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We report ab initio density functional theory (DFT) calculations of the structure of cyclohexahpimeits

chair conformation and of the unpolarized vibrational absorption (IR) spectra of four isotopomnie(doof

d4, ds, and dg). DFT calculations use hybrid functionals, B3PW91 and B3LYP, and the TZ2P basis set. The
results are compared to the electron diffraction (ED) structure of Dillen and Geise and liquid-phase IR spectra.
Calculated and experimental structures are in reasonable agreement; however, the constraints imposed on the
ED structure determination limit its accuracy. In the mid-HR2000 cnt), predicted vibrational spectra are

in excellent agreement with experiment, permitting an essentially unambiguous assignment of all fundamentals;
in the C—H and C-D stretching regions, agreement is worse due to anharmonicity/Fermi resonance and the
spectra cannot be unambiguously assigned. Our assignments differ substantially from earlier assignments of
Fuhrer et al., based on a constrained valence force field. Vibrational circular dichroism (VCD) spegtra of d
and ¢ isotopomers have been reported for i@ and C-D stretching regions. Predicted spectra are in poor
agreement with experiment, a result again attributable to anharmonicity.

We report a study of the structure and harmonic force field
of cyclohexanonel)) using ab initio density functional theory
(DFT). The structure ol was first determined experimentally
in 1956 from electron diffraction dafaA chair conformation
for the six-membered ring (Figure 1) was found. A structure
having five independent parameters (three bond lengths and two
bond angles) was fit to the data. A more recent studging
electron diffraction and incorporating rotational constants from ) ) )
microwave spectroscopy, yielded a larger number of structural Figure 1. The chair conformation and atom numberinglof
parameters of greater accuracy. However, to date a full structural . )
study using either microwave spectroscopy or X-ray diffraction [954p2d/3s2p] basis set (TZ2p Our calculations are compared
has not been reported. Thus, there has not been an unconstraind@ the available experimental data and to new IR spectra.for
structure determination in which all independent internal The vibrational spectra df—6 are reassigned.
coordinates have been obtained. A harmonic force fieldlfor
was developed by Fuhrer et al. in 19%7Mfrared (IR) and ~ Methods
Raman spectra df and three isotopomer&;o, oo’ ,0'-ds (2), Cyclohexanone 1) was obtained from Aldrich and used
15,8, B'y,y'-ds (3) and1-tho (4), were obtained. An empiri-  without further purification; specified purity was 99.8%. FTIR
cal, constrained valence force field (VFF) was refined using spectra of CCl and CS solutions were obtained at 1 ci
frequencies observed for all four isotopomers. Subsequently, resolution using a Nicolet MX-1 spectrometer.

this force field was used in the analysis of the IR abSOfptiOﬂ The equi“brium geometry of and the harmonic vibrational

and vibrational circular dichroism (VCD) of the-¢H and C-D frequencies, dipole strengths, and rotational strengths-f
stretching modes of the chirdta-d; (5) and 1-transe,a’-d2  were calculated using the ab initio DFT and HF/SCF method-
(6) isotopomers. ologies via the GAUSSIAN prograth as described previ-

Ab initio DFT® has recently become a very powerful tool in  oysly6-10 The functionals B3PW91 and B3L¥Pwere used
the prediction of molecular structure, harmonic force fields, and jn DFT calculations. The basis sets T22Bnd 6-31G*5 were
vibrational frequencies and intensities. In our laboratories we employed. Atomic axial tensors (AATs) were calculated using
have recently studied the structures, IR absorption, and VCD gauge-invariant atomic orbital (GIAO) basis sessll calcula-
spectra of a range of organic molecules including 6,8-dioxa- tions used fully analytical derivative methotfs.
bicyclo[3.2.1]octangand several mono- and dimethyl deriva-  The absorption spectrum dfwas fit assuming Lorentzian

tives;” camphof; fenchoné; a-pinene? and phenyloxirané? band shapes in order to obtain experimental frequencies and
Here, we use DFT to predict the structure and harmonic force gipole strengths, as described previously.

field of the chair conformation df, the fundamental vibrational
frequencies and IR absorption intensitiedef6, and the VCD Results
intensities of5 and6. State-of-the-art hybrid density function-

als!1 B3PW91 and B3LYP2 are employed together with a large The structure of the chair conformation df has been
calculated using DFT, the TZ2P basis set, and the two

*To whom correspondence should be addressed. functionals B3PW91 and B3LYP. The results are given in Table
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TABLE 1: Structural Parameters of 12

B3PW9P B3LYP® e I

bond lengths
C1-07 1.209 1211 1.24(2) 1.229(3)
Cc1-c2 1514 151 1.503(4)
c2-C3 1534 154 1.54(1) 1.542(2)
C3-C4 1525 153 1.545
C2-Hse 1.097  1.09
C2—HY 1.089  1.08
C3-H10 1.092  1.09
C3-H11 1.094  1.09 1.09(2) 1.088(2)
C4—H1> 1.095  1.09
C4—H13 1.092  1.09

bond angles
07C1C2 1224 1223
C6C1C2 1152 1153 117 (3.0) 115.3(0.3)
cicacs 111.9 112.E 111.5(0.1)
C2C3c4 111.6 111 109.5 (2.5}
C3C4C5 1111 111, 110.8(0.2)
H8C2H9 107.7  107.7
H10C3H11 1065  106.5 } 106.0(0.9)
H12C4H13 1065  106.6

torsional angles
07C1C2C3 1314 1318 128.3
C6C1C2C3 48.7 48.4 51.7
C1C2C3C4 51.8 51.5 53.0
C2C3C4C5 56.3 56.2 56.3

a Atom numbering as in Figure 1. Bond lengths and angles in
angstroms and degrees, respectiveFT calculations using the TZ2P
basis set® From electron diffraction data (ref 1). Standard deviations
in parentheses.From electron diffraction and microwave spectroscopic
data (ref 2). Standard deviations in parenthe$ésial C—H bond.
fEquatorial G-H bond.? Constrained relative to G2C3. " Signs of
torsional angles are omittetdNot independent variables.

1, together with the results obtained from electron diffraction
data. Structures | and Il are the results of Rorharsd Dillen
and Geisé,respectively. Romers assumed that (i) atCbond
lengths, (ii) all C-H bond lengths, (iii) CCC anglesiC,Cs,
C,C3C4, and GC4Cs, and (iv) all HCH angles are equal. In the
later study of Dillen and Geise, constraints i and iii were relaxed,
allowing the G—C; bond length to differ from the bond length
of C,—Cz and G—C,4 and the GC,C3 bond angle to differ from
the bond angles of £3C4 and GC4Cs. In addition, it was
assumed that thes€C4 bond length is 0.003 A greater than
that of G—Cs.

