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The microwave spectra of 2-cyclopropylideneethanol, (CH,),C=CH CH,OH,
and one deuterated species (hydroxyl group) have been investigated in the
23.0-39.0 GHz spectral region at 263 K. One conformer, denoted Skew I, was
assigned. In this rotamer the C=C-C-O dihedral angle is 122° from syn (0°)
and the C-C-O-H dihedral angle is 66° from syn. The hydrogen atom of the
hydroxy! group forms a weak intramolecular hydrogen bond with the = electrons
of the C=C double bond. The gas-phase IR spectrum in the OH stretching region
revealed a broad and complex band at a rather high wavenumber. This absorption
split into three bands, presumed to belong to two conformers with an internal
hydrogen bond and one without, when the compound was isolated in argon
matrices at 5 K. Large shifts were observed between the IR spectra of the
amorphous and crystalline solids at liquid nitrogen temperature due to hydrogen
bonding. Certain weak IR and Raman bands present in the amorphous or liquid
phases vanished in the crystal and are attributed to one or more additional
conformers in the liquid. Some IR bands in the range 3670-3630 cm ™!, present
in the argon matrix spectra at 5 K of a ca. 550 K vapour deposit, vanished after
annealing and were tentatively attributed to high energy conformers. From
temperature variations in the Raman spectra of the liquid Skew / was estimated
to be 2.5+0.6kJ mol ! lower in enthalpy than other conformations. The
experimental work has been assisted by ab initio computations at the MP2/
6-31G** level of theory.

Several allylic alcohols that contain the C=C-C-O-H
chain of atoms have been investigated in recent years by
microwave (MW), infrared (IR) and nuclear magnetic
resonance (NMR) spectroscopy as well as by electron
diffraction (ED) and ab initio computations.!® The

molecules studied so far include 2-propen-l-ol
(H,C=CHCH,OH, allyl alcohol),! 3-buten-2-ol
[H,C=CHCH(OH)CH,],? 2-methyl-2-propen-1-ol
[H,C=CH(CH;)CH,OH, 2-methylallyl alcohol],?

trans-*** and cis-** 2-buten-1-ol (H;CCH=CHCH,OH,
trans- and  cis-crotyl alcohol), 2,3-butadien-1-ol
(H,C=C=CHCH,OH )’ and 1,4-pentadien-3-ol
[H,C=CHCH(OH)CH=CH,].® In addition, two aro-
matic compounds with such a link of atoms, viz. 2-7 and

* To whom correspondence should be addressed.
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3-furanmethanol,® have recently been investigated in this
laboratory.

In all these compounds other than 2-furanmethanol’
(where the oxygen atom of the ring is involved in
intramolecular hydrogen (H) bonding in its most stable
conformer), the preferred rotamer has been found to
take a heavy-atom skew conformation with a C=C-C-O
dihedral angle about 120° from syn (0°). The C-C-O-H
dihedral angle was found to be gauche (approximately
60° from syn). This dihedral angle allows for close
proximity between the H atom of the hydroxyl group
and the = electrons of the double bond. This interaction
is by most workers'® assumed to be a weak intramolec-
ular H bond, although objections to this view have been
heard.!&2>¢

In addition to the H-bonded heavy-atom skew con-
former, a second heavy-atom C=C-C-O syn rotamer



has been found experimentally in some of these cases.'™
The C—C—O-H conformation is gauche in these heavy-
atom syn rotamers.'™ This again allows the hydroxylic
H atom to come close to the = electrons of the double
bond, a prerequisite for the formation of an internal H
bond. Generally, this second heavy-atom syn form is
slightly less stable (1-3kJ mol ') than the skew con-
former in the cases where it has been found.'”

Based on the findings made for the other allylic
compounds,'~® the five conformations shown in Fig. 1
are considered to be all the possible szable conformers
of 2-cyclopropylideneethanol (CPE). In the three skew
conformations, the C3=C2-C1-Ol chain of atoms is
about —120° from syn, whereas the C2-Cl1-O1-HI
dihedral angle is ca. 60° (Skew I), +60° (Skew 2) and
180° (Skew 3). In the two syn rotamers, the
C3=C2-C1-0O1 dihedral angle is 0°, while the
C2-C1-O1-H1 dihedral angle is —60° (Syn 1) and
180° (Syn 2).

The Skew 1 conformer of CPE corresponds to the
more stable skew rotamers mentioned above, and Syn I
to the less stable syn forms. Skew I and Syn I both have
the possibility of being stabilised by a weak intramolec-
ular H bond formed between the hydroxyl group H atom
and the m-electrons of the C2=C3 double bond. This

Skew 1 Skew 2

Skew 3

Syn 1 Svn 2

Fig. 1. The five conformations presumed to be stable forms
of 2-cyclopropylideneethanol. Atom numbering is given on
the sketch of Skew 1. This conformer was found in the MW
spectrum. There is considerable evidence in the IR spectrum
for the presence of Syn 1 as well as of one additional
conformer without an internal H bond.

MW AND IR SPECTRA OF 2-CYCLOPROPYLIDENEETHANOL

possibility is of course absent in the three other forms
shown in Fig. 1.

Syn I has an additional interesting feature: In this
conformation the non-bonded distances between H1 and
C3, and between H1 and C4, are rather short (ca. 260 pm
and 270 pm, respectively) compared to the sum of the
van der Waals radii of hydrogen and aromatic carbon
(290 pm®). An interaction of the H1 atom with the
pseudo- electrons of the cyclopropyl ring,'® which have
their maximum electron density in the plane of the ring
on the outside, is then possible. These electrons can
undoubtedly take part in weak intramolecular H bond-
ing, as has been shown in many cases."!

One important reason to study CPE was to see if this
extra ‘help’ from the pseudo-= electrons would lead to a
stabilisation of the Syn I relative to Skew 1. It is shown
in this work that this kind of extra stabilisation is not
very important in CPE, since Skew 1 is undoubtedly the
most stable conformer in this case too.

