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Abstract: Ethanol and (S)-/-d-ethanol have been investigated by ab initio molecular orbital calculations and by experimental
measurements of IR and VCD spectra. The structures and relative energies of the anti and gauche conformers have been
determined, including corrections for zero-point vibrational energy. Ethanol exists as 42:58 mixture of anti:gauche forms.
The gauche rotamers are inherently chiral structures, and their VCD spectra have been determined by ab initio application
of vibronic coupling theory. Deuterium substitution of the pro-S hydrogen atom results in a slight preference for the M rotamer
over the P form because of the lower zero-point vibrational energy of the former. The IR spectrum of ethanol and the IR
and VCD spectra of (S)-/-d-ethanol have been determined theoretically by application of the vibronic coupling formalism
of Nafie and Freedman, and the experimental VCD spectrum of (S)-/-d-ethanol has been measured in the 800-1350-cm™
range. Some features of the spectrum may be attributed to the absolute configuration at the asymmetric carbon atom, independent
of conformation, while others are associated with the chirality of the gauche forms of the compound.

Introduction

a-Deuterioethanol is one of the earliest compounds synthesized
which is rendered optically active by virtue of isotopic substitu-
tion.!? The absolute configuration was determined by Lemieux
and Howard? as (R)-(+)-a-d-ethanol. The compound has proved
useful as a mechanistic and stereochemical probe in biochemical
reactions.* Ethanol exists as an equilibrium mixture of an op-
tically inactive anti rotamer and a racemic mixture of the enan-
tiomeric gauche rotamers. The free energy difference between
the two structures has been estimated from microwave mea-
surements to be 0.49 % 0.06 kJ/mol,* favoring the anti rotamer.
Resolved a-d-ethanol exists as mixture of three distinct diaste-
reomeric conformations, the anti form, and (P)- and (M)-gauche
forms. The two gauche forms are energetically inequivalent by
virtue of different zero-point vibrational energies. The composition
of the equilibrium mixture of the a-d-ethanol has not been de-
termined experimentally. A number of ab initio investigations
of the structure of ethanol have been carried out,*® but these have
not been of sufficient accuracy to determine the relative energies
of the two forms reliably. The IR spectra of ethanol and all of
the deuterated isotopomers have been investigated experimentally
by Perchard and Josien.® Intensities of the harmonic normal
modes have been estimated from transferred atomic polar tensors
and force constants by Person!® who did not discuss the question
of the composition of the equilibrium mixture. Vibrational circular
dichroism (VCD) measurements in the C-H and C-D stretching
region have been carried out on a-d- and a,0-d,-ethanol, and in
the mid-IR for the latter compound by Pultz.!! In view of the
intrinsic importance of ethanol and its a-d isotopomer, we un-
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dertook to carry out a complete analysis of the IR and VCD
spectra of the two systems.

We report here an ab initio determination of the structure and
relative energies of the anti and gauche conformers of ethanol
and optically active (S)-/-d-ethanol. A scaled quantum me-
chanical force field for the deuterated and undeuterated con-
formers is determined from careful scaling to match the IR data
of Perchard and Josien.® The vibronic coupling theory of Nafie
and Freedman'? is applied to determine the IR intensities of the
parent compound and the IR and VCD intensities of the optically
active isotopomer. We also report the first measurement of the
VCD spectrum of (S)-1-d-ethanol in the mid-IR. While this work
was in progress,’? the results of a similar investigation by Dothe,
Lowe, and Alper (DLA) appeared.'* DLA applied the ab initio
formalism of Stephens!S for the calculation of IR and VCD in-
tensities of the same system. The present work differs from that
of DLA in several important respects, beside the theoretical
method for IR and VCD intensities, and the measurement of the
VCD spectrum. These differences will be discussed in due course.