The B3PW91 and B3LYP calculations give very similar
structural parameters. Torsional angles, defining the conforma-
tion of the GO framework, agree within 04 The GC;C,Cs
atoms are planar to within ®1The C-C and G=O bond
lengths agree within 0.007A; B3LYP values are uniformly
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4°. The C-C and G=0 bond lengths are within 0.02 A. The
CCC bond angles are within°2The C-H bond lengths are
within 0.01 A and the HCH bond angles are withif. Zhe
differences of the calculated parameters from experiment are
substantially greater than the differences between the B3LYP
and B3PW91 parameters. The ordering-Cs, C3—C4 > C1—

C, is correctly predicted; however, the assumption thatC,

> C,—C3; made by Dillen and Geise is not supported by the
calculations. The orderingsC1C, > C1C,C3 > CyC3C4, C3C4Cs

is correctly predicted. The predicted orderings ofCgC,,
C3C4Cs, of the C-H bond lengths and of the HCH bond angles
cannot be compared to experiment due to the constraints
imposed in the analysis of the experimental data.

DFT/TZ2P harmonic vibrational frequencies and dipole
strengths fod have been calculated using B3PW91 and B3LYP;
the results are given in Table 2. Unpolarized absorption spectra
predicted thence for the mid-IR and-El stretching spectral
regions are shown in Figures 2 and 3, respectively. Experimental
spectra of CCland C$ solutions ofl have been measured at
1 cm 1 resolution. The spectra are extremely similar. TheCCl
solution spectrum is shown in Figure 2, except in the region of
strong CCJ absorption where the GSpectrum is shown. The
CS; spectrum is shown in Figure 3.

Assignment of the mid-IR spectrum using the DFT calcula-
tions is straightforward, as shown in Figure 2. The fundamentals
7, 8, 11-18, 21, 24, 27, 30, 31, and 34 are resolved and
immediately assignable. The bands at 410, 748, 1118, 1311,
1347, and 1449 are assigned to unresolved pairs of modes,
specifically 4/5, 9/10, 19/20, 25/26, 28/29, and 32/33. The
fundamentals 22 and 23 are assigned to weak shoulders at 1227
and 1243 cm!. The fundamental 6 is not observed; it is either
very weak or unresolved from mode 7.

The spectra predicted by the B3PW91 and B3LYP functionals
are overall qualitatively very similar. Only for modes 13 and
14 are the predicted spectra in Figure 2 substantially different.
B3PW91 predicts a very unequal distribution of intensities,
modes 13 and 14 being weak and strong, respectively. Con-
versely, B3LYP predicts comparable intensities. Experimentally,
mode 13 is significantly weaker than 14, but not by as much as
predicted by B3APW91. In the case of the pairs of modes 19/20
and 28/29, the two functionals also predict quite different
intensity ratios. Since these modes are unresolved experimen-
tally, we cannot assess the relative accuracies of the predictions.

To assess the quantitative accuracies of the mid-IR frequen-
cies and dipole strengths df predicted by the DFT/TZ2P
calculations we have obtained experimental values for these
parameters by Lorentzian fitting. The fit is shown in Figure 2.

greater than B3PW91. CCC and OCC bond angles agree withinThe frequencies, dipole strengths, and bandwidths obtained are
0.2; B3LYP values are greater than B3PWO1 except for given in Table 2. Calculated and experimental frequencies and
07C1Cz. C—H bond lengths agree within 0.001 A; B3LYP  gipole strengths are compared in Figures 4 and 5. With the
values are uniformly smaller than B3PW91. HCH bond angles exception of mode 4, calculated frequencies are higher than
agree within 0.1, B3LYP values are uniformly greater than  experiment. The percentage errors lie within the rangé%.
B3PWO1. Both calculations order-€C bond lengths: &-Cs In the case of B3PW91 the errors vary fairly monotonically
> C3—C4 > C1—C with a range 0#~0.02 A. The CCC bond  yith frequency, increasing with increasing frequency. In the case
angles are similarly ordered: ¢C,Cz > C1C;Cs > CoCsCs > of B3LYP, the variation is significantly less regular, indicating
CsC4Cs with a range of~4°. Both calculations predict that  that the relative spacing of modes is less accurately predicted.
equatorial C-H bond lengths are uniformly smaller than axial A significant fraction of the errors in calculated frequencies can
C—H bond lengths; the difference is 0.082.003 A for bonds  pe attributed to the contribution of anharmonicity to the
to Czand G and 0.007 A for bonds to CAIl C3—H and G—H experimental frequenciéd Calculated and experimental dipole
bond lengths lie between the axial and equatoriat& bond strengths are in comparable agreement for the two functionals.
lengths. Both calculations predict thag@Hg > H12CsH13 > The largest discrepancy is for the band at 490 %nassigned
H10C3H11, with a range of~1.2°. to mode 7, whose intensity is significantly underestimated. Note
Overall, agreement between calculated and observed (structhat in the case of bands to which two, unresolved fundamentals
ture 1) parameters is quite good. The torsional angles are within are assigned Lorentzian fitting was carried out assuming a single
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TABLE 2: Cyclohexanone-d, (1)2