Experimental

Sample. The sample utilised in this work was synthesised
as previously described by us in a different context."””> A
slow decomposition was seen during the MW experi-
ments, and the sample was therefore kept at dry-ice
temperature (—78 °C) or in a refrigerator (233 K) when
not in use. One impurity/decomposition product, namely
ethanol, was identified by its MW spectrum. The deuter-
ated species (hydroxyl group) was produced by seasoning
the wave guide with D,O and then introducing the
parent species. In this manner 30-40% deuteration was
achieved.

Microwave experiment. The MW spectrum was studied
using the Oslo spectrometer which is described in Ref. 13.
The 23-39 GHz spectral region was investigated with the
microwave absorption cell cooled to about 263 K. Lower
temperatures, which would have increased the MW spec-
tral intensities, could not be employed owing to insuffi-
cient vapour pressure of the compound. The pressure
was about 3-8 Pa when the spectra were recorded and
stored electronically using the computer programs writ-
ten by Waal.!# The accuracy of the spectral measurements
is presumed to be better than +0.10 MHz.

Infrared experiment. The vapour-phase IR spectrum in
the 3700-3600 cm ! region was recorded at room tem-
perature with a Bruker IFS 88 spectrometer equipped
with a multiple reflection cell. The path length was about
3 m, the vapour pressure ca. 90 Pa and the resolution
2cm”l,

The sample was evaporated on a CsI window at 80 K
and shock frozen in a conventional cryostat with win-
dows of Csl. Two different sample thicknesses were
recorded at ca. 80 K. Each sample was subsequently
annealed to temperatures approaching the melting point
(around 215K), and the sample changed appearance
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from a glassy to an apparent crystalline deposit. The
sample was again cooled to 80 K and the spectra recorded
with a resolution of 1cm™" on a Perkin-Elmer model
2000 FTIR spectrometer in the range 4000-400 cm .
Subsequent annealing above ca. 195 K did not change
the spectra significantly, suggesting that a completely
crystalline solid was obtained.

A closed-cycle helium cooled Displex unit from APD
(model HS-4) with windows of Csl was employed for
the matrix experiments. The compound was mixed with
argon in the ratio 1:500, and the gas mixtures were
deposited on the cold window at ca. 14 K for several
hours. The cryostat was equipped with a nozzle of quartz
which could be heated electrically to temperatures
between ambient and 900 K. No decomposition products
formed during the hot nozzle deposition were detected.
After the unannealed samples had been recorded at 5 K,
the samples were first annealed at 35 K and later at 39 K
for 25 min, before the spectra of the annealed samples
were recorded.

Raman experiments. Raman spectra were recorded on a
triple monochromator spectrometer (model RT 30) from
Dilor, using the 514.5 nm line from a Spectra-Physics
model 2000 argon ion laser for excitation. Spectra of the
liquid, including semiquantitative polarisation measure-
ments, were recorded at ambient temperature. Additional
spectra were recorded at various temperatures between
295 and 215K in a capillary cooled by cold nitrogen
gas.!> Below the melting point the sample crystallised
readily and the Raman spectrum of the crystal was
recorded.

Results

Ab initio calculations. All computations were made at
the MP2/6-31G** (frozen core) level of theory. This level
is expected to predict geometries quite well, while vibra-
tional frequencies are generally found to be a few per
cent too high.!® The H bond interaction and the energy
differences are also well accounted for in this computa-
tion scheme.!®'” The calculations were carried out
employing the Gaussian 92 program package.'® The five
conformations depicted in Fig. 1 were fully optimised.
They were all found to be stable, as no imaginary
vibrational frequencies!® were computed for any of them.
The optimised geometries are given in Table 1 together
with other parameters of interest.

In order to investigate whether the five conformations
sketched in Fig. 1 are indeed the stable forms of CPE,
searches for further stable rotamers were made starting
with the C3=C2-C1-0O1 dihedral angle in the anti (180°)
and gauche (—60°) positions. However, no stable forms
with such dihedral angles were found. In fact, the
Gaussian program refined to one of the five conforma-
tions shown in Fig. 1 in all cases. It is therefore assumed
that these five forms represent all the possible stable
conformers of CPE.
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It is of interest to compare important bond lengths of
the calculated structures among the five conformers of
CPE in Table 1 to those of methylene cyclopropane!'®
and allyl alcohol,'® since accurate structures are available
for both these last-mentioned compounds. The bond
length corresponding to the C4-C5 bond (Fig. 1) is
154.15(20) pm in methylene cyclopropane,!® and that
corresponding to the C3-C4 and C3-CS bond lengths
in CPE is 145.70(20) pm in methylene cyclopropane.
The bond lengths listed in Table 1 are thus slightly longer,
and slightly shorter, respectively, than the corresponding
ones in methylene cyclopropane.!® The bond length
corresponding to the C2=C3 double bond is
133.17(20) pm in methylene cyclopropane,'® nearly the
same as the computed values (Table 1). The HI-Ol,
O1-Cl, C1-C2 and C2=C3 bond lengths calculated for
the various conformers of CPE (Table 1) are also close
to their counterparts in allyl alcohol.’® The close agree-
ment between the MP2/6-31G** structures of the various
conformers of CPE and its congeners for which accurate
experimental structures are available was expected, since
the MP2/6-31G** structures of molecules containing the
same elements as CPE are generally rather realistic.'®

MW spectrum and assignment of Skew 1. The ab initio
results in Table 1 predict that Skew I is the most stable
conformer. The ab initio calculated rotational constants
indicate that this form is a prolate symmetrical top with
an asymmetry parameter k= —0.9805 and its largest
dipole moment component along the a-axis.

