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ABSTRACT

The far infrared (250—40 cm™) spectra of gaseous benzaldehyde, benzoyl fluoride,
benzoyl chlonde and acetophenons have been recerded The fundamental CHO torsion
for benzeldehyde has been observed at 110.85 cm™ with three excited states at 103.51,
i06 52 and 104.17 em™ along with several “kot bands’ arising from the low frequency
Lending modes The corresponding fundamental for benzayl fluoride has been observed
at 63.36 cm™® with one wel defined excited siate at 61.91 cm™. Similarly, bands observed
at 24.6 end 42.5 cm™ in ibe specira of benzoyl chloride and =cetophenone, respectively,
have been assipned to the fundamental CXQ torsions of tkese molecules Thesa data have
allowed fozr the determination of the twofold barrier waich governs the 1internal rotation
of the CXO moiety and have been found to be 1611 cm™ (4.61 kcal mol™?) 1739 cm™
(4.27 kcal mol™-), 1162 em™ (3.32 kcal mol?) and 1103 em™ (3.15 kcal mol™) for the
ezldehyde, fluoride, chloride and ketone, respectively. These results are compered to pre-
viously obtained values for two of the molecules and to some corresponding barriers for
several related molecules

INTRODUCTION

We have recently undertaken investigations of the rotationa! and wvibra-
tiona: spectra of molecules containing the CXO moiety (where X = H, F, Cl,
Br and CH,) [1—8]. These studies have allowed for the determination of
coniormational stabilities, energy differences between conformations, bar-
riers to intermal rotation and in some cases structural parameters. We have
conciuded that the cyclopropyl carbonyl halides [ 1, 5] and ketone [7] exist
as a2 mixiure of cis and irans conformers (i e., carbonyl orientation relative
to the three-membered nng) and that the preferred conformation and per-
centage distribuiion beiween the conformers is not only dependent on the
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halide or methyl group but also on the phase which 1s investigated. These
results are 1n diect contrast to what was found for propionyl fluoride [6]
where we have conciuded that this molecule exists in a cis (i.e., carbonyl
orientation relative to the methyl greup) and geuche conformational equlib-
rium. The microwave and far-infrared results obtained for isopropyicarbox-
aldehyde [8] indicate that this molecule also exists as a ecis (1 e., carbonyl
orientalion relative to the a-hydrogen) and gauche equlibrium. Sirmilar
studies have bzen carried out for the propenoyl halides [1] and methyl vinyl
ketone [2] and it has been shown that these molecules exist as cis and trans
cquilibria. Although, in many cases, a large amount of data could be found
in the earlier literature for these molecules, our studies [1—8] have clanified
ambiguities in the relative stabilities of existing conformers ana have pro-
vided barners to internal rotation and the potential constants governing this
molecular motion. As a contmuation of these studies we have investigated
the far-inf-arcd spectra of a series of benzoyl compounds to ckiain the two-
fold bammers to internal rotation.

Kskar and co-workers [9, 10], as a result of theiwr microwave investiga-
tions of benzaldehyde [16G] and benzoyl fluoride [9], have determined that
these molecules have planar structures Furthermcre, the larger value of the
inertial defect determined for the fluonde (—0.325 U A?) compared to the
corrnsponding quantity for the aldehyde (—0.128 U A?) has been attributed
to the fluonde stmply heving a heavier internal rotor compared to the aide-
hyde ard not to the CFC molety lying shghtly out-of-plane. Fromr relative
intensity measurements, these authors were able tc determine the funda-
mental frequencies of the CXO torsional modes to be 113.8=502a1d 58.5 =
3 cm™ for the aidehyde {10] and fluoride [9]. respectively. Subsequent
barrier height calculztions yielded valves of 1714 cm™ (4.90 = 0.43 keal
moi™?) and 1560 ¢m™ (4.46 * 0.46 kcal mol™) for the aldehyde [10] and
fluonide [9], resp:ctively. These authors [9, 10] state further that the dif-
ference between the determined barrier heights for the two molecules should
probably be greater 1f conjugation between the ring and rotating group were
solely responsible for the barmer heights.