DFT/TZ2P this work
B3LYP B3PWO1 cal ref 3
mode symmetry v D v D v D y ve symmetry modé
45 A 3009 138 3113 128 A 45
44 A" 3098 216 3112 19}6 2960 2961 s* { A 44
A’ 43
43 A 3067 534 3082  48)
42 A’ 3063 379 3077 33 2940 2940 vs A 42
a1 A 3060 502 3074 43
2920 s* A a1
A’ 40
2894 s A 39
40 A 3024 448 3033 4119 A’ 38
39 A 3022 219 3033 23}9 2866 2867s { A 37
38 A 3011 153 3022 1410
37 A 3009 122 3020 15}1 2859 2859 * A 36
36 A’ 3004 14 3016 1.4
35 A 1777 5097 1795  511.0 1716 5584 60 1718ws ' A 35
34 A 1513 54 1503 6.0 1463 88 36 1462m ‘A 34
33 A 1499 150 1488 181 A" 33
> N lTi08  see 1m0 30}7 1449 531 34  1449vs { A >
31 A 1476 248 1465  27.7 1429 323 49  1429s "A 3L/
30 A 1468 233 1456  26.2 1420 285 51  1421s A 30/
A 29v/
29 A" (A) 1384 86 1379 5. :
o A 1380 8o 137 > 1347 223 32  1346s A 28
27 A’ 1374 109 1366 154 1337 167 26  1338s " A zg\/
26 A 1348 140 1342 15 A" 2
o o 1oae see oad 49}§ 1311 643 45  1311vs { A ooy
24 A 1295 43 1290 5.0 1264 63 35 1263m A 24
23 A 1277 05 1275 05 1243 16 64  1247m* {Q, > ./
22 A 1254 33 1247 3.2 1227 129 71
21 N 1246 861 1243  79.0 1221 706 41 1220vs A 21
1185 w* A’ 20/
20 AT (AY) 1141 13 1140 68.}4[ ,
20 ppe e A hR 8 1118 717 43  1117vs A 19
18 A’ 1079 24 1089 42 1072 56 50 1072w "A 18
17 A 1066 302 1061  23.3 1051 232 47  1049m A 17
16 A 1027 126 1032  12.3 1018 126 27  1018m A 16
15 A 1000 64 1004 6.0 901 43 24 990w A 15
14 A 919 137 918 302 908 247 2.8  907s "A 14
13 A 895 161 900 26 894 152 61  894m A 13
12 A 878 198 872 230 863 195 26  861lm ‘A 12
11 A 838 11 849 16 837 22 37 838w A 11
10 A 762 295 757 27 A" 10
9 A 748 258 755 23 748 454 48 T748s { A 9
8 A 656 109 658 121 652 237 7.6  652m CA 8
7 A" 494 725 493 734 490 1225 7.7 490s {ﬁ,, gzj
6 A 479 28 473 3.4
460 vw A 5/
5 A" 418 219 413 22 ,
; N soe aE1 aos o 410 536 50  410m A 4
3 A 305 36 303 35 315 A 3
2 A" 178 193 175 205 190 n 2
1 A 91  166.7 89  160.8 112 A 1

2 Frequenciesy, in cm?; dipole strengthsD, in 1074° es# cn¥;, bandwidthsy, in cm ™. ® B3PW91 symmetry; symmetry for B3LYP in parentheses.
¢ From Lorentzian fitting except for €H stretching modes where peak frequencies are gitBteasured in 0.95 M CSsolution at 1 cm? resolution.
¢ IR frequencies of neat liquid; an asterisk denotes an inflection=sstrong, vs= very strong, vvs= very very strong, m= medium.' Mode
assignments from ref 3 differing from those deriving from the DFT calculations are chegRed (

band. For these bands, in Figure 5, the experimental dipoleis that the peak at 2894 crhis attributable to one of the
strength is compared to the sum of the calculated dipole fundamentals 3740, shifted to higher frequency by Fermi

strengths of the two modes. resonance. In view of the complexity of this spectral region,
Assignment of the &0 stretching mode, 35, is straightfor- we have not attempted Lorentzian deconvolution.
ward. The assignment of the-& stretching modes (3645) Assignment of the fundamentals bivas previously reported

is more difficult. Comparison of the predicted and experimental by Fuhrer et al., based on IR and Raman spectrheir IR
spectra (Figure 3) suggests assignment of the peaks at 2960spectrum (ref 3, Figure 5A) df in CCly and CS agrees well
2940, 2866, and 2859 to modes 44/45:-48, 39/40, and 37/  with our spectrum in Figures 2 and 3. Their IR frequencies (for
38, respectively. This leaves additional peaks at 2894<2850 neat liquid1) and assignments are also given in Table 2. The
cm! unassigned. An alternative, and quite likely, possibility experimental frequencies are very close to those obtained in
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Figure 2. Mid-IR absorption spectra df. (a) experimental spectrum, ) . ) )

(b) calculated spectrum (B3PW91/TZ2P), (c) calculated spectrum Figure 3. C—H stretching absorption spectra of (a) experimental
(B3LYP/TZ2P). The solid line spectrum in a is for GQD.96 M, spectrum (0.95 M solution in G§ (b) calculated spectrum (B3PW91/
1597-850 cnr, 700-375 cnrl) and CS (0.95 M, 850-700 cn?) TZ2P), _(c) calculated spectrum (BSLYP/TZZPl). Calculated spectra use
solutions of 1. The dotted line spectrum is a Lorentzian fit. The Lorentzian band shapes with = 10.0 cnt™. Fundamentals are
difference spectrum (experimeriit) is plotted above. The asterisked ~ Numbered. Upper frequency scale applies to b and c.

band at~460 cn1! is not due tol. The calculated spectra in b and c

use Lorentzian band shapgss 4.0 cnm®. Fundamentals are numbered. Fuhrer et al. also reported IR and Raman spectra,oflgl

and do isotopomers ofl: 2, 3, and4. In 2, the foura-H of 1

this work. Fuhrer et al. did not report a band at 1227 §rbut are substituted by D; iB, the foura-D of 4 are substituted by
did find bands at 1185 and 460 cfmot observed in this work.  H. IR frequencies reported by Fuhrer et al. are given in Tables
The earlier assignments of Fuhrer et al. differ from those of 3—5. DFT/TZ2P fundamental frequencies and dipole strengths
this work as follows: (1) the 460 and 1185 chbands are predicted using B3PW91 and B3LYP are also given in Tables
assigned as fundamentals (5 and 20); (2) the 410'dand is 3—5. The mid-IR spectra predicted thence for B3PW91 are
assigned to mode 4 alone; (3) both modes 6 and 7 are assigneghown in Figure 6; the €H and C-D stretching spectra are
to the 490 cm! band; their symmetries are reversed; (4) mode shown in Figure 7.
19, but not mode 20, is assigned to the 1118 timand; (5) Comparison of the B3PW91 spectrum fi(Figures 6 and
the band at 1221 cnt is assigned as'Anot A”’; (6) modes 22 7) to the reported spectrum (ref 3, Figure 5B) and of the
and 23, of A and A symmetries respectively, are assigned to B3PW91 and experimental frequencies (Table 3) leads to the
the 1243 cm? band; (7) the symmetries of modes 25 and 26, assignment detailed in Table 3. Fundamental§,17—11, 13-
assigned to the 1311 crhband, are reversed; (8) mode 28YA 26, 34, and 35 are resolved. Modes 6, 12, and 31 are predicted
is assigned to the 1347 crhband, but mode 29 (A is not to be very weak and are not observed. The pairs of modes 27/
assigned; (9) the symmetries of modes 30 and 31, assigned t®8, 29/30, and 32/33 are not resolved. Modes-38 are
the 1420 and 1429 cm bands, are reversed; (10) with the responsible for absorption in the range 26@300 cntl,
exception of modes 42, 44, and 458 stretching modes are  However, more than four peaks are observed and the assignment
assigned differently. Our work thus substantially revises the of the spectrum is undoubtedly complicated by Fermi resonance.
earlier assignment of Fuhrer et al. Modes 46-45 are responsible for absorption in the range 2800