Theoretical Details

The following is an abbreviated derivation of the vibronic
coupling theory of Nafie and Freedman!? which has been im-
plemented at the ab initio level by Dutler and Rauk.!!? The
dipole strength, D, ., and rotational strength, R, are given by:

Dg,e = (l-‘)g,e(#)e.g = ((d’glﬂellq)e)(q)elﬂellq)g)) N
Rg,e = (I-‘)g,e(m)e,g = Im((¢g|#el|q)e)(¢e|ﬂmg|®8)) (2)

where &, and &, are the total molecular wave function of the
ground-state g and a vibrationally excited state e. The operators

te and py,, the electric and magnetic dipole operators, are given
by:
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where u%, ug, Mg and ph,, denote the nuclear and electronic
contributions of the electric and magnetic dipole transition moment
operators, respectively. £, is the charge of particle k with mass
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m,, which is located at a point r, relative to the origin of coordinates
and moving with linear momentum p,. The wave functions &,
and &, may be represented as &;, and are expanded in terms of
adxabatlc Born-Oppenheimer functions {¥(r, Q)é.,(Q)}:

(W2 T W0, )
= Wiy, — 2 ——mmre—— 5

b%ov % E. - Ey &)
The variable 4’ is either 0 or 1, denoting the vibrational ground
or first excited state. The perturbation operator Ty is taken as
that part of the nuclear kinetic energy operator which involves
only first derivatives with respect to nuclear coordinates (normal
modes) Q, acting separately on the electronic and nuclear parts
of wave function, namely

. [hV 3
Tv= (2—) (55)(55) ©

The normal mode dependence of ¥} is expressed as a Taylor
expansion about the equilibrium geometry, keeping only the
first-order terms, and using the identity 1 = 3" |¥3) (¥},

a

0
a0 aQ
Use of eqs 3-7, the approximation that the separation between
vibrational levels of different electronic states is approximately-

equal to the difference between Born—Oppenheimer surfaces at
the ground-state equilibrium geometry, namely

1 1
Eev—EOI Eg—Eg

and the expansion of the normal modes in terms of internal co-
ordinates R,,
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0
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allows one to obtain, after some algebra, expressions for the electric
and magnetic dipole transition moments used in eq 1 and 2.
Specifically, for the jth normal mode, one obtains'?
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The superscript VC denotes that these expressions describe a
vibronic coupling mechanism for IR and VCD intensities. The
subscript (00,01) signifies that the transition is between the » =
0 and » = | vibrational levels of the ground electronic state of
the molecule. Electric dipole strengths derived from eq 10 are
formally equivalent to the atomic polar tensor (APT) theory.
Stephens circumvents the summation over excited states ineq 11
by invoking the magnetic field dependence of the wave function,
a procedure which requires solution of the perturbed Hartree-Fock
equations in the presence of a magnetic field.!S In the present
case, the sum over excited states which appears in eq 10.2 and
in the second term of eq 11 is explicitly evaluated, in the first
instance as a check for the “completeness” of the set of excited
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states (i.e., eq 10.1 and 10.2 should yield identical results), and
in the second case out of necessity, since the presence of the energy
dependence within the summation in eq 11 precludes closure as
is possible for eq 10. “Completeness” by the criterion that eq 10.1
and 10.2 give nearly identical results is only satisfied if the basis
set is expanded by addition to it of derivatives of the normal basis
functions with respect to nuclear displacements.'®