The fundamental CHO torsion of benzaldehyde has been observed at
111 em™ 1n the far infared spectrum of the vapor [11]; however, successive
excited states were not identified. This assignment of the CHO torsional
fundamental was later venfied but again no ““hot bands’’ were reported [12].
Therefore, there has not been any previous attempt o evaluate the V,; term
in the potential function for this molecule although the barner appears to
have been reasonab.y wel! determined {117j.

To our knowledge, similar microwave studies of benzoyl chloride ard
acetophenone have not been carmed out; however, an extensive amount of
vibrational data currenily exists in the hierature for both of these molecules
[13—18] . The mosi recent of these studies appears to be for acetophenone
where Gambi et al. [13] have carried out an extensive infrared study of the
parent molecule and the -d;, -d; and -d; analogs. From this mvestigation,
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they deterrmmned a valence force ficld which was vsed to suppors their assign-
ment of a planar structure where two of the methyvl hydreg:ns lie above and
below the plane while the third lies 1n the plane 1tself. Although they clearly
state thai the methyl and CXO itorsions were noi. observed, and thus remain
umdentified, frequencies of 74 and 23 cm™, respectively —2re calculated for

these mndoc in the narent nnmnnnnd 'T"hpm ap)ears to be one case where

the C(CH,)O torsion was obsewed for ace,ophenc»ne [11] and the frequency
reported was 48 = 2 cm™. Although these authors [11] calculated a barrier
height of 1084 cm™ {31 kcal mol™), they state that the observed contour is
very broad and a coasiderable amount of uncertainty exists in the observed
frequency and, consequently, m the barner height.

Similar infrared studies have been carmed out for benzoyl chlonde [14—
171 - howaver. the CCIO torsional fundamental has not beer obs ann] Hrnm
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one of these studies [15], 1t 1s stated that an extensive irvestigation of the
infrared spectrum to¢75 cm™* gave no indication of this mode ang thus these
authors concludead that it must Ize below this frequency.

The development of far-infrared interferometry as a means of investigating
low-frequency torsional wvibrations has producecd a number of interesting
results [18]. These results have clanfied the relative conformational energies

of 2 number of molecules and kave allowed for more accurate determina-

tions of the potential functions which govern the internal rotations. We have,
therefore, carried out an mvestigation of the far-infrared specttum of the
vapor phase of benzaldehyde with the hope of more accurately determining
the barmer height and to ascertain whether the potential contains a V,; term.
Simmilar studies have been carried out for tenzoyl fluoride, benzoyi chloride
and acetophenone for comparative purposes. The results of these studies are

EXPERIMENTAT,

Benzoyl fluoride was prepared by the reaction of benzoyl chloride {Aldrich
Chemical Co.) wath an excess of SbF; The mixture was stirred vigorously for
1 hour at about 60°C, and the product was subsequently removed frcm the
reaction mixture by distillation. The sample was purified by using 2 low-
temperature sublimation column. Both benzalcdehyde and acetophenone
were obtained from Fisher Scientific Company with stated purities of 99+ %
and were used without further punfication. Traces of water weroe removed
by passmg the gaseous samples through dnied 3 A molecular sieves.

The far-infrared specira of the gases were obtained with a Nicclet model
8000 Fourner transform interferometer equipped ‘#ith a vacuum bench and a
helium cooled Ge bolometer containing a wedged sapphire filter and poiy-
ethylene windows. Both 6.25 and 12 5 ¢ Mylar beamsplitters were employed
depending on the frequency region under investigztion, and the samples were
contained in either a 1 m or a 20 m cell. The effective resolution was .12 cm™

and 256 interferograms were taken for both the sample ana reference cell.
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These interferograms were averaged and transiommmed by using a boxcar
apodizatior. function. The spectral data are shown in Figs. 1—4 and the ire-
guencies listed m Tzbles 1 and 2 are expected to be accurate to at least
=0.05 cm™ for the sharp 2 branches.