The survey spectra taken at low voltage (ca.
80 V.cm ™) revealed characteristic pile-ups close to the
predicted frequencies. This led to a quick assignment of
the “R-branch transitions. Attempts were made to find
the strongest b- and c-type transitions of the spectrum,
but none was found, presumably because the correspond-
ing components of the dipole moment along the corres-
ponding principal axes are too small, as indicated in the
ab initio computations (Table 1). The measured trans-
itions are listed in Table 2 and the spectroscopic constants
(A-reduction I*-representation®®) are listed in Table 3.
Only A; and A,x were fitted, with the rest of the
centrifugal distortion constants constrained at zero
because the molecule is so close to a prolate symmetrical
top. The lines with the highest K_; pseudo-quantum
numbers coalesced into the pile-up peak. Only well
separated lines with low K_; pseudo-quantum numbers
(Table 2) have therefore been used to determine the
spectroscopic constants in Table 3.

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 sev-
eral vibrationally excited states. The first three excited
states of what is presumed to be the torsional vibration
around the C1-C5 bond, were assigned; their spectro-
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Table 1. Structure, rotational constants, principal-axes coordinates of the hydroxyl-group H atom, dipole moments and energy
differences of the five stable rotamers of 2-cyclopropylideneethanol as calculated by ab initio methods at the MP2/6-31G**
(frozen core) level.

Conformer:? Skew 1 Skew 2 Skew 3 Syn 1 Syn 2
Distance/pm

01-H1 96.5 96.4 96.5 96.5 96.4
01-C1 143.0 143.1 143.0 141.9 142.1
C1-H2 109.5 108.9 109.5 109.2 109.9
C1-H3 109.1 109.7 109.8 109.9 109.9
C1-C2 149.8 149.9 149.4 150.3 149.8
C2-H4 108.5 108.7 108.5 108.6 108.6
C2-C3 132.9 132.8 132.8 132.8 132.6
C3-C4 146.8 146.7 146.7 146.8 146.1
C3-C5 146.4 146.4 146.4 146.6 146.9
C4-C5 153.7 1563.7 153.7 153.5 153.5
C4-H5 108.3 108.3 108.3 108.2 108.2
C4-H6 108.3 108.3 108.3 108.4 108.2
C5-H7 108.3 108.3 108.3 108.3 108.3
C5-H8 108.3 108.3 108.3 108.3 108.3
Angle/°

H1-01-C1 106.1 106.9 107.3 106.4 107.0
01-C1-H2 111.6 105.8 11.7 105.8 111.2
01-C1-H3 105.0 110.5 110.5 111.3 111.2
01-C1-C2 111.8 112.6 107.6 1141 109.8
C1-C2-H4 117.0 117.4 116.7 116.4 115.7
C1-C2-C3 122.9 1231 122.9 124.2 124.7
C2-C3-C4 147.6 147.5 147.8 148.9 149.2
C2-C3-C5 149.1 149.2 148.9 147.9 147.6
C3-C4-H5 118.9 119.0 119.1 118.5 118.5
C3-C4-H6 119.0 118.7 118.7 119.5 118.4
C3-C5-H7 118.8 118.9 118.9 118.7 118.8
C3-C5-H8 118.8 118.7 118.7 119.0 118.8
Dihedral angle?/°

H1-01-C1-H2 —65.9 176.5 67.2 189.7 59.3
H1-01-C1-H3 1775 60.1 -52.7 74.3 —59.3
H1-01-C1-C2 57.2 —63.7 187.4 —49.5 180.0
01-C1-C2-H4 56.5 61.8 54.3 179.0 180.0
01-C1-C2-C3 —122.1 —118.4 —126.2 —-03 —0.0
C1-C2-C3-C4 -19 0.7 1.5 -3.0 0.0
C1-C2-C3-C5 180.4 179.7 180.5 181.9 180.0
C2-C3-C4-H5 —72.4 —745 —745 -70.0 —-729
C2-C3-C4-H6 75.3 73.1 73.2 77.6 73.0
C2-C3-C5-H7 72.2 74.4 743 70.7 73.6
C2-C3-C5-H8 —75.2 —73.1 —73.2 —-76.8 —-737
Non-bonded distances®Y/pm

H1---C2 254.6 262.2 319.0 253.0 321.2
H1---C3 335.7 383.1 425.5 258.8 370.2
H1---C4 420.4 497.2 512.4 269.9 399.9
Rotational constants/MHz

A 10860.8 10873.8 11289.4 8019.2 8113.5
B 17271 17241 1716.7 2355.0 2360.0
c 1640.0 1628.9 1620.2 1894.0 1895.4
Principal-axis coordinates of the H1 atom“/pm

|al 217.7 289.4 3319 1219 261.5
| bl 16.7 76.2 45.4 125.4 125.6
lel 133.8 47.7 328 66.5 0.0
Principal-axis dipole moment component®/1073°C m

[T 7.81 3.60 0.57 4.34 4.36
[T 1.60 3.86 4.26 3.14 1.93
Ke 1.17 4.37 4.30 3.40 0.00
Energy difference’/kJ mol ™" 0.0 6.17 6.56 2.29 10.72

2See Fig. 1 for definition. ?Measured from syn=0°. °Calculated from the structures given above in this table. “Sum of van der
Waals radii® of hydrogen and carbon (half-thickness of aromatic molecule) is 290 pm. 1 D=3.33564 x 1073° C m. °The total
energy of conformer Skew 7 was calculated to be —707 986.00 kJ mol~". "Energy difference between Skew 7 and each of
the other four conformations.
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Table 2. MW spectrum of the ground vibrational state of
Skew 1 of 2-cyclopropylideneethanol.