Fuhrer et al. also assigned far-IR absorption at 112, 190, and3000 cntl. Experimentally, there are two, somewhat structured
315 cnT!to modes 1, 2, and 3, respectively. Gas-phase studiespeaks at 2942 and 2868 cf We tentatively assign the higher
by Carreira and Lord and by Smithson et &P led to peak to modes 4345 and the lower peak to modes-442.
frequencies of 92, 182, and 308 chfor modes 1, 2, and 3.  Support for the assignment of the mid-IR modes34 is
Our DFT/TZ2P frequencies are in excellent agreement with provided by the comparison of B3PW91 and experimental
these data. Predicted relative intensities are also in goodfrequencies shown in Figure 4. Percentage errors lie within the
qualitative agreement with experiment (ref 19, Figure 1). same range and show the same variation with frequency as was
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Figure 5. Comparison of calculated and experimental dipole strengths
for 1. Dipole strengths in 10° esif cn?.

found for the mid-IR modes434 of 1 (Figure 4). Note that
the very weak absorption at 1374 chreported by Fuhrer et

J. Phys. Chem. A, Vol. 103, No. 4, 199831

and lead to an identical assignment. B3LYP and experimental
frequencies for modes434 are compared in Figure 4. As with

1 the variation in percentage error with frequency is somewhat
less regular than with B3PW91.

The assignment reported by Fuhrer et al. is also given in Table
3. As for1, their assignment is substantially different from that
resulting from the DFT calculations. Differences are indicated
in Table 3.

Comparison of the B3PW91 spectrum f@(Figures 6 and
7) to the reported spectrum (ref 3, Figure 5C) and the B3PW91
and experimental frequencies (Table 4) leads to the assignment
detailed in Table 4. The fundamentals 15, 1724, 26-31,
and 33-35 are resolved. Modes 25 and 32 are predicted to be
very weak and are not observed. Mode 16 is also predicted to
be very weak, but to be very close in frequency to mode 17,
whose predicted intensity is much greater. ThelCstretching
modes 36-38 and 39-41 can be most simply assigned to the
two structured bands at 2110 and 2209 émespectively. The
assignment of the €H stretching modes is less straightforward
since the observed spectrum is more complex than the predicted
spectrum (Figure 7). The simplest option is to assign modes
42/43 and 44/45 to the bands at 2900 and 2965 lcrthe
absorption at<2900 cnT?! being due to overtone/combination
bands. Fermi resonance is quite likely to exist, however,
rendering this assignment simplistic.

The B3LYP functional leads to very similar predictions. Only
in the case of modes 16 and 17 is there a qualitative difference
from B3PW91, the ordering of the’Aand A" modes being
reversed. B3LYP would assign the 897 ¢hiband to mode 16
instead of 17.

Comparison of calculated B3PW91 and B3LYP frequencies
to experiment is shown in Figure 4. The accuracies of the
calculated frequencies are very similar to those Taand 2,
supporting our assignment. Again, the errors in B3LYP frequen-
cies are less regular than the errors in B3APW91 frequencies.

As with 1 and 2, our assignment foB differs substantially
from that of Fuhrer et al. (Table 4).

Comparison of the B3PW91 spectrum #i(Figures 6 and
7) to the reported spectrum (ref 3, Figure 5D) and of the
B3PW91 and experimental frequencies (Table 5) leads to the
assignment detailed in Table 5. The fundamental§,17—14,

20, 23-29, 34, and 35 are resolved. Modes 6 and 15 are
predicted to be very weak and are not observed. The pairs of
modes 16/17, 18/19, 21/22, 30/31, and 32/33 are not resolved.
The C-D stretching spectrum (ref 3, Figure 5D) is more
complex than the predicted spectrum (Figure 7). We tentatively
assign the band at 2111 cito modes 36-40, the band at
2210 cnt?! to modes 4%43 and the shoulder at 2221 chto
modes 44/45.

The B3LYP functional leads to very similar predictions and
an identical assignment.

Comparison of B3PW91 and B3LYP frequencies to experi-
ment for modes 434 is shown in Figure 4. The accuracies of
the calculated frequencies are very similar to thoselfeB,
supporting our assignment.

As with 1—3, our assignment fot differs substantially from
that of Fuhrer et al. (Table 5).

DFT/B3PW91/TZ2P vibrational frequencies, dipole strengths
and rotational strengths have been calculated for theadd

al. is not assigned by us to mode 31 because this assignmentrans-d@ isotopomers ofL (5 and 6) in which o-H atoms are

would not be consistent with the expecte@% error in the
calculated frequency.

The B3LYP frequencies and dipole strengths (Table 3) and
spectrum for2 are very similar to those predicted by B3PW91

substituted by D. The results are given in Tables 6 and 7 for
the C-H and C-D stretching modes. Absorption and VCD

spectra predicted thence are given in Figures 8 and 9. Experi-
mental absorption and VCD spectra were reported by Nafie and
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TABLE 3: Cyclohexanone-d, (2)2