Computational Details

The geomelries and relalive energies of 1he anti and gauche rolamers
of ethanol were determined by complele opiimization at 1he resiricied
Hartree—Fock level of 1heory using the analylical procedures of 1he
GAUSSIAN 86 sysiem of programs'? and the internal 6-31G*, 6-31G**, and
6-31+G** basis sels. Al each level, the correlalion correction was de-
1ermined up 10 fourth order in Moller—Plessel periurbation 1theory (MP4).
Normal coordinale analysis at each of the equilibrium geometries was
carried out by analylical second differentialion of the Born—Oppenheimer
RHF energy using 1he corresponding basis se1. In addition, the geome-
iries of 1he gauche and anti forms were oplimized and normal coordinale
analyses carried oul using a basis se1 we designale as 6-31G™ (see below)
using a modified version of GAUSSIAN 82.2° Harmonic frequencies for
isolopically subsiituted species, as well as IR and VCD (where appro-
priale) intensilies, were accomplished by 1he program sysiem Freg85,!¢
which implemenis 1he vibronic coupling theory of Nafie and Freedman!?
at the ab inilio level. The ab initio force fields were scaled 10 improve
agreement of the calculated frequencies with experiment as described
below. The intensily evaluations were accomplished using the 6-31G~
basis sel, which is constructed by addition to the 6-31G basis set all
nonredundant derivatives of the 6-31G basis functions with respect to
nuclear displacements.!® Previous experience!é!”:?! has shown that 6-
31G~ geometries are very similar to 6-31G** geometries, and the present
experience confirms this observation. The origin of coordinates in all
intensity calculalions was 1he molecular cenier of mass. Except as noted,
simulaled IR and VCD spectra were oblained assuming a Lorentzian line
shape of half-width 5 and 8 cm™, respectively. Frequencies used in the
simulated spectra were calculated from the empirically scaled quantum
mechanical force field.

Experimental Details

A sample of (S)-a-d-ethanol was provided by T. Cronholm with 1he
following composition:* undeuterated, 9.3%; (R)-1-d, 4.1%; (S)-1-d,
81.8%; 1,1-d,, 4.7%. The molar absorptivity scale in the ploited VCD
spectra has been corrected for the composition. Samples of (R)-a-d-
ethanol provided by T. Cronholm and H. S. Mosher proved to have too
much O-deuteration for reliable VCD measurement.

All spectra were measured using a Nicolet 8000 FT-IR spectrometer
modified for VCD measurements as outlined by Nafie and Diem.22 The
VCD componenis included a KRS-5 linear polarizer (Cambridge In-
struments), ZnSe photoelastic modulator (Hinds International) operating
a1 37 kHz, a lock-in amplifier (S1anford Research Model SR 530) with
an input time constant of 1 ms, and an opiical filter (OCL1) to isolate
the 800-1500-cm™ spectral range. Focussing mirrors following the
sample were replaced by an f/1 ZnSe lens to minimize absorption-de-
pendent artifacts, as recommended by Malon and Keiderling.?* Spectra
were obtained by subtracting the “VCD spectrum” of the solvent alone
from thai of 1he sample solution. This meihod efficienily removes ar-
tifacts that arise through polarization-dependent reflection or transmis-
sion selectivity, i.e., instrumental artifacts. In our experience, it is crucial
to ensure thal the polarization bias of the instrument is such that both
the base line and single-enantiomer VCD spectra are well displaced from
the A4 = 0 line, since artifacts that originate with the standard phase
correction routines will arise if the spectrum approaches zero intensity
or changes in sign. Following these precautions, we have successfully
reproduced the published VCD spectrum of a-pinene?* using a single
enantiomer. We have further used the technique to measure the spectra
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Table I. Calculated Geometries of the anti and gauche Conformers of Ethanol®
anti-ethanol