Transition Observed
frequency/ Obs. —calc.
JK .4, Ky « J'K"4, K%y MHz? freq/MHz
716 « 65 23944.14  —0.02
72,5 « 62,4 23675.80 —0.07
726 —  By5 23639.83 —0.03
808 —  To 26967.90 —0.02
817 — T 27360.99 —0.08
818 — Ty 26657.07 0.03
826 —  Ty5 2706828 —0.14
8,7 — T8 27014.55 0.00
9.0 —  8yg 30322.45 0.03
918 « 843 30776.44 0.00
919 “— 818 2998493 —-0.01
9,7 — 836 30 465.00 0.05
100,10 ~ 99 33671.41 0.09
1049 « 98 34190.06 0.01
104,10 — 99 33311.52 0.1
1028 — 9,5 33865.96 0.12
1038 « 935 33791.47 0.01
1046 — 9 33787.80 0.08
1047 ~ 9 33787.80 0.10
110,11 «— 10010 3701407 —-0.1
1410 — 1044 37601.77 0.12
119,19 — 10410 36636.31 —0.06
115,10 < 1029 37 132.06 —0.15
Mg « 1037 37176.25 —0.07
LNET « 1038 3717252 —0.01
Mgy — 1046 37167.562 —0.06
My — 1047 3716752 —0.02

Table 3. Ground-state spectroscopic constants®? of Skew 1
of 2-cyclopropylideneethanol.

Species: Parent Deuterated

No. of transitions: 27 18

R.m.s. dev.°/MHz: 0.082 0.117

Ao/MHz 10713.6(39) 10344.9(86)
By/MHz 1732.9907(45) 1700.958 4(87)
Cy/MHz 1644.8938(49) 1624.795 4(89)
A,/kHz 0.625(20) 0.611(38)
A jx9/kHz —9.77(18) —8.03(50)

3 A—reduction, /"-representation.?® ®Uncertainties represent
one standard deviation. °Root-mean-square deviation.
9Further quartic constants preset at zero.

scopic constants are found in Table 4.* Relative intensity
measurements using selected transitions performed larg-
ely as described in Ref. 21 yielded 70(20) cm ™! for this
vibration, compared to 74 cm ! as predicted by the ab
initio calculations (see later).

The MW spectrum of the deuterated species (hydroxyl
group) was studied to locate the position of the H1 atom.

* The complete MW spectra of the two isotopomers are avail-
able 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, USA, where they have been
deposited.
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The assignment of this spectrum was straightforward.
The spectroscopic constants are found in Table 3.

The substitution coordinates?? of H1 were calculated
as |a| =195.00(58) and |¢|=131.15(95) pm, while |b] was
computed to have an imaginary value. These values are
not widely different from those predicted for Skew 1
(Table 1) and represent conclusive evidence that Skew 1
has indeed been assigned and not confused with Skew 2
or Skew 3, which would have rotational constants close
to those of Skew I, but rather different coordinates for
the H1 atom, as seen in Table 1.

MW search for further conformations. The above assign-
ments include all the strongest transitions seen in the
MW spectrum. However, numerous rather weak lines
remain unassigned in the spectrum, as well as a few
strong signals from ethanol. As already mentioned, the
compound decomposed slowly in the brass cell used. It
is possible that some of these transitions belong to
unidentified decomposition products. It is also possible
that some belong to one or more high-energy forms of
CPE. The existence of at least one such form seems quite
likely on the basis of the IR results discussed below. The
ab initio computations predict (see above) that the Syn /
conformer should be the second most stable conforma-
tion with a 2.3kJmol~' higher energy than Skew I.
Unfortunately, this hypothetical high-energy rotamer is
computed to have much smaller components of the
dipole moment along the principal inertial axes ( Table 1)
than Skew 1. A detection of this rotamer would therefore
be considerably more demanding than that of Skew I,
because the intensity of the spectrum is proportional to
the square of the dipole moment component along a
principal inertial axis. Another factor which might com-
plicate the assignment of the hypothetical Syn I form is
the fact that the hydroxyl group may tunnel because
there will be two mirror-image forms of this rotamer. A
splitting of the rotational lines into two and a non-rigid-
rotor fit would result. This has already been reported for
the syn form of allyl alcohol.l

Structure. 1t is secen from Table 3 that the experimental
rotational constants of Skew [ are very close to those
calculated from the MP2/6-31G** structure (Table 1).
In fact, the agreement is better than about 1% for all
three constants. Moreover, the structural parameters of
the ring, and the allylic part of the molecule are very
similar to their experimental counterparts in cyclopro-
pane®® and allyl alcohol,'® as discussed above. Also, the
substitution coordinates of the hydroxyl group H atom
are fairly close to their theoretical counterparts, as
remarked in the previous section. No experimental data
are at hand that could really improve the MP2/6-31G**
structure of the Skew I conformer. The ab initio structure
shown in Table 1 is therefore adopted as a plausible
structure for the Skew [/ conformer of CPE, as it is
expected to be very close to the experimental structure.
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Table 4. Spectroscopic constants®”? of Skew 7 of 2-cyclopropylideneethanol in vibrationally excited states of the C1-C2

torsional vibration.

Vibrational state: Tst ex. 2nd ex. 3rd ex.

No. of transitons: 29 23 20

R.m.s. dev.°/MHz: 0.105 0.103 0.083

A,/MHz 10684.6(51) 10663.7(46) 10615.7(49)
B,/MHz 1737.9128(56) 1742.8195(65) 1747.658 6(55)
C,/MHz 1649.653 4(68) 1654.3611(64) 1658.868 8(79)
A,/kHz 0.563(27) 0.682(27) 0.788(29)
A 4% /kHz —9.37(24) —8.88(48) —5.26(44)

#dComments as for Table 3.

