.95 —0.06
4,,<354 16719.60 —0.05
4,3<3;, 16287.52 0.07
61,5 ‘—51'5 25 17944 0.19
62,4 <—52,3 25 46337 002
625524 24277.25 —0.01
63353, 24841.60 —-0.08
634533 24654.13 0.05
642541 24650.24 —-0.01
643542 24642.45 0.10
707+ 606 26944.56 —0.15
71,5 ‘-61,6 26 77507 0.00
725+ 624 29807.57 —0.03
726+625 28211.26 —0.06
734633 29160.11 —0.06
73'5 4—63.4 28769.91 —0.05
743642 28815.57 —-0.13
74,4643 28789.93 0.08
808707 30602.18 —-0.03
817716 32908.91 —-0.14
818717 30500.36 0.02
86725 34077.12 —-0.07
82’7 4—72'5 32100.65 -0.11
835734 33563.06 0.00
836735 32862.07 0.03
844743 33017.77 —0.05
84,5"—74,4 32 94891 010
854753 32876.91 0.17
862761 32824.54 0.05
86,3 ‘_'76,2 32 82454 010
87’1 ‘-‘77'0 32792.70 —0.12
87277, 3279270 -0.12
90,9808 34270.19 0.04
91,34—81'7 36 60301 —001
950818 34212.28 0.10
92,8 ‘—‘82,7 35 94622 003
937836 36921.40 —0.01
945844 37272.13 0.02
946845 37113.79 —0.06
97285, 36916.90 0.03
91,3 *—87'2 36 91690 004
2 +0.10 MHz.

Table 3. Ground-state  spectroscopic  constants®®  of
Conformer Il of 1-cyclopropylcyclopropanol.

Species: Parent Deuterated

No. of transitions: 44 27

R.m.s. dev.°/MHz: 0.087 0.077

Ao/MHz 4 453.230(91) 4 299.201(81)
Bo/MHz 2 235.045 7(43) 2 225.440 1(59)
Co/MHz 1 845.988 1(50) 1 816.421 0(63)
A,/kHz 0.280(29) 0.191(81)
A®/kHz 1.947(68) 2.079(76)

2 A-reduction, /-representation.'? ° Uncertainties represent
one standard deviation. °Root-mean-square deviation.
9 Further quartic constants pre-set at zero.
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Table 4. Spectroscopic constants®*® of Conformer N of
1-cyclopropylcyclopropanol in vibrationally excited states of
the C1-C4 torsional vibration.

Vibrational state: 1st ex. 2nd ex.
No. of transitons: 29 23
R.m.s. dev.MHz: 0.090 0.103

A,/MHz 4 456.42(10) 4 459.68(13)
B,/MHz 2 233.626 7(54) 2 232.017 2(75)
C,/MHz 1 844.622 2(64) 1 843.310 9(96)
Ay /kHz 0.281(40) 0.288(55)
Au/kHz 1.71(10) 1.54(16)

9 Comments as for Table 3.

The deuterated species (deuteroxyl group) was studied
to locate the position of the H atom of the hydroxyl
group. The assignment of this spectrum was straightfor-
ward. The spectroscopic constants are found in Table 2.
The substitution coordinates'* for the H atom of the
hydroxyl group were calculated as |a|=81.35(11), |b|=
194.619(42) and |c|=56.44(17) pm using these spectro-
scopic constants. These values are in quite good agree-
ment with those predicted for Conformer I (Table 1)
and represent conclusive evidence that Conformer II has
indeed been assigned and not confused with Conformer
111, which would have rotational constants close to those
of Conformer II, but widely different coordinates for the
HI1 atom, as seen in Table 1. Another evidence that the
spectrum of Table 2 undoubtedly belongs to Conformer
II is the fact that this rotamer has its largest dipole
moment along the a-axis, whereas Conformer I is
predicted to have its largest dipole moment component
along the c-axis (Table 1).