gauche-ethanol

parameter? 6-31G* 6-31G** 6-31+G** 6-31G~ exp’ 6-31G* 6-31G** 6-31+G** 6-31G~
a 1.405 1.404 1.406 1.416 1.431 1.404 1.403 1.405 1.415
b 1.516 1.515 1.515 1.514 1.512 1.521 1.521 1.521 1.518
c 0.947 0.943 0.943 0.942 0.971 0.947 0.943 0.943 0.942
d 1.089 1.090 1.089 1.086 1.098 1.082 1.083 1.083 1.080
€ 1.089 1.090 1.089 1.086 1.098 1.089 1.089 1.089 1.086
f 1.086 1.086 1.086 1.084 1.088 1.086 1.086 1.087 1.084
g 1.084 1.084 1.085 1.082 1.091 1.085 1.085 1.085 1.082
h 1.084 1.084 1.085 1.082 1.091 1.087 1.088 1.088 1.085
ab 108.0 108.1 108.3 108.1 107.8 1125 112.5 112.6 112.5
ac 109.7 109.9 110.7 110.6 105.4 109.4 109.6 109.5 1104
ad 110.6 110.7 110.3 110.3 110.7 105.8 105.9 105.6 105.6
ae 110.6 110.7 110.3 110.3 110.7 110.6 110.7 110.3 110.2
bd 110.1 110.0 110.1 110.3 110.2 110.1 110.3 110.4
be 110.1 110.0 110.1 110.3 110.3 110.2 110.3 110.5
bf 110.7 110.6 110.4 110.6 110.5 110.9 110.8 110.6 110.6
bg 110.3 110.3 110.4 110.5 110.1 110.3 110.4 110.5 110.6
bh 110.3 110.3 110.4 110.5 110.1 111.1 1111 111.1 1111
de 107.5 107.4 107.8 107.7 108.0 107.3 107.2 107.4 107.4
fg 108.6 108.6 108.6 108.5 108.8 108.6 108.6 108.6 108.6
fh 108.6 108.6 108.6 108.5 108.8 107.7 107.7 107.8 107.8
gh 108.3 108.3 108.3 108.2 108.4 108.1 108.1 108.2 108.1
abd 120.2 120.2 120.1 120.1 117.7 117.9 117.7 117.7
abe -120.2 -120.2 -120.1 -120.1 -124.0 -124.1 -123.7 -123.7
abf 180.0 180.0 180.0 180.0 -177.7 -177.7 -177.7 -177.6
abg -59.8 -59.8 -58.9 -59.9 -57.3 -57.3 -57.4 -57.3
abh 59.8 59.8 58.9 59.9 62.6 62.6 62.7 62.8
bac 180.0 180.0 180.0 180.0 180.0 -64.1 -64.1 -64.1 -61.8

aRefer to Figure 1. ®a denotes a bond length in A; ab is the angle between two bonds; abc is the dihedral angle between the ab and be planes
(angles in degrees). ©Reference 26.

Table II. Calculated and Relative Energies of anti- and
gauche-Ethanol

E, hartree AE
method® anti gauche kJ/mol

SCF/6-31G*//6-1G* -154.075745 -154.075575  0.45
MP2/6-31G*//6-31G* -154.515630 -154.515795 -0.43
MP3/6-31G*//6-31G* -154.541040 -154.541187 -0.39
MP4/6-31G*//6-31G* -154.558 714 -154.559031 -0.83
ZPVE SCF/6-31G*//6-31G*  225.85% 225.86% 0.01

SCF/6-31G**//6-31G** -154.090162 -154.09000! 0.42

MP2/6-31G**//6-31G** -154.568107 -154.568241 —0.35

MP3/6-31G**//6-31G** -154.596513 -154.596622 -0.29

MP4/6-31G**//6-31G** —-154.614232 -154.614487 -0.67

ZPVE SCF/6-31G**// 224900 224.95¢ 0.05
6-31G**

SCF/6-31+G**//6-31+G** -154.096040 -154.095552  1.28

MP2/6-31+G**//6-31G**  -154.580642 -154.580370  0.71

MP3/6-31+G**//6-31+G** -154.607569 -154.607346  0.59

MP4/6-31+G**//6-31+G** -154.627428 -154.627230 0.52

ZPVE SCF/6-31+G**// 224.31% 224.32 0.01
6-31+G**

SCF/6-31G~//6-31G~
ZPVE SCF/6-31G~//
6-31G~

“The notation XX/YY//ZZ means that the results cited were ob-
gauche-P tained using the theoretical method XX with basis set YY at the ge-
ometry optimized at the HF level with basis set ZZ. ®kJ/mol.

anti-ethanol

—-154.083836 -154.083383 1.19
224.42¢ 224.49 0.07

pro=§

gauche-ethano!

Figure 1. The structures of anti and gauche ethanol: 6-31G™ structure
shown; letters are defined in Table I and are used in the definition of local
symmetry coordinates (LSC) in Table IV.

between 1350 and 1500 cm™, owing to lack of sample.