RESULTS
Benzagldenyde

T 1e far-infrared spectrum of gaseous benzaldehyde 1s charactenized by two
abscrptions below 250 cm™? (Fig. 1). The first of these occurs at 223.8 cm™
and 1s assigned to the ring-CHO cut-of-plate bend based on its C-type con-
tour. A series of “hot bands’ which probab.y proceed to higher frequency is
asscciated with this berding fundamental and ihey have been attmibutied as
arising from the CHO torsion. However, it 1s possible that the fundamental
is the highest frequency band with successive excited ststes failing to lower
frequency Therefore, there is ambiguity as to whether the fizndamental is at
295.2 or 223.8 cm™ and we kave rather arbitrarily chosen the lower fre-
quency. The most interesting feature of this band is that the four @-branches

TABLE 1

Opservad® bands and propcsed assipnments of the infrared spectrum of gaseous benzalde-
hyde below 250 cm™

v (em™) Relztive Assignme it Obs. — cale.P
intensity

2252 Q@ m hot band

2247 Q m hot band

224 4 Q m hot b2

2258 < m out-of-plane hend

~2i4 ro:n m in-plane bend

110.85 @ m 1+ O torsion —0 30

110.35Q mw hot barnd

110.28 Q mw hot band

11005 Q@ w hot band

10251 @ m 2 «- 1 tors:on 0.€5

109.25 @ w bot bard

107.65 Q w hot bard

i0652 Q@ v 3 « 2 torsion —0.05

106.23 @ w hot band

105.85 @ vw hot band

10554 Q@ » hot band

105.13 @ v hot band

10417 Q W 4 «— 3 torsion —0.05

2 Abbreviztions used® m, medium, w, weak, v, very; min, miniraum. bCaleulated using
potential constants and F-number given in Table 3.
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TABLE 2

Observed? bands and proposecd assignmert of the far-infrared spectzum below 250 en™ of
gaseous benzoyl fluoride, benzoyl chloride, and acetophenone

Molecule vicm™) Relative Assignment
intensity
Benzoyi fluoride 225 R? w, bad 158 + 62 =221 7
212.7 @ m in-plane bend
~204 m, sh ?
158.0 w out-of-plane bend

62.36
61.91

Benzoyl chloride 200.5 in-plane bend

e 1 <« 0 torsion
vw
m

~170 w out-of-plane berd
m
m
w
m

2 « 1 torsion

446 1« § torsion

Acetophenone 219 3
188 5
4G 5

n-plane bend
cut-of-plane bend
1+ 0 torsion

2 Abbreviations used. bd, brozd; m, medyumn; sh, shoulder, 7, very: w, weak.

ail have nearly the same intensity and that they er d rather abruptly after the
third “hot band’’. This band zlsc has a pronounced low-frequency st ouider
which appears to have a minimum at 214 cm™! and this band has been
assigned to the in-plane bend. The assignment of these two fundamentals
is reversed from that given previously [12] but the sharp @-branches on the
224 em™ band center require that this band be assigned to the out-of-plane
moilon.

The second far-infrared absorptica band is found at 110.85 cm™ and 1t is
about one-half 2s intense as the out-of-plane bencling mode. It 1s also a type
C band but the successive excited states (Fig. 2} clearly fall to lower ire-
guency and this band can be confidently assigned as the CHO torsion. In
addition tc the fundamental at 1106.85 cm™ this @-branch has three ‘““hot

§

—

-
N,

WAJENUMIER {em™)

Fig. 1 Far-infrared spectrum of benzaldehyde from 250 to 80 em™.
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Fig. 2. Torsional transitions of bexnzaidehyde. The top spectral trace is t 1at of water.

bands’’ occurning at 110.55, 110.28 and 110.05 cm™ with which 1t is appar-
enily associzated These bandrs cannot be attributed to excited states of the
CHO torsion because of the relative close spacing of the successive transi-
tions. Furthermore, if such an assignment is made, then the remamning &-
branches, which fzll to lower frequency in the spectrum, would be left
unassigned. Therefore, we have assigned this first series of ‘“hot bands™ as
arising from the CHOQ torsion in successive excited states of 2 bending funda-
mental. The next strongest @-branch below 116.85 cm™ occursat 109.51 ¢m™
and it is rezsonable to assign this @-branch to the 2 < 1 transition oi the
CHO torsion. Similarly, the §-branches observed at 106.52 and 104.17 cm™
cain be assipned to the 3 « 2 a1d 4 — 3 torsional transitions, respectively. It is
intere:ting to note that a series of @Q-branches 1s associated with the 2 < 1
and 3 - 2 transitions as was the case for the 1 « 0 transition. However, for
the ex-:ited torsional states they are not as clearly defined and the 2 < 1 tran-
sition appears to be perturbed since 1t is closer to the fundam~=ntal than one
would predict from the spacing of the higher transitions (Fig. 2). We [19]
have recenily observed similar “‘hot bands’’ in the far infrared spectrum of
3-fluoropropene and have attributed the additional ““fine’’ structure which is
observed on tne fundamental asymmetric torsion and the successive excited
stzies as amsing from the CH,.F asymmetric torsion in excited states of the
FCC and CCC bending modes The assignment of the observed far infrared
dzta below 250 cm™ 1s surnmartized i Tatle 1.
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Benzoy! flucride