DFT/TZ2P
B3LYP B3PW91 ref 3
mode symmetry v D v D o symmetry modeé
45 A 3066 48.6 3081 45)3 A’ 45
44 A 3062 35.6 3077 30 2942 vs { A 44
43 A 3060 51.0 3074 44)5 2909 vs* ‘A 43
42 A 3024 36.0 3033 330 2868 vs {A’ 42
41 A 3022 26.3 3032 28 A 41
40 A 3010 16.8 3021 19)3 2858 s* ‘A 40
39 A 2294 9.5 2304 8! 2229's A 39
38 A 2201 8.9 2301 8 2217 m* ‘A 38
37 A 2196 17.6 2204 16 {2147 m A 37
36 A 2190 0.6 2199 0 2110 m "A 36
35 A 1771 516.7 1789 517.1 1710 ws "A 35
34 A 1512 10.4 1502 11.8 1465 s "A 34
33 A’ 1498 12.1 1487 14 1449 vs {A’ 33/
32 A 1497 19.2 1485 222 ‘A 32/
1374 vw A 31/
31 A 1379 0.6 1375 0.0
30 A 1370 9.1 1364 7 1335 s {A” 30V
29 A’ 1370 55 1362 8 A 29y
28 A 1304 4.3 1300 4 1273 vs {A” 28/
27 A 1292 97.2 1298 114J0 ‘A 27V
26 A 1225 6.2 1222 9.5 1199 s "A 26
25 A 1172 6.0 1178 8.3 1155 m A 25/
24 A 1145 168.3 1148 148.3 1129 vs "A 24y
23 A 1134 6.7 1131 5.7 1112 m ‘A 23
22 A 1102 0.0 1114 5.3 1091 w " 22
21 A 1089 11.8 1082 13.3 1063 s A 21
20 A 1063 0.2 1062 1.0 1045 w* A 20
19 A’ 1037 3.0 1035 2.1 1018 w A 19
18 A 1001 3.6 999 3.9 980
17 A 949 9.8 949 8.5 934 w A 18V
16 A 936 6.1 940 7.7 927 m ‘A 1&;
; A" 1
15 A 919 14.9 914 14.9 903 { N 15¢/
Y A" 14
14 A 808 16.6 807 19.9 799 s { N 13/
13 A 788 7.3 789 7.1 782m A 12/
12 A 773 3.3 770 1.0
11 A 760 3.4 760 6.4 751w A 11
10 A 708 31.8 712 29.5 704 m A 10
9 A" 666 6.9 663 5.6 652 w A 9
8 A 623 9.8 624 11.2 616 m ‘A 8
. A" 7
7 A 457 95.6 455 96.5 454 vs { N 6y
6 A 448 0.0 443 0.1
5 A" 395 8.1 390 8.2 390 m A 5
4 A 352 16.5 349 16.1 360m ‘A 4
3 A 300 45 298 4.4 307 A 3
2 A" 163 13.0 161 13.9 174 ‘A 2
1 A 86 167.9 84 162.2 104 ‘A 1

aFrequenciesy, in cmt; dipole strengthsD, in 1074° esi# cn?. P IR frequencies of neat liqui@; an asterisk denotes an inflection. ssvery
strong, s= strong, m= medium, vvs= very very strong, vw= very weak, w= weak.¢ Footnote 67 of ref 3.9 Mode assignments from ref 3
differing from those deriving from the DFT calculations are checkgil (

co-workers for the €H stretching region o6 and for the G-D negative, and negative features are at 2868, 2890, 2938, and
stretching regions o6 and 6.4 Their peak frequencies, and 2958 cnt?! respectively. Contrary to our prediction, however,
Ae values, are also given in Tables 6 and 7. The predicteHiC  the lowest negative VCD (2868 crf) band coincides with the
stretching absorption and VCD spectra ©fexhibit some absorption peak at 2866 crh the positive VCD (2890 crit)
qualitative agreement with the observed spectra (ref 4, Figure band is much higher (24 crd) than the 2866 cmt absorption
3). Two strong absorption bands are predicted, correspondingpeak, the negative VCD band at 2938 ¢his lower than the
to modes 40/41 and 4244, with shoulders due to modes 38/ absorption peak at 2948 ct and the negative VCD band at
39 and 45, respectively. Two strong bands are observed at 28662958 cnt is only 10 cmi* higher. Predicted peakvalues are
and 2948 cm! and can be assigned to modes 40/41 and 42 comparable to experimental values, while predicted ptak
44, respectively. Shoulders are not readily apparent. The values are 23 times larger than those observed.

predicted VCD spectrum (for6S-6) exhibits a strong positive The predicted €D stretching absorption and VCD spec-
feature due to modes 40/41 and three weaker negative feature§fa are in very poor agreement with experiment for b&th
due to modes 39, 43, and 45. The experimental VCD spectrumand6. In the case o6, modes 36 and 37 are predicted to be
exhibits the same sign pattern as predicted. Negative, positive,~60 cnT* apart, leading to two absorption bands of comp-
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TABLE 4: Cyclohexanone-ds (3)2

DFT/TZ2P
B3LYP B3PWOL ref 3
mode symmetry v D v D ve symmetry mode
45 A 3099 112 3112 10 A 45
44 A 3098 205 3111 18}9 2965 vs { A 44
43 A 3013 271 3024 24 A’ 43
42 A 3006 0.9 3017 0 2900 vs { A 42
a1 A 2275 34.4 2286 31)2 2220 s* A a1
40 A 2270 15.4 2281 13 2209 vs "A 40
39 A 2265 19.8 2276 17)8 2185 s ‘A 39
38 A 2202 24.0 2210 225 2120 vs* A 38
37 A 2200 26.1 2208 25 2110 vs A 37
36 A 2195 243 2202 23)5 2096 s* A 36
35 A 1776 512.6 1794 513.5 1716 ws A 35
34 A 1478 28.0 1467 31.2 1432 vs "A 34/
33 A 1467 26.3 1455 304 1424 vs ‘A 33/
32 A 1326 0.8 1318 1.8
31 A 1310 438 1310 83.8 1289 vs {A” 32/
: : A’ 31/
30 A 1270 110.5 1272 91.0 1249 vs "A 30
29 A 1258 215 1253 241 1230s ‘A 29
28 A 1226 8.7 1233 26 1211 m " 28
27 A 1191 9.9 1198 6.8 1173 m N 27
26 A 1150 56.3 1153 52.9 1133 s A 267/
25 A 1133 04 1132 04
24 A 1127 2.0 1122 2.2 1100 m " 25/
23 A 1109 7.2 1100 83 1080's A 24,/
22 A 1079 26.8 1073 22.4 1052's {ﬁ,, %g\/
21 A 1072 6.6 1066 7.7 1048 m* A 21
, A’ 20
20 A 997 13.4 994 14.4 977's { N 2/
19 A 949 7.9 950 73 938'm A 18/
18 A 933 16 931 07 918 w A 17
17 A (A") 907 0.2 907 7.0 897 m A 16V
16 A" (AY) 901 6.7 902 04
15 A 852 316 853 3338 844 vs " 15
14 A 792 03 793 06 784 vw A 14
13 A 758 29 761 1.4 754 w {A” 13v
: : A 12/
12 A 755 83 751 5.9 744
11 A 725 112 723 152 719's ‘A 11
10 A 691 123 698 11.1 693 m A 10
9 A" 660 326 655 324 653 s " 9
8 A 612 151 613 15.1 603 m A 8
7 A" 485 68.3 485 69.3 483 vs " 7
6 A 429 135 424 145 435 m A 6
5 A" 395 18.0 390 18.1 391 A" 5
4 A 377 6.7 373 6.1 379 m A 4
3 A 250 35 248 3.2 254 A’ 3
2 A" 159 227 156 241 164 A" 2
1 A 87 179.2 85 1733 91 N 1