Infrared vapour phase spectra. The infrared spectrum of
gasecous CPE in the O-H stretching region is seen in
Fig. 2. This absorption band is characterised by being
rather broad and with a complicated structure which
might reflect the existence of more than one conformer
and/or a rotational fine structure. The absorption max-
imum falls at 3654 cm ™!, with a shoulder at 3643 cm™!.
As a comparison the vapour spectrum of 2-fluoroethanol
was observed?® as a band centre at 3653 cm ! in the IR
and at 3654 cm ™! in the Raman spectra common to both
conformers of this molecule. The shape of this absorption
band is not very unlike that reported for gaseous allyl
alcohol'* which has two absorption maxima at 3670 and
3650 cm ~*, respectively.'®

The band at 3654 cm ™! is rather high for a compound
that is alleged to have an intramolecular H bond. In
molecules such as oxiranemethanol (glycidol)** and
threo- and erythro-1-oxiranylethanol,?®> which have weak
O-H - O internal H bonds, the absorption maxima are
typically found 50-60 cm™' lower than observed for
CPE. An alcohol without internal H bond, e.g. methanol,
has an O-H stretching vibration of 3682 cm ™! in the gas
phase.?® Ethanol which has two conformers (the O-H
bond is anti and gauche to the C-C bond), have absorp-
tion maxima at 3676 and 3660 cm !, respectively, ¢ for

the two conformers. Alcohols not possessing internal H
bonds thus have their O-H stretching vibration at slightly
higher wavenumbers than CPE. This is an indication for
a weak interaction between H1 and the m electrons of
the C2=C3 double bond.

A number of partly overlapping peaks are attributed
to the C-H stretching modes v,—vg, of which the only
band with characteristic contour has a sharp Q-branch
and C-type contours at 3068 cm ™!, assigned as v,. The
most intense IR band with P- and R-branches at 1026
and 1016 cm ™%, is assigned as the C-O stretch, v,;, in
agreement with the IR intensity predictions.

Infrared matrix isolation spectra. As is apparent from
Fig. 3 the IR spectrum of CPE matrix isolated in argon
is very rich and the fundamentals as well as various
combination bands and overtones give rise to sharp
peaks. After annealing to 35 K for 15 min certain changes
occurred in the spectrum. These changes may be due to
bands from high energy conformers passing the barrier
and converting to the most stable conformer.
Alternatively, the changes can be caused by site effects
in the matrix.

All together four IR peaks were observed in the argon
spectra of a 550 K vapour deposit in the O-H stretching

Transmittance

0.75 L— ' : .
3700 3680 3660

3640 3620 3600

-1
Wavenumber / cm

Fig. 2. Vapour-phase infrared spectrum in the O-H stretching region of 2-cyclopropylideneethanol. The maximum is found at

3654 ¢cm ™" and a shoulder at 3643 cm™".
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Fig. 3. IR spectrum of matrix isolated of 2-cyclopropylideneethanol in the region 1800-700 cm ™ ".

region at 3670, 3650, 3642 and 3631 cm ! (Fig.4),
whereas in the spectra of a 300 K deposit the 3670 cm ™!
band was missing. These bands are probably caused by
conformers with intramolecular H-bonding like in the
vapour spectra since no intermolecular H-bonding is
expected at the 1:1000 solute/matrix ratio. After
annealing to 35 K the 3670 and 3650 cm ™! band vanished
while the 3642 and 3631 cm™' band remained. After
further annealing to 39 K the 3642 cm~! band disap-
peared as well, leaving the lowest peak alone, now
appearing at 3630 cm™!. The bands vanishing after
annealing were probably caused by the disappearance of
some conformers.

The lowest O-H band at 3631 cm™! present alone
after annealing to 39 K belongs undoubtedly to the
Skew 1 conformer with the lowest conformational energy
and the strongest H-bond. The next band at 3642 cm ™!
which is due to a weakly H-bonded conformer, probably

1

belongs to the second lowest conformer Syn 1, calculated
to have 2.3 kJ mol™! higher energy than Skew 1. After
annealing to 39 K this conformer converts to Skew /.
with rotations around both the C-C and the C-O bonds
requiring a barrier height of ca. 14 kJ mol~! from the
Barnes plot.?” The band at 3650 cm ~! apparently belongs
to a conformer with no H-bond which converts to Skew /
and/or Syn 1 at 35K and may belong to Skew 2 or
Skew 3. Finally the band at 3670 cm ™! has negligible
intensity in the spectra of a 300 K deposit, but appears
with appreciable intensity in the spectra of a 500 K
deposit (Fig. 4) indicating a higher conformational
energy, possibly Syn 2.

Some additional IR bands were observed in the argon
matrices at 3579, 3576, 3531, 3524 and 3514 cm !, which
were very weak in the unannealed spectrum but were
enhanced after annealing. These bands have no counter-
parts in the IR vapour spectrum. The positions of these

Absorbance

LM
B

1 1 1

D oM

_/J\.___f.,m

3800 3700

3600 3500

-1
Wavenumber / cm

Fig. 4. IR matrix isolation spectra (3850-3450 cm ~") obtained at 5 K of 2-cyclopropylideneethanol: (A) spectrum of a 550 K
vapour deposit; (B) after annealing to 35 K; (C) after annealing to 39 K; (D) spectrum of a room temperature vapour deposit.
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bands suggest that they are caused by more strongly
H-bonded OH stretches than the intramolecular OH
stretches discussed above. They are either OH bands of
dimers or complexes with small amounts of water in
the matrix.

Only quite small spectral changes were observed in the
range below 1500 cm ™! after annealing, suggesting that
they may partly be caused by site effects rather than
conformational changes. Thus, the peak at 1187 is shifted
to 1189 cm ™!, the bands at 1097 and 1095 cm ™! vanish
and those at 1070 and 1073 cm ! are shifted to 1072 and
1064 cm ~! with enhanced intensities.

Infrared crystal spectra. The sample which was first
formed by condensing the vapour on a Csl window at
80 K, was apparently an amorphous solid with broad
bands. After the sample had been annealed close to the

0.3
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melting point the bands became much sharper. When
additional annealing produced no further changes, the
sample was considered truly crystalline. The IR spectra
of the amorphous and crystalline solids are given in Figs.
5-7. Many broad bands from the amorphous spectrum
appeared as multiple sharp peaks in the crystal.
Generally, the spectral changes were much more promin-
ent in the infrared than in the corresponding Raman
spectra (see below). This is undoubtedly a consequence
of intermolecular H-bonding, formed during the crys-
tallisation, which is known to influence the IR spectra.
The very broad and intense H-bonded OH stretching
band at 3230 cm ™! is split into two bands at 3334 and
3235cm™! in the crystal. Two intense IR bands were
observed at 642 and 668 cm ™! in the crystal, absent in
the amorphous spectra, which are well known bands
belonging to out-of-plane bonded OH stretching modes.