Unlike the faranfrared spectrum of benzaldehyde, which is characterized
by only two well-defined absorptions below 250 cm™, the far-infrared spec-
trum of the corresponding fluoride 1s relatively complex with three or pos-
sibly four absorptions below this frequency. The first of these appears as a
broad absorpiion centered at 213 cm™ (Fig. 3). It is not clear whether the
sheulder at 225 em™ is a band centered at this frequency or whether 1t is the
R-branch of a B-type band centered at about 222 cm™. Irrespectively, we
have tentatively assigned this band as a combiration of the out-of-plane bend
at 158 em™ with the CFG torsion. The in-plane bend is confidently assigned
to the band centered at 213 cm™ but there app=ars to be a low-freguency
shoulder cen:tered at 204 cm™ which may have two Q-branches asscciated
-vith it. This absorpiion is either the CJ7O waggng motion, which has pre-
riously been assigned [20] ai 699 cm™, or a difference band which is pre-
sumably more probable. The remaining band to be assigned in the far-infrared
spectrum of benzoy! fluoride is the CFO symmetric torsion and we have
observed two well-defined @-branches at 63.36 and 61.91 cm™ which are
assigned as the 1 — 0 and 2 <« 1 transitions, respectively (Fig. 3). As for the
bendirg fuu.damentals, additional well-defined features have not been ob-
served, as was the case for the aldehyde. It is probable that there are many
excited states associlated with the bending modes and they simply are niot
peing resolved with the resolufion of 0.12 em™. In fact, there are mdications
of shoulders on the 1 < O transition and there a‘-e clear absorptions at two
additional places lower in frequency than the 2 <« 1 transition, but there are
no well-defined @-branches 1n these regions which could be assigned to the

[ _ﬁﬁﬂ’_—,"ﬂf_"\r—\_’_‘f"l{
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Fig. 3. Far-‘nfrared spectrum of benzoyl fluoride frecm 235—135 cm™ and from 70—
54 cm™ (upper trace is water, eenter trace shows intensity of the torsionza} transitions
relative to the bending fundamental, and the lower trace 15 an exparsion of the torsional
transitions).
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higher transitions The assignment of the far-infrared specirim of benzoyl
fluoride is summarized in Table 2.

Benzoyl ckloride

The faranfrared spectrum of benzoyl chlonide, below 250 cm™, appears to
be characterized by three absorphion bands centered at £00.5, ~170 and
44.5 em™ but ncne of these bands appear to have any distinct contcurs The
tand at 200.5 cm™ has bzen assigned as the in-plane bending mode and the
cne at ~170 em™ has bean assigned to the inass sensitive out-of-plane ring
mode. This latter assignment must be considered tentative since the corre-
sponding Raman line in tie liguid phase has been reported [{15] at 167 cm™.
Also the relative intensity is considerably stronger than the correspondingly
assigned mode in the benzoyl fluoride molecule Therefore, there is a distinct
possibility that the infrared band does not correspond to the observed Raman
line [15] which would then require the assignment of another fundamental
1n this region or the presence of a difference band.

The remaining band in the far-infrared spectrum is centered at a2pproxi-
mately 44.6 cm™ and it is undcubtedly the CClO torsion. Although there
may be two additional &g-branches the quality of the specttum was not suf-
ficient to confidently assign any excited states. It is prcbable that there are
many ‘“‘hot bands’’ associated with each excited state which would require
considerably higher resolutzon to resolve them distinetly. The assignment of
the far infrared spectrum of benzoyl chloride 1s summanzed in Table 2.