a Frequenciesy, in cm?; dipole strengthsD, in 1074° esit cn?. ® B3PW91 symmetry; symmetry for B3LYP in parenthesd® frequencies of
neat liquid3, unless indicated; an asterisk denotes an inflectior= w&ry strong, s= strong, vvs= very very strong, m= medium, w= weak,
vw = very weak.? Estimated from Figure 5C ref 3¢ Estimated from Figure 5C ref 3; listed as 381 ¢rimn Table IVC, ref 3. Raman frequencies.
9 Mode assignments from ref 3 differing from those deriving from the DFT calculations are chegled (

arable intensity and two VCD bands of opposite sign with  Inthe case 05, the correspondence of theory and experiment
mode 36 exhibiting stronger negative VCD than the positive is even worse. Two absorption features, separated-69
VCD of mode 37 for 5,65-6. Experimentally (ref 4, Figure 4),  cm™?, corresponding to the two, equally populated conforma-
at least four bands are observed in the 22PR50 cni* range. tions of 5 with axial and equatorial D substitution, are pre-
The VCD is negative in the region of the absorption bands at dicted. The VCD spectra of the two conformers is predicted to
2133 and 2160 crt and positive in the region of the bands at be oppositely signed forR5, axial-D, and equatorial-D sub-
2198 and 2213 cmi. As in the C-H stretching region, VCD stitution gives positive and negative VCD bands, respectively.
maxima and minima do not coincide closely with maxima in Experimentally, at least three features are observed in the
the absorption. In addition, predictegxvalues are comparable  range 2108-2250 cnt?® (ref 4, Figure 5). All exhibit nega-

to those observed while predictédmax values are nearly an  tive VCD bands. As witt, the predicted .« values are correct
order of magnitude smaller than observed values. Detailed in order of magnitude, while the predicte¥kmnax values are
assignment of these spectra clearly requires Fermi resonancenuch smaller than observed. Again, detailed assignment is not
to be taken into account. possible.
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TABLE 5: Cyclohexanone-d;o (4)2

DFT/TZ2P
B3LYP B3PW91 ref 3
mode symmetry % D v D pb symmetry mode
45 A 2295 15.4 2305 13 2921 g+ {A’ 45
44 A 2291 7.5 2302 6 A 44
43 A 2275 31.4 2285 28 A 43
42 A 2270 18.7 2281 16 2210 vs { N 42
41 A 2265 18.9 2276 16J8
2165 m A 41
. A’ 40
2125s { " 39
40 A 2202 25.0 2209 21
39 A 2200 24.9 2208 243 A 38
38 A 2197 21.1 2204 20 2111 vs { N 37
37 A 2194 19.0 2202 20l1
36 A’ 2190 0.5 2198 0
2083 m* A 36
35 A 1771 519.4 1789 519.4 1710 wvs "A 35
34 A 1254 160.4 1267 169.1 1245 vs "A 34
1221m A 33/
33 A 1201 91.1 1216 8819
32 A 1198 235 1209 24}0 1191vs A 32
31 A 1160 2.0 1162 1] 1135
30 A 1151 0.4 1157 3
1116 m A 31/
29 A 1121 3.8 1116 4.0 1095 s ‘A 30/
28 A 1109 15.3 1100 18.1 1079's A 29V
27 A 1095 17 1087 1.9 1067 s { ﬁ,, 33\/
1056 s A 26V
26 A 1085 9.0 1076 10.7 1048 s* A 25
25 A 1074 1.1 1065 2.2 1038
24 A 1040 22.2 1032 19.9 1016 s "A 23V
23 A 1022 1.7 1017 1.8 1002 m* ‘A 24y
22 A 994 4.0 991 4. "
21 A 988 10.7 0985 11 968 m A 22/
20 A 950 4.0 948 45 930w A 21y
922w A 20v
19 A 905 4.0 904 3. "
18 A 900 125 899 13E 889 m A 19
863w A 18/
827 w A’ 17/
17 A 803 6.7 799 6 287 m {A” 16/
16 A 796 5.4 796 5 A 15/
15 A 766 1.7 761 1.2
14 A 745 16.2 748 16.9 739 m A 14
13 A 722 0.4 729 0.5 721 vw A 13
12 A 704 1.2 699 2.3 682 vw A 12
11 A 678 16.0 674 25.0 667 m ‘A 11
10 A 664 10.6 668 25 655 w* A 10
9 A" 625 17.2 622 15.9 612m A 9
8 A 586 16.4 587 16.6 580 m A 8
7 A" 453 92.8 451 94.0 450 vs A 7
6 A 383 0.7 377 1.1
5 A 371 6.3 366 6.4 368w A 6V
A’ 5/
4 A 347 18.5 344 18.2 349 m ‘A 4
3 A 247 3.1 245 2.9 254 fn A’ 3
2 A" 146 16.3 144 17.4 163 A" 2
1 A 83 180.6 81 174.9 93 A’ 1

aFrequenciesy, in cny; dipole strengthsD, in 107%° esi# cn?. P IR frequencies of neat liquid, unless indicated; an asterisk denotes an
inflection. s= strong, vs= very strong, m= medium, vvs= very very strong, w= weak, vw= very weak.® Estimated from Figure 5D ref 3.
4 Raman frequencie$ Mode assignments from ref 3 differing from those deriving from the DFT calculations are chedked (

DFT/B3LYP/TZ2P calculations fob and6, also reported in spectrum is qualitatively very similar to the B3PW91/TZ2P
Tables 6 and 7, are in comparable agreement with experiment.spectrum. Calculated frequencies are generally higher, as are