Results and Discussion

of a number of compounds?® with the most important observation being Geometries. The 6-31G™ geometries of anti and gauche ethanol

that the relative VCD intensities are unaffected by dilution; this confirms
that absorption-dependent artifacis have been substantially reduced or
eliminated, and supports the accuracy of CH;CHDOH spectra measured
by the same approach. The VCD spectrum in the range 800 to 1350 cm™
was run on 1wo separate occasions in CS, which has absorptions at each
end of this window. We were unable to obtain satisfactory VCD spectra
in CCl, which has two absorptions in the middle of this range but is clear

are shown in Figure 1. The former has C, symmetry, the latter
C,. Values computed using all of the basis sets, and the exper-
imental values (for the anti conformer),? are given in Table I.
Immediately apparent from inspection of Table I is that there is
no significant variation in the optimized parameters calculated
using the four different basis sets, and all values are in acceptable
agreement with the experimental parameters. The only significant

(25) Shaw, R. A.; Wieser, H. Unpublished results.

(26) Culol, J. P. Austin Symp. Gas Phase Mol. Struct. 1972, T8.
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Table III. Zero-Point Vibrational and Relative Energies (kJ/mol)
and Populations (298 and 200 K) of Ethanol and (S)-7-d-Ethanol

population
ethanol isotopomer ZPVE AE? 298 K 200K
anti 22442  0.00 0.388 0.416
gauche-P 22449  0.59° 0.306 0.292
gauche-M 224.49  0.59% 0.306 0.292
anti-(S)-1-d 215.05 0.00 0.382 0.407
gauche-P-(S)-1-d 215.12 0.59 0.301 0.286
gauche-M-(S)-1-d  215.00 047 0.316 0.307

91ncludes difference of 0.52 kJ/mol between Born—Oppenheimer
potential energy surfaces. *Exp 41.2 % 5.0 cm™ (0.49 % 0.06 kJ/mol):
ref 5.

difference is the value of the COH angle which is calculated to
be about 5° larger than experimental with all basis sets.

Energies. The absolute and relative energies of the anti and
gauche forms obtained by the different procedures are listed in
Table II. At the SCF level with all basis sets, the anti conformer
is predicted to be more stable. Addition of electron correlation
reverses this prediction except for the largest basis set, 6-31+G**.
It is expected that the MP4/6-31+G**//6-31+G** value will
be the most accurate. Therefore, for the purpose of comparing
relative energies and calculating populations of deuterated iso-
topomers, we use the value 0.52 kJ/mol for the difference between
the Born—-Oppenheimer potential energy surfaces of the anti and
gauche forms,

The correction to the relative energies of the anti and gauche
forms due to zero-point vibrational energies (ZPVE) is predicted
to be small (<0.1 kJ/mol) with all basis sets. An experimental
determination of the energy difference has the anti conformer more
stable than the gauche by 0.49 % 0.06 kJ/mol.® Since all vibronic
chiroptical properties for ethanol and its isotopomers will be
calculated with the 6-31G™ basis set, values of ZPVE obtained
with this basis set will be used, even though this value is slightly
outside the experimental error bars. The calculated ZPVE and
Boltzmann populations of ethanol and the chiral isotopomer
(S)-1-deuterioethanol are presented in Table III, assuming that
the calculated gas-phase result applies to dilute solution in a
nonpolar solvent (CS, or CCl,) and that AS = 0. The effect of
deuteration in the pro-S « position is to introduce a 5% bias in
favor of the gauche-M rotamer over the gauche-P form. The
energy differences are sufficiently small that little temperature
dependence would be evident in the spectrum.