Transmittance

0.0 1 1

3600 3400 3200

3000 2800 2600

-1
Wavenumber / cm

Fig. 5. IR spectrum (3600-2600 cm~") of 2-cyclopropylideneethanol as an amorphous (solid curve) and crystalline solid

(dashed curve) at 80 K.

Transmittance

1200 1100

1000 900 800

-1
Wavenumber / cm

Fig. 6. IR spectrum (1200-800 cm ") of 2-cyclopropylideneethanol as an amorphous (solid curve) and crystalline solid (dashed

curve) at 80 K.

1129



BRASE ET AL.

0.6

o 04
Q
=
8
g
=]
E
= '

02 y

2 1 1 1 1
800 700 600 500
Wavenumber / cm’’

Fig. 7. IR spectrum (800-450 cm ') of 2-cyclopropylideneethanol as an amorphous {solid curve) and crystalline solid (dashed

curve) at 80 K.

In addition. various sharp peaks were observed around
2900 cm ™!, in the 1120-925cm ™' and 800-700 cm ™!
ranges. The additional bands are partly caused by funda-
mentals and combination bands which were overlapping
in the amorphous state and partly by crystal splitting.

Of special interest are bands which are present in the
vapour, liquid and amorphous spectra vanishing in the
crystal spectra, which are generally interpreted as bands
of one or more conformer(s) which disappear in the
crystal. Only a few such cases were observed and some
of these are uncertain due to the low intensities. Among
the observed vanishing IR bands: 1179, 1159, 1004, 901
and 826 cm ™!, those at 1004, 901 and 826 cm ™! were
reliable since they were also observed in the correspond-
ing Raman spectra (see below).

Raman liquid spectra. The complete Raman spectra of
the liquid including semiquantitative polarisation meas-
urements were recorded. The spectrum is shown in Figs.
8 and 9. The wavenumbers are collected in Table 5.
Characteristic differences between the IR and Raman
spectra are observed, in particular the modes connected
with O-H stretching and bending are very weak in
Raman but strong in infrared.

Raman crystal spectra. Raman spectra of the solid were
obtained in two ways, by cooling the liquid in a capillary
until crystallisation or by condensing the vapour on a
copper finger at 80 K and subsequent annealing below
the melting point temperature. Both procedures gave
similar spectra which are given in Figs. 8 and 9. Although

Intensity

1800 1600 1400

1200 1000

-1
Wavenumber / cm

Fig. 8. Raman spectrum of 2-cyclopropylideneethanol as a liquid at 273 K (solid curve) and crystalline solid at 190 K (dashed

curve) in the range 1800-850 cm .
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Table 5. Infrared and Raman spectral data for 2-cyclopropylideneethanol.?

IR Raman Interpretation
Amorphous Crystal
Vapour Ar matrix (85 K) (85 K) Liquid Crystal Skew 1 Syn 1
3776 w?
3756 m 3470 w sh 3462 w 3470 vw
3711w 3400 vw
3670 w *
ggig " Sh} 3650 m * 3230 vs br 3334 vs 3330 vw 3350 vw Ve
3642 m 3235 vs 3258 vw 3257 vw
3631 m Vi
3579 vw
3574 w
3528 vw
3522 vw
3513w
3180 vw
3068 m 3066 w 3059 w 3040 w 3057 mD 3055 m Vo
3049 m sh D 3040 m Va
3007 w 3017 w 3015 w
2989 vw 2986 w
2984 vw
gggg ‘Z} gggg U‘v} 2980's 2976 m 2985 vs P 2978 vs Ve
2965 m 2965 w 2955 w 2942 m 2943 m P 2944 m Vs
gggg m ggg; x} 2927 m 2920 m 2925 vw Ve, Vs
2904 w
2892 m
2894 m
2886 m 2897 w sh P 2901 m
2881s 2877 m} 2867 s br ggéﬁ' ""} 2876 m P } 2850 m} Vs
2866 m m
2812 w sh P
1773 vw}
1770 vw
1769 w sh
1754 m } 1756 m 1770w 1780 w 1770s P 1760's Vo
1747 w sh
1740 m 1718 m 1722 w
1730 vw 1730 vw P *
1711 vw
1661 vw br %
1655 vw sh} 1673 vw P
1637 w
1624 m
1608 m 1610 vw D *
1601 vw D ? %7
1589 vw 1588 vw D
1585 vw sh D
1468 w ﬁgg W sh} 1469 m 1463 w D 1467 m Vig
1445 vw 14565 m br 1447 m 1445 w Vir
1427 vw 1427 m D 1252 VWW} Vi
1416 vw
1413 w } * 1416 w sh D? * Vi2
1403 m
1412 w
ng 2} 1388’ 1408 m br 1409 w 1411 m P 1420 m Via
1375w 1368 m 1365 s 1365 w P 1361 vw
1350 vw 1347 m 1347 w
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Table 5. (Continued.)