Acetophenone

The far infraved spectrumn of gaseous acetcphenone is very similar to that
of benzoyl chlomide exzcept the bands are centered at 219.3, 188.5 and
495 cm™. The former of these three is presently assigned to the in-plane
bending mode and the 188.5 cm™ band 1s assigned to the mass sensitive out-
of-plane ring mode. As wath the chlonide, this latter assignment must be con-
sidered tentative since the coiresponding Raman line has been reported [20]
in the Lhiquid phase at 165 cm™. A similar alternative assignment can thus be
proposed for acetophenone where it is possible that the 188.5 ca™ band is
the CCH,O wag (previously assigned [20] at 655 cm™) which would necessi-
tate that the Raman line at 165 cm™ be assipned to the out-oi-plane ring
mode. The final band, centered at 49 5 cm™, is assigned to the C(CH;)O tor-
sion. The CH; torsion has not been presently assigned; however, this vibra-
tion is typically very weak for ketones. This vibrazion has been calculated
[13] Lo occur at 74 cm™ ; however, based on results which we have obtained
for several other ketores, we suspect that it is in therange of 110tc 130 cm™.
The assignment of the observed far-infrared bands of acetophencne is listed
in Table 2,
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Fig 4. Far-infrared survey spectrum of acetophenone from 250 1o 3C em™.
BARRIERS

Using {ne a:ssignments given 1n Tables 1 and 2 for the torsional transitions,
the twofold symmetric torsionzl potential functions of benzaldehyde, ben-
zoyl fluoride, benzoyl chloride, and acetophenone have been calculated. Tre
pericdic barriers to mrternai rotation of the CXO moieties have bean deter-
mined with the use of a2 computer program similar tc the one described by
Lewis et al [21], in which the torsional potential can be represented as a
Fourier cocsine series in the internal roiation angle

2V ()= Vo{(1 —cos 268) + V,4(1 —cos 49)

where 6 is the torsional angle. The program determines the coefficients V,
and V, from the input of the observed torsional transitions and the structur-
ally dependent internal rotation constant F which is equai to h?*/8=%cl,, where
I, is the reduced moment of inertia for the top. The potential constants for
the ngid rofation of the CXO mcieties bisted In Table 28 were obtained by
ufalizing the F numbers previously suggesfed fro:n the raicrowave mvestiga-
tions {9, 10] or calculated from reascnably assumed structural parameters.
For benzzldehyde, both the V, and V, terms were calculated. The V, term
represents the barrier height and zmnses from the twofold nature of the CHO
rotational potential whereas the relatively small V., term serves to “‘shape”
the twofold well. For the other molecules only the V, term was calculated
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TABLE 3

Potential constants (cm™) for the symme aical twofold barriers of benzaldehyde, benzoyl
fluoride, benzoyl chloride and acetophenone

Molecule v, Dispersion V. Dispersion
benzaldehyde 1811 22 232 7
(F=18%  cm)

benzoyl fluoride 1739 14

(¥=0.5790 cm™)

benzoyl chlonde 1162 40

(F =0.4369 cm™)

acetophenone 1103 35

(F=035681cm™)

because of the lack of confidently ussigned excited torsional rransitions. The
calculated twefold barriers are 1611 cm™ (4.61 kcal mo ™), 1739 cm™
(4.97 kecal mol™), 1162 cm™ (38.32 kcal mol™), and 1103 cm™ (315 keal
mol?) for the aldehyde, fluonde, chloride and ketone, respectively. These
results are surmmarized 1 Table 3. The dispersions listed for tne aldehydc
and fluoride are twice the statistical standard deviations whereas these for

the chloride and ketone are estimated on the basis of the choice of the band
center of the torsional fundamental

DISCUSSION

Ir. vhe far infrased spectrum of benzoyl fluoride, benzoyl chloride and
acetorhenone there appears tc be a band which is somewhat higher in fre-
qul...7 than the Raman hne for the hiquid phase which has previously been
as.igned to ths mass sensitive nmng-CXO out-of-plane bending mode. Since
fundamental vibrations beiow 200 cm™ shift to higher frequency in going
from the gas to the hquid this infrared band probably does not correspond
to this normal mode. Thus, 1t appears that there 1s a gcod probability that
one of the CXO bendimg modes may be misassigned for all of these molecules
or that a very uausual shaft cccurs in gomng from the gaseous to the liqud
state Further infrared and Raman studies of ali of these molecules 1in the
solid state would probably help to clear up this point.