Force Field Determination

Quantum mechanical Cartesian vibrational force constants and
atomic polar tensors were calculated using the 6-31G™ basis set
and transformed to local symmetry coordinates (LSC) of Table
IV. A set of scaling factors was transferred from 2-methyl-
oxetane?’ to scale the force constants following the procedure of
Pulay et al.,” providing an initial prediction of the vibrational
spectra for ethanol and for the 11 deuterated isotopomers included
in the experimental study of Perchard and Josien.® In each case,
spectra were calculated for both the gauche and anti conformers,
including the two distinct gauche conformers for each compound
containing a singly deuterated methylene group. The transferred
scaling factors are listed in Table IV. For each molecule the
absorption spectra predicted for the gauche and anti rotamers
differed sufficiently to suggest that certain experimental features
might be ascribed to a single conformer. For this reason the initial
assignments were limited to those cases for which corresponding
transitions were predicted to coincide or were predicted with
significantly different intensities. Scaling factors were then refined
to fit this limited set of assignments. Factors scaling coordinates
that participate only in heavily mixed normal coordinates (e.g.,
the CHj; rocks) were kept fixed at the transferred values. The

(27) Shaw, R. A.; lbrahim, N.; Wieser, H. Can. J. Chem. 1990, 68,
90-101.

(28) Pulay, P.; Fogarasi, G.; Pang, F.; Boggs, J. E. J. Am. Chem. Soc.
1979, 101, 2550-2560.

(29) Eysel, H. H.; Berlie, J. E. J. Mol. Struct. 1986, 142, 227-30.

Table IV. Local Symmetry Coordinates (LSC), Scale Factors, and Combined Local Symmetry Coordinates (CLSC) for Ethanol®

CLSC¢ <+—————— LSC

CLSC* CH,CH,0H CH,CHDOH CH,CH,0H CH,CHDOH

transf*  opt?

scale factors

LSC no.
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Table V. Observed and Calculated Frequencies (cm™) and Potential Energy Distributions (PED) for Ethanol®

anti rotamer

(P)-gauche rotamer

freq freq

no. DLA® present® obs? D PED# DLA? present® obs? D F:J PED*

1A” 3687 3676 3676 524 6 3687 3669  (3659) 437 -189 6

2A” 2997 2993 (2989) 55.6 14 2999 2988  (2989) 59.1 27.0 14 (60) + 4 (32)

3JA” 2988 2984 (2989) 518 4 2976 2971 (2989) 87.6 —146.6 4 (54)+ 15(22) +14 (13)
4 A 2924 2924 (2928) 241 3 2917 2910 (2901) 236 49 3

5A” 2910 2901 (2901) 71.5 15 2926 2950  (2989) 70 1267 15(44)+14(23)+5(17)
6 A’ 2886 2877 (2901) 850 S 2891 2887  (2901) 81.9 80 5(7)+15(22)

TA 1486 1488 1480 36 10 1482 1482  (1480) 12 11.2 10

8 A’ 1457 1459 (1450) 70 9 1451 1455 1450 4.1 10 9

9A” 1440 1444 1450 133 17 1443 1449 1450 152 -10.8 17
10 A 1430 1422 (1450) 382 11(61)+ 1 (16) +12(14) 1401 1389 1394 122.1 -171.6 11 (50) +7 (34) +1 (15)
11A” 1372 1364 1.2 7(87)+11(114) 1372 1365 1370 41.5 1068 7(58)+ 12(14) + 11 (14)
12A” 1262 1272 0.2 19(72) + 16 (14) 1249 1262 1251 23.3 -464.7 19 (41) + 16 (21) + 18 (14)
13A7 1243 1245 1241 2742 12(54)+ 11 (18) +8(12) 1033 1050 (1058) 58.5 4148 12(29) +1(25) +8 (16)
14 A” 1150 1184 17.6 18 (53) + 16 (20) + 19 (14) 1345 1341 152 =322 11 (35) +19(23) + 12 (20)
15A” 1064 1082 1089  97.8 2 (54) + 8 (19) 1105 1123 19.0 —127.1 8 (26) + 18 (15) + 13 (14)
16 A” 1010 1031 1038 219.6 1(44)+ 12 (26) +8(19) 1058 1068 1066 4273 3352 2(59) +1(24) +12(14)
17 A’ 867 884 892 659 2(39)+1(29) +8(29) 863 874 879 72.6 109 2(36)+1(31) +8(29)
18A” 787 814  (801) 02 16(62) + 18 (49) +19(17) 774 799 801 112 —438 16 (58) + 18 (53) + 19 (15)
19A” 398 418 419 1087 13(135)+ 10(51)+8(21) 418 422 419 918 446 13(143) + 10 (62) + 8 (22)
20 A” 293 265 1316.2 20 (72) + 21 (17) 303 269 1507.3 570.6 20 (79) + 21 (21)
21 A” 255 227 688.1 21 (86) + 20 (30) 262 243 4159 -708.4 21 (78) + 20 (20)