IR Raman Interpretation
Amorphous Crystal
Vapour Ar matrix (85 K) (85 K) Liquid Crystal Skew 1 Syn 1
1381w 1337 m 1336 w 1337 w 1338 w Vi
1308 m
1293 w 1299 m br 1296 W} 1312w D 1313w Vis
1268 vw 1270 w
1261 vw 1257 vw
1251 m
g m} 1248 w} 1246 w 1243 w 1246 w
1242 m
1239 w
1235 vw
1224 m br oo } 1223 w D
1215 w sh D *
_ 1187 w 1205 vw * 1201 wsh P *
Hggxsr‘} 178 w 1179w * 1175 vw * Vie
1160 w
1157 W} 1159 vw *(2)
1132w 1137 vw 1142 vw 1140 w D 1144 vw Va7
e mt 1118 m ~1115msh  1112m 1115 w sh 1115 vw
1129 m
1109 vw 1110 w sh
1097 m
1093 vw 1095m} 1101 s br 1107 m 1096 m br 1110 w Vg
1095 w br
1085 vw 1081 m 1084 s
1073 w 1074 m 1075 w 1075s P 1075's Vi
1065 vw 1070 w 1069 w Vao
1057 w
1054 w 1055 m
Toat 1048 m ooy m} 1046 w P 1058 vw Vay
1048 w
1033 vw 1033 m 1028 m Voo
1021 vs
1026 "S} 1020 vs 1017 vs br 1018 vs br 1014 w sh D? 1018 """} Vos
1016 vs 1013 vw
1018 vs
1005 vw
o } * 1003 m P 1003 vw Vaa
959 m
952 m 959 s 960 s 958 s 960s P 958 vs Va4
937 m
948
935 m 945 m br ot r‘;"} 943 vw 942 vw Vo
932
923w 927 m 926 m} 925 w P 930 w Vas
917 w
897 v
o W""} 901 w * 902 w P * Vas
874 vw 871 vw 871 vw
863 vw 862 vw 861w 860 w
844 vw 855 w 845 w
838 w 838 w 835 w
828 vw 826 vw * 818 vw * Va7
775 w sh 788 w 788 m 794 """} 785 w D 789 m v
785 w 27
761w 761 m 763 m
749 w 761 m
L W} 747 w 750 m 756 m 753 w D LA W} Vas
738 w
727 w 727 m
718 vw 718 m - VW} 720m D i Wsh} Vg
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MW AND IR SPECTRA OF 2-CYCLOPROPYLIDENEETHANOL

IR Raman Interpretation
Amorphous Crystal
Vapour Ar matrix (85 K) (85 K) Liquid Crystal Skew 1 Syn 1
710 vvw
668 w 668 s br 657 vw br
663 vw * 642 s br
662 w
613 m 613w 609 m P 607 w
609 m 609 w 581 vw P * Vao
i . 502 vw
496 w 501 w 502 m br 504 w} 491m P e } Va
497 s w
425 vw 455 w 454 m 450 m P 450 m Vaq
334 wshD 333w Va2
299 m D 301s Va3
274 vw
214 m P? 226 w Va4
171 w br P 189 m Vas
119 w sh 121 m Vg
91s
75 w
53 m
40 w

2Weak bands in the region 2800-1800 cm ' have been omitted. Abbreviations: s, strong; m, medium; w, weak; v, very; sh,
shoulder; br, broad. P and D denote respectively polarised and depolarised bands in the Raman effect. Asterisks denote bands

disappearing upon annealing.

Intensity

400 200

-1
Wavenumber / cm

Fig. 9. Raman spectrum of 2-cyclopropylideneethanol as a liquid at 273 K (solid curve) and crystalline solid at 190 K (dashed

curve) in the range 850-100 cm ™",

the Raman spectrum did not change nearly as much as
the IR spectrum upon crystallisation, it was observed
that certain bands vanished after crystallisation, inter-
preted as due to one or more conformers present in the
liquid vanishing in the crystal. However, apart from the
band around 902 cm !, which is medium intense in the
Raman spectrum, most of the vanishing bands were
weak. The low intensities of the vanishing bands suggest
that that the additional conformer(s) is (are) present in
lower concentration than the major conformer in the
liquid. The number of sharp bands observed below

150 cm ™1, ascribed to lattice modes, clearly reveal that
the sample was truly crystalline. Sharper bands and
additional peaks were observed in the Raman spectra of
the crystal compared to those of the liquid or amorphous
phases, but the changes were not as profound as observed
in the IR spectra.

More important are the Raman bands due to addi-
tional conformers, present in the liquid but vanishing in
the crystal spectra as a consequence of there being only
one conformer present in the crystal lattice. Such bands
were observed at 1730, 1673, 1610, 1601, 1416, 1215,
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Table 6. Calculated and observed vibrational fundamentals for the Skew 7 and Syn 7 conformations of 2-cyclopropyl-

ideneethanol.?

Skew 1 Syn 1
No. Abinitio  Scaled Obs. Interpretation Ab initio  Scaled  Obs. AVgion-syn
\Z 3880 m® 3686 3650 m OH stretch 3892 m 3697 3631 m -1
vy 3309 w 3143 3066 w Antisym. CH, stretch in = 3307 m 3142 1
Va 3298vw 3133 3049° Antisym. CH, stretch in = 3296 vw 3131 0
Va 3241 m 3079 2998 m =C-H stretch 3227 m 3066 13
Vs 3211w 3050 2965w Sym. CH, stretch in = 3210 m 3050 0
Ve 3209 w 3049 2941 w Sym. CH, stretch in D= 3205w 3045 4
\% 318Tm 3022 2935w Antisym. CH, stretch in -CH,OH 3160 m 3002 20
Vg 3099 m 2944 2881s Sym. CH, stretch in -CH,OH 3063 m 2910 34
Vg 1880 vw 1786 1756 m C=C stretch 1886 w 1792 1740 m -6
V1o 1560 vw 1482 1469 w Sym. CH, deformation in -CH,OH 1562 vw 1484 -2
\ZT 1535vw 1458 1445vw  Sym. CH, rock in D= 1537 vw 1460 -2
V12 1508 vw 1432 1427 vw  Antisym. CH, rock in D= 1510 vw 1435 1416° -3
Vi3 1448 m 1375 1388 s Antisym. CH, deformation in -CH,OH 1453 m 1380 -5
Via 1406 m 1335 1337 m C-0O-H bend 1407 w 1337 -2
Vis 1350 vw 1282 1293 w C—C-H bend 1362vw 1294 —-12
Vig 1231w 1169 1178 w CH, twist in CH,0H 1236 w 1174 -5
Va7 1207 vw 1146 1132w Antisym CH, twist in = 1208 vw 1148 -2
Vig 1154 w 1096 1096 m Sym CH, twist in D= 1166 m 1108 —12
Vig 1134w 1077 1073 w C-C stretch 1130 m 1073 4
Vao 1130w 1073 1070 w Antisym CH, wag in D= 1129 m 1073 0
vy 1107 w 1052 1051 m C-0 stretch 1109 m 1054 -2
Va2 1087 w 1033 1033vw  Ring breathing 1090 w 1036 -3
Va3 1076 s 1022 1020 vs Sym CH, wag in = 1035 m 983 39
Vas 1016 m 965 959 s =C-H out-of-plane bend 1025 m 974 -9
Vs 980 m 931 935 m Ring deformation 979 w 930 1
Vag 963 m 914 923 w CH, rock in —-CH,0OH 944 m 897 894 17
Va7 820 w 778 788 w Antisym CH, rock in D= 798 w 758 818°¢ 20
Vag 780 vw 741 747 w Sym CH, rock in = 785w 746 -5
Vag 754 w 716 718 vw  Ring deformation 759 w 721 -5
V3o 508 w 483 501w C-C-0 bend 631w 599 581°¢ —116
V31 458 w 435 450° C-C=C bend in D= 368 m 350 85
Vaa 376 vs 357 334° OH torsion 333 m 316 41
Vi3 273w 259 299°¢ >= out of plane bend 294 vs 279 —20
Vag 210w 199 214°¢ C=C-C bend in C=C-CH,OH 202 w 191 7
Vas 162 vw 154 171¢ C=C torsion 163 vw 155 -1
V3 74w 70 119°¢ —CH,OH torsion 87w 83 —13