MW search for further conformations. The above assign-
ments include all the strongest transitions seen in the
MW spectrum. However, many unassigned weaker lines
remained. It is of course possible that some, or all, of
these weak transitions belong to unidentified impurities.
Many unsuccessful attempts were made to assign these
unidentified transitions to either Conformer 1 or to
Conformer III, both of which were predicted to have one
rather large dipole moment component, and to be
roughly 4kJ mol™! less stable than Conformer II
(Table 1). The low intensities of the unassigned lines is
one indication that both Conformers I and 1II are consid-
erably less stable than Conformer II. The failure not to
obtain an assignment for these transitions points in the
same direction.

Zero-point energy corrections are presumed to be small
in this case because the lowest fundamental vibrational
frequencies (not given in Table 1) calculated at the
MP2/6-31+G** level for the three stable rotamers, are
rather similar in each case.

Intensity considerations of assigned as well as unas-
signed transitions lead us to conclude that Conformer II
is at least 2kJ mol ! more stable than any other
rotameric form of 1-cyclopropylcyclopropanol. This
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experimental estimate is considered to be conservative
and is in agreement with the theoretical prediction that
Conformer II is about 4kJ mol™! more stable than 1
or III

Structure. 1t is seen from Table 3 that the experimental
rotational constants of Conformer I are very close to
those calculated from the MP2/6-31+G** structure
(Table 1). In fact, the agreement is better than about 1%
for all three rotational constants. This is as good as one
can expect because the ab initio structure is an approxi-
mation of the equilibrium structure, and the rotational
constants in Table 3 reflect the ry-structure. Moreover,
the structural parameters of the cyclopropyl ring are very
similar to their experimental counterparts in cyclopro-
pane'® and bicyclopropyl.!! The substitution coordin-
ates!® of the H1 atom are also close to the theoretical
prediction (Table 1), as remarked above. No experi-
mental data are at hand that could really improve the
MP2/6-31+ G* structure of Conformer II. The structure
shown in Table 1 is therefore adopted as a plausible
structure for Conformer I of 1-cyclopropylcyclo-
propanol. It is expected that any full experimental struc-
ture that might be determined in the future will be very
close to this one.

Discussion

The choice of Conformer II as the most stable form of
1-cyclopropylcyclopropanol demonstrates the important
role even such weak intramolecular H bonding as the
present one plays for the conformational properties. The
finding made for the title compound thus parallels those
made for the other molecules™? possessing a cyclopropyl
ring as proton acceptor.

The H bond in Conformer II is calculated from the
structural parameters of Table 1 to have non-bonded
H1.--C4 and HI1.--C6 distances of approximately 260
and 305 pm, respectively. The sum of the van der Waals
radii of hydrogen and aromatic carbon is 290 pm.*> The
pseudo m-electrons which are the acceptor, are of course
not located to a particular atom in this case, but it is
quite clear that the distance between the H1 atom and
the pseudo m-electrons is so small that the interaction in
this case undoubtedly can be called a weak internal H
bond. It is also evident that the conditions for H bonding
are much better in Conformer I than in the other two
rotamers of Fig. 1, because the cyclopropyl group is now
rotated to its most favourable position.

The H bond in Conformer II is also characterized by
having a O1-H1.--C4 angle of approximately 69°, and a
O1-HI---C6 angle of about 98°. The O1-H1 and C4-C6
bonds are approximately 26° from being parallel. It is
interesting to note that the structure of the H bond in
1-cyclopropylcyclopropanol is actually quite similar to
that those seen in cyclopropylmethanol®** and
1-cyclopropylethanol®! (where the corresponding values
for the structural parameters have been given.’?) The
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great similarity between the title compound on the one
hand and cyclopropylmethanol®*** and 1-cyclopropy-
lethano!l®® on the other, indicates that the H bond inter-
action is of similar magnitude in these three compounds.
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