The mid-IR absorption spectra bhave been predicted using percentage deviations from experimental frequencies. Calculated
B3PW91 and the 6-31G* basis set and using the HF/SCF dipole strengths are in comparable agreement with experiment.
method with the TZ2P basis set. The results are compared toThe HF/SCF/TZ2P spectrum differs significantly from the
the B3PW91/TZ2P spectrum and to the experimental spectrumB3PW91/TZ2P spectrum. Calculated frequencies are much
in Figure 10. Frequencies and dipole strengths are compared tchigher, leading to percentage deviations in the rangé4%%6.
experimental values in Figures 4 and 5. The B3PW91/6-31G* The intensity changes show that the HF/SCF normal coordinates
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34 40-36
45/44
43/42 ds
43-41
dy
45/44
45-43 r
| 38-36
42-40
24 d4
28/27 - 50
- 100
d, e
€
33/32 23 ;
12
34 30/28 25 / 47 18 14 10
26 2221201918 Mm s 8 s 4 T r
T T an T oy 4 3200 3100 3000 2900 2400 2300 2200 2100
1400 1200 1000 800 600 400 wavenumbers
wavenumbers Figure 7. Calculated B3PW91/TZ2P €H and G-D stretching
Figure 6. Calculated B3PW91/TZ2P mid-IR absorption spectr&,of absorption spectra &, 3, and4. Lorentzian band shapes with=
3, and 4. Lorentzian band shapes with = 4.0 cnt! are used. 10.0 cn1? are used. Fundamentals are numbered.

Fundamentals are numbered.

overlap is much worse and Fermi resonance with nonfunda-
differ significantly. The pattern of intensities is in worse mentals is likely to be a substantial perturbation. Assign-
agreement with experiment, especially for moded8 and 25- ment in this region is much more complicated and is not
29. Calculated dipole strengths exhibit greater deviation from unambiguous.

experimental values. The relative accuracies of the calculations oy assignment fat is strongly supported by the quantitative
are thus: B3PW91/TZ2P B3PW91/6-31G*> HF/SCF/TZ2P. agreement of calculated and experimental frequencies. In a prior
study of 11 small molecules, DFT/B3LYP/TZ2P calculations
yielded average RMS deviations of 3.2% and 1.2% from
As a result of recent developmenfsboth vibrational un- ~ observed and harmonic frequencies respecti¥elhe devia-
polarized absorption and circular dichroism spectra can now tions from observed frequencies fb(Figure 4) are comparable.
be efficiently predicted within the harmonic approximation using The prior calculations demonstrated that a considerable fraction
DFT. Using state-of-the-art density functionathe Becke type ~ Of the deviations from observed frequencies is attributable to
“hybrid” functionals'—DFT is substantially more accurate than anharmonicity; this conclusion applies equallyltdn addition,
the Hartree-Fock/self-consistent field (HF/SCF) methodology. the agreement of calculated and experimental dipole strengths
Studies of several organic molecules, including 6,8-dioxabicyclo- (Figure 5) is excellent, further confirming the reliability of the
[3.2.1]octane and derivativég,camphot fenchone o-pinene® assignment.
and phenyloxiran€ using the B3PW91 and B3LYP functionals In the case of isotopomerd—4, predicted B3PW91 and
have documented the impressive capabilities of DFT in predict- BSLYP/TZ2P spectra are in excellent agreement with the
ing vibrational absorption and circular dichroism spectra. In this absorption spectra of Fuhrer et al., with the exception 6t
work we extend these studies to cyclohexanone and its isoto-and C-D stretching regions, and lead to assignments of the
pomers. Three isotopomei®-4, like 1 are achiral and do not ~ majority of their fundamentals. The agreement of calculated and
exhibit VCD. Two isotopomers5 and 6, are chiral and do experimental mid-IR frequencies for these isotopomers is
exhibit VCD. identical in order of magnitude and very similar in frequency
The mid-IR absorption spectra predicted farsing B3PW91 dependence to that fdr (Figure 4), strongly supporting the
and B3LYP at the TZ2P basis set level are both in excellent assignments. Unfortunately, experimental dipole strengths were
agreement with experiment and lead to an identical assignmentnot reported and cannot be compared quantitatively to calculated
of the fundamentals of. Where resolved, fundamentals are values. However, qualitative agreement of predicted and ex-
unambiguously assigned. A number of pairs of fundamentals perimental intensities is excellent.
are not resolved, and their splittings and relative intensities Experimental data for the chiral isotopom&rand6 is limited
cannot be separately determined. In thekCstretching region to the C-H and C-D stretching regions. Predicted absorption

Discussion
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TABLE 6: Cyclohexanone-d; (5)2

Devlin and Stephens

Calculation (DFT/TZ2P)

B3LYP B3PW91
v D Ro v D Re
mode  axial equatorial axial equatorial axial equatorial axial equatorial  axial  equatorial axial equatorial
45 3098 3098 16.4 17.7 —-0.8 1.1 3112 3112 15.4 16.2 —-0.7 1.0
44 3093 3067 17.8 56.1 2.4 3.2 3106 3082 16.0 51.2 2.3 3.2
43 3066 3062 51.1 35.6 —-10.0 2.9 3082 3077 47.0 30.7 —8.9 4.5
42 3062 3060 36.2 50.0 14.7 1.0 3077 3074 31.4 43.1 11.1 0.1
41 3060 3025 51.5 47.1 —-8.1 -4.1 3074 3036 44.6 42.9 —6.4 -11.2
40 3023 3022 39.5 25.8 0.2 -55 3033 3033 36.2 29.0 0.5 —-2.2
39 3021 3013 22.4 55 —-9.2 55 3032 3026 24.9 35 —-86 9.5
38 3009 3009 17.6 15.9 27 —1.2 3021 3020 19.7 18.8 4.4 —-2.1
37 3006 3005 6.6 2.8 09 -01 3019 3018 6.6 35 —-0.5 0.1
36 2210 2273 9.5 8.8 42 =20 2220 2282 8.4 8.1 3.6 -1.7
Experiment
IR VCDP

Vmax €max Vmax A€max X 16

2222 2.2 2224 -1.9

2198 4.9

2192 -3.1
2157 2.8 2157 —-1.5

aFrequenciesy, in cny; dipole strengthsD, in 1074 esi cn; rotational strengthsR, in 107%4 esi# cn?.