96-31G™ basis set and geometry. ®Reference 14; 6-31G** basis; scaled force field. °Present work; frequencies and positions calculated using
optimized scaling factors of Table IV. Transitions are paired with the most similar normal coordinates of the anti rotamer: see tex1. ¢ Frequencies
in parentheses were not used in the optimization of scaling factors. ¢esu? cm? X 10%. fesu? cm? X 10%. ¢PED in combined local symmetry
coordinates (CLSC) for CHyCH,OH (Table IV); numbers in parentheses are the diagonal coefficients (X100) of the PED. CLSCs with coefficients
larger than 0.1, or the three with the largest coefficients, are listed; where no number appears, that CLSC has a coefficient >0.8 in the PED.

Table VI. Observed and Calculated Frequencies (¢cm™) and Potential Energy Distributions (PED) for /-d-Ethanol®

anti rotamer

(P)-gauche rotamer

(M)-gauche rotamer

no. calc obs® PED* calc  obs® PED* calc  obs® PED*

1 3676 (3676) 6 3669 (3659) 6 3669 (3659) 6

2 2992 (2985) 14 2987 (2981) 14 (60) + 4 (37) 2987 (2981) 14 (56) + 4 (42)

3 2984 (2977) 4 2971 (2971) 4 (51) +15(29) + 14 (20) 2964 (2967) 4 (59) + 14 (40)

4 2924 (2943) 3 2910 (2896) 3 2911 (2896) 3

5 2889 (2896) 15 2949 (2943) 15(69) + 14 (17) +4 (14) 2891 (2896) 15

6 2125 (2145) 5 2126 (2145) 5 2176 (2171) S

7 1459 1461 9 1456 1461 9 1457 1461 9

8 1444 1444 |7 1448 1444 17 1448 1444 17

9 1397 1384 7(43) + 18 (25) + 1 (23) 1383 1380 7(39)+18(33)+1(12) 1376 (1380) 7(89)+1(15)

10 1354 (1348) 7(53)+ 18 (20) +12(10) 1332 (1332) 10(43)+ 18 (19) 1330 (1332) 18 (75) + 7 (10)
111351 (1348) 10(53)+18(17) 1368 (1380) 7 (55)+ 10 (18) + 18 (12) 1369 (1380) 10(49)+12(17)
12 1249 1251 12(43)+ 18 (21) + 10 (11) 1065 (1061) 8 (37)+ 1 (22) +12(15) 1252 1251 12(63) + 11 (14)
13 1142 1140 16 (25)+2(21) +19(18) 1145 1140 19(26) + 16 (24) +2(23) 1145 1140 16 (34) + 19 (20) + 1 (20)
14 1101 (1107) 2 (23)+ 11 (22) + 16 (15) 1271 (1251) 12 (37) + 18 (23) 1117 1107 8 (36) +2(31)+13(15)
15 1024 1021 1(39)+8(21)+12(21) 1049 1047 2(34)+16 (21) +12(17) 1037 (1047) 1 (31)+2(20)+ 16 (13)
16 926 940 19 (42) + 2 (26) + 11 (20) 922 (917) 19(37)+2(25) +11(18) 906 917 19 (39) + 2 (28) + 11 (16)
17 872 879 1(29) + 8 (27) + 2 (23) 858 863 1(32)+824)+2(19) 859 (863) 1(28)+8 (2N +19(19)
18 727 TI7T 11 (67) + 10 (43) + 16 (42) 717 717 11 (75) + 10 (51) + 16 (41) 715 717 11 (77) + 10 (50) + 16 (41)
19 415 427 13 (135 + 11 21) +8 (21) 419 427 13 (143) + 11 (29) + 8 (23) 418 427 13 (143) + 8 (22) + 11 (22)
20 264 20 (75) + 21 (15) 266 20 (84) + 21 (16) 266 20 (84) + 21 (16)
21 226 21 (89) + 70 (17) 242 21 (84) + 20 (15) 244 21 (84) + 20 (15)