2Data from Ar matrix except when otherwise noted. ®Infrared intensities given relative to the strongest band: vs, very strong
(more than 99%); s, strong (939-81%); m, medium (80-11%); w, weak (10-1%); vw, very weak (less than 1%). “Raman liquid

phase data.

1201, 1175, 1003, 902, 818 and 581 cm ™!, and listed with
asterisks in Table 5, but many of these are very weak
and uncertain. Among them the peaks at 1201, 1003,
902 and 818 cm ! vanished also in the IR spectra (see
above), strongly suggesting conformational origin.

Raman variable temperature spectra. Additional spectra
of the liquid were recorded below ambient temperature
at 233, 243, 253, 263 and 273 K, resulting in somewhat
sharper bands. From intensity changes of bands which
are attributed to specific conformers the enthalpy differ-
ence (A..neH) between the conformers can be evaluated
with standard van’t Hoff plots. Among the IR and
Raman bands vanishing on crystallisation and assigned
to the Syn I conformer, the only peak useful for quantit-
ative calculations was the medium intense Raman band
at 902 cm ™! which was compared quantitatively to the
neighbour peak at 925 cm ™! assigned to Skew 1. All the
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other presumed Syn I peaks were too weak. Since the
901 and 925 cm ™! bands were situated close to the strong
Raman band at 960 cm™', the spectra had a tilted
background. For this reason it was not possible to make
a direct quantitative calculation from the Raman curves.

The Raman spectrum was treated with a curve separa-
tion program in the 1000-850 cm ! range involving four
peaks. For each temperature the ratio between the 902
and the 925 cm ™! bands were plotted against 1/7 in the
conventional van’t Hoff plots. Separate calculations were
carried out for band areas and peak heights. Both sets
of data revealed that the 902 cm™! band, which disap-
pears in the crystal, belongs to the high energy conformer
assumed to be Syrn [ from the microwave results. The
plots based upon band areas and those on peak heights
gave AH® values equal to 2.54+0.6 and 1.2+0.6 kJ mol ",
respectively. The results reflect that the bandwidths
changed with temperature, and the former values were



considered the more reliable. Compared with the ab
initio value of AH equal to 2.29 kJ mol ! (MP2/6-31G**
level), the variable temperature value from the liquid lies
within the experimental uncertainty, which is
undoubtedly fortuitous.

Assignment of vibrational spectra. We do not claim to
have made an unambiguous assignment of the vibrational
spectra. We have relied heavily upon the results from ab
initio calculations, that is, the predicted wavenumbers of
the fundamental modes of vibration and their infrared
absorption cross-section. Table 6 collects these data, cal-
culated in the MP2/6-31G** level of approximation, for
the Skew I and Syn I conformers together with our
observations and the interpretation according to the
largest terms in the potential energy distribution. The ab
initio calculated wavenumbers are invariably too high.
However, as can be seen, a reasonable agreement is
obtained by simply scaling the calculated values by 0.95.

Discussion

The fact that CPE prefers the C3=C2-C1-O1 chain of
atoms in a skew conformation for its most stable rotamer
(Skew 1) parallels the findings made for all other allylic
alcohols,'® both aliphatic'~® and aromatic.”-® The pres-
ence of the pseudo-nt electrons of the cyclopropyl ring
which might interact with the hydroxylic H1 atom in the
Syn 1 (but not in the Skew 1) thus does not influence
the general tendency to prefer a C=C—C-O skew arrange-
ment'8 to any great extent,

The interaction between the hydroxyl group H1 atom
and the & electrons of the double bond is weak. Evidence
for this comes from the geometry of the alleged H bonds
in Skew I and Syn I as well as from the fact that the
maximum of the O-H stretching frequency falls at such
a high frequency as 3654 cm~!. Other factors than the
H bond are likely to stabilise the Skew I and Syn I
forms. It has been pointed out®™ that in the skew con-
formations favourable mixing of the o*-orbital of the
C-O bond and the n-orbital of the C=C double bond
exists. In the syn forms, co-planarity of the C=C and
C-O bonds allows favourable effective mixing of the =n-
and m*-orbitals of the C=C bond and n-lone pair orbital
on the oxygen atom. This electronic effect comes in
addition to a very weak H-bond interaction, and makes
the Skew I and Syn 1 conformers the preferred forms
of CPE.
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