¢ Estimated from Figure 5, ref 4.

b Absolute configuration is R

TABLE 7: Cyclohexanone-d, (6)2
Calculation (DFT/TZ2P)
B3LYP B3PW91
mode v D R0 v D R0
45 3093 16.6 —2.6 3106 15.3 —2.5
44 3066 535 6.1 3082 49.4 5.0
43 3062 341 -16.6 3077 29.1 -146
42 3060 51.3 6.8 3074 445 6.0
41 3024 42.4 3.4 3035 38.9 10.2
40 3022 25.3 14.2 3032 27.7 10.1 L
39 3012 4.7 —-9.8 3025 34 —-121
38 3009 15.4 29 3020 18.8 1.8 €
37 2273 8.8 2.0 2282 8.1 1.7
36 2210 9.5 —4.2 2220 8.5 —3.6 36 ax
- 0.5
Experiment Ag*10°
IR VCDP
Vmax €max Vmax A€max X 168
36eq
2958 —0.34 05 N . d,
2948 110.9 “
2938 —0.55
2919 0.25 ,
2890 2.57
2866 53.45 2868 —0.49 €
2259 —-25
2213 7.2 2224 2.7 — .
2198 7.3 2194 3.7 2400 2300 2200 2100
2166 —5.7
2160 4.9 2160 -53 wavenumbers
2133 5.8 2130 -6.3 Figure 8. Calculated B3PW91/TZ2P €D stretching absorption and

aFrequenciesy, in cn%; dipole strengthsD, in 1074° esi# cn;
rotational strengthsR, in 1074 esif cn?. ® Absolute configuration is

2S,6S. ¢ Taken from Table Il in ref 4.

was the case for the absorption spectrd-efl. Anharmonicity

VCD spectra fos and6. VCD spectra are for the B-5 and (5,65)-6
enantiomers. Lorentzian band shapes with= 10.0 cn! are used.
Fundamentals are numbered.

) ) ) that the harmonic potential energy surface is accurately pre-
and VCD spectra are in poor agreement with experiment, as gicted. The equilibrium geometry, corresponding to the mini-

mum of this surface, is also accurately predicted therefore.

and Fermi resonance are clearly responsible. Unfortunately, mid-comparison of B3LYP TZ2P structures to experiment for a set
IR spectra were not reported for these molecules and theoryof 11 small molecules found average RMS deviations of bond

cannot be compared to experiment for this spectral region.

lengths and bond angles of 0.005 A and°0.@spectively,

The excellent agreement of the B3PW91 and B3LYP DFT/ and this level of accuracy can be expected for the calculated

TZ2P absorption spectra &f-4 with experiment clearly shows

structural parameters df. The B3PW91 and B3LYP TZ2P
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Figure 9. Calculated B3PW91/TZ2P €H stretching absorption and ‘L‘ A A /\ A
VCD spectra ob6. The VCD spectrum is for @69)-6. Lorentzian band N T J ' T T '
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shapes withy = 10.0 cnt? are used. Fundamentals are numbered.
wavenumbers

structures are in quite good agreement with the experimentalFFigure 10. Mid-IR absorption spectra df: (a) experimental spectrum

parameters obtained from electron diffraction data. In the cases(from Figure 2); (b-d) calculated spectra: (b) B3PW91/TZ2P, (c)

where differences in bond lengths and angles are greater tha 3PW91/6-SlG_*, (d) HF/SCF{TZZP. Calculated spectra use Lorentzian

0.01 A and 2, we expect the calculated parameters to be more and shapes witly = 4.0 cm ™.

accurate. well-known, the fitting of a VFF to a set of vibrational
The DFT calculations also provide information not available frequencies suffers from nonuniqueness. The detailed differences
from the experimental structure. Worth noting is the variation between our force fields and the VFF of Fuhrer et al. could be
in C—H bond lengths, all of which were assumed to be identical exposed more extensively by comparing either the force constant
in the experimental structure determination. Axial and equatorial matrix elements or the potential energy distributions of the
bond lengths differ significantly. The largest differenc&.007 vibrational modes with respect to internal coordinates. At this
A, is for the o. C—H bonds;3 andy C—H bonds differ by time, this does not appear to be productive.
0.002-0.003 A. The difference for thex C—H bonds is In the case of the €H and G-D stretching modes & and
primarily due to a substantial lowering of the equatoriatiC 6 assignments were attempted by Nafie and co-workers on the
bond length, relative to the andy equatorial G-H bonds. An basis of frequencies and coordinates predicted from the VFF
analogous variation occurs in the bond lengths of the methyl of Fuhrer et al. Comparison to the DFT predictions further
C—H bonds of acetaldehyde and acetone: theHCbonds  demonstrates the major differences between the VFF and DFT
coplanar with the €0 group exhibit substantially shorter bond  force fields. For example, the VFF predicts nearly degenerate
lengths?° frequencies for the €Dax and C-Deq stretching modes of the
Assignment of the fundamentals df-4 was also reported  two conformers ob and of thea anda’ C—D groups of6. In
by Fuhrer et al., based on an empirical valence force field (VFF). contrast, in both molecules the DFT force fields predict
Their assignments are given in Tables® There are many  differences of~60 cntl. The VFF assumes identical bond
differences between our assignments and those of Fuhrer et allengths and €H stretching force constants for the axial and
It is clear that the VFF of Fuhrer et al. is substantially different equatorialo. C—H bonds ofl. As a result thenw C—Degq and
from our ab initio DFT/TZ2P harmonic force fields. The reasons C—Dgx stretching modes o6 and 6 are predicted to be at
for this are severalfold. First, despite the large number of essentially identical frequencies. In contrast, the DFT calcula-
independent force constant matrix elements included in the tions predict large (nearly 0.01 A) differences in bond length
refinement of the VFF, there remain many constraints. For and, consequently, substantially different stretching force con-
example, stretching force constants for the ki and C-Heq stants. Thex C—Heq bond is shorter than the-@H,, leading
bonds are constrained to be equal. Many interaction force to a higher force constant. As a result, th€—Dg, Stretching
constants are constrained to be zero. Second, in many casesnodes of5 and 6 are predicted to be substantially higher in
the assignments of the observed IR absorption bands arefrequency than thee C—D,y stretching modes.
incorrect either in regard to their symmetry or in regard to the  The absorption and VCD spectra of the-B and C-D
nature of the corresponding normal coordinates. Third, as is stretching modes dd and 6 were predicted by Nafie and co-
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workers using the VFF of Fuhrer et al. together with the fixed of a study of 3-methylcyclohexanone, confirming this conclu-
partial charge (FPC) model for vibrational electric and magnetic sion, will be reported in a forthcoming publicatiéh.

dipole transition moment8. The FPC model has since been
shown to be unreliabl® As a result of the differences in the
harmonic force field and the use of the FPC model, the
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