The determined barriers provide an interesting grouping. The barriers
for the aldehyde and flunride are relatively high with values of 4 61 and
4,97 kcal moi™?, respectavely, and both molecules have been shown to be
planar by microwave studies [9, 10]. The chloride and ketore have barmner
values of 3.32 and 3.15 kecal mol™, respectavely, which are significantly lower
than the aldehyde and luonde, but the results cannot be z2tiributed to the
electronegatnivity efiects of the X group. However, it should be notad that
tha chlorine atom and the methyl group have similar van der Waals” radii so
stenic effects could be playing the dominant rele. In fact, it is possible that



55

these latter two molecules are not planar, which would reduce tke conjuga-
tion and lower the barrier. It would be interesting to carry out microwave
studies on these two compounds to determine whether the CXO group is out
of the plane of the ring,

The slightly lower barrier of 4.61 keal mol™® for benzaldehyde compared
to the value of 4.90 kcal mol? (5.28 kcal mol™! for C;H;CDDO) from the
microwave study [10] is the result of the obserred frequency being lower
than the higher estimated frequency of 113 c¢m™ for the torsional funda-
menial Similarly, our barner cf 4.97 kecal mol™ for the fluoride compared
to the value of 4.4€ kcal mol™ obtained from the estimated frequency of
59.5 cm™ for the torsional fundamental from the relative intensities of
microwave transitions [9] 1s the result of the higler frequency observed for
this fundamental. As pointed out by Kakar [9] sn uncertainty of 3 em™ in
the torsional frequency resuits in an uncertainty of 0.45 kcal mol™ in the
barrier value for the fluoride. Since it iz very difficult to obtain frequencies
to bester than =5 cm™ for wbrations 1n the 60 cin™ region from microwave
relzat.ve 1ntensities, the barriers obtaimed by such measurements have a rela-
tively large uncertainty associated with them.

The small value of 0.06 kcal mol! for the V, term for the potential
governing the internal rotation for benzaldehyde 1s consistent with the small
values obtained for the V,; terms for ihreefold barriers [22]. Therefore, it
appears that confident barrier values for twofo!d roitors can be obtained
from only the 1 <« D transitions since if is expected that the V, terms of
other twofold rotors will also be small_

Silver and Wood [23] obtained the internzl rotationzl barriers of benz-
aldehyde znd the orthe-. meta-, and para-substituted chlorides from a study
of the far-infrared spectra of the liguuds. it should be noted that large differ-
ences in the barrier valves are obtamned between the liguid (6.68 kca! mol™)
and gas (4.61 kcal! mol™?) in benzaldehyde because of the large shift in the
torsional frequency with condensation due to tte intermolecular forces in
the liquid. Therefore, companison of barrier values for compounds in the
liquid state may not refiect those obtained for {he gaseous state since the
intermolecular forces in the different liguids are expected to be significantly
different, which will result 1n different shifts of the torsional frequencies.
Thereifore, it would be interesting to compare the vzlues of the barriers for
several series of substituted benzaldehydes in the gas phzse to determune the
effect on the barriers in those compounds with substituents having different
inductive effects.

One of the more interesting aspects of this study is the apparent perturba-
tion of the 2 « 1 torsional transition in benzaldehyvde. This band is 9.65 cm™
closer to the fundamental transition than predicted from the potential fune-
tion and there is a second pronounced line at 107.55 cr™! which s displaced
to a lower frequency by about the same amount from the calculated transi-
tion. In fact, 1t was not entirely clear which of these transitions corresponds
to the 2 «~ 1 transition. A similar perturbation wszs found in the far-infrared
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spectrum of propanal [24]. Also, it should be noted that only three excited
states of the CHO torsion in benzaldehyde were osserved which 1s exactly
the number observed for the gaucke ceniormer of isopropylcarboxzaldehyde
[8]. Therefore, the torsional ransitions for the CHO moiety seem to differ
from those »f other CXO groups. It is possible that further studies of the
CXO torsior al modes for =-vsral other molecules might provide additional
insight into 1vhy these distinct ons are present for the aldehyde moiety.
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