2 Frequencies and positions calculated using optimized scaling faciors of Table IV. ®Frequencies in parentheses were not used in the optimization
of scaling factors. “PED in combined local symmetry coordinates (CLSC) for CH;CHDOH (Table IV); numbers in parentheses are the diagonal
coefficients (X100) of the PED. CLSCs with coefficients larger than 0.1, or the three with the largest coefficients, are listed; where no number

appears, that CLSC has a coefficient >0.8 in the PED.

new set of adjusted frequencies and intensities was then used to
secure a total of 202 assignments, and all scaling factors except
the two torsions were then refined to fit the vapor-phase positions.’
The optimized scaling factors are listed in Table IV. The vi-
brational assignments are listed in Tables V and VI for ethanol
and /-d-ethanol, respectively. The LSCs are combined to form
the CLSCs of Table IV; it is these coordinates that are used in
determining the potential energy distribution (PED) of Tables
V and VI. Note that these coordinates differ for ethanol and
I-d-ethanol; for anti ethanol each is full symmetry coordinate,
A’or A”, while for I-d-ethanol, the natural coordinates separate
the CH from the CD modes of the CHD group. The unusual
definition for the CH, scissoring coordinate (LSC no. 14) was
chosen to permit subsequent “unsymmetrization” of the CH, bends
(see CLSC nos. 10 and 11). This leads to the minor disadvantage

of a very large coupling force constant between the CH, scissor
and CCO bend, and hence to the unusually large diagonal PED
elements for the CCO bend (v,5) in Tables V and VI. A complete
listing of the calculated and assigned transitions for all deuterated
species is available from the authors upon request. For the present
purpose, we list in Table V the results for the anti and gauche
isomers of ethanol (undeuterated), and in Table VI the results
for the anti and two gauche isomers of /-d-ethanol. The calculated
frequencies of Dothe, Lowe, and Alper (DLA)'* who obtained
their force field by scaling a 6-31G** force field against the same
data of Perchard and Josien® are also reproduced in Table VI.
Our procedure differs in a number of important respects from that
of DLA. We used the same scale factor for each of the two
methylene stretches, rather than independent factors for each C-H
in each conformer, trusting that the ab initio force field will
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Table VII. Calculated Frequencies (¢cm™), Dipole Strenghts, Optical Rotatory Strengths, and Normal Mode Mixing for (S)-/-d-Ethano!”

anti rotamer

(P)-gauche rotamer

(M)-gauche rotamer

Dellcvb Ralcvc Dellcvb Ralcvc Dedcvb Redcvc
Vegler  €SU2 el v, esu? esu? o esu? esu?

no. cm? cm? ecm?  cm? cm? cm? PED“ war?l cm? cm? PED¢

1 3676 52.5 0.7 3669 437 -17.2 1 3669 445 194 1

2 2992 47.5 30.8 2987 429 50 2(56)+ 3(42) 2987 52.8 53.7 2 (61) + 3 (38)

3 2984 478 -27.8 2971 91.1 -70.4 3 (49) + 2 (28) + 5 (20) 2964 541 -489 3(61) + 2(35)

4 2924 248 -21.0 2910 26.8 14 4 2911 270 -11.7 4

5 2889 78.8 -4.9 2949 8.9 40.7 5(79)+2(12) 2891 774 -512 5

6 2125 76.4 -0.1 2126 76.6 395 6 2176 39.9 399 6

7 1459 4.8 -6.0 1456 6.2 -78 17 1457 7.7 -123 7

8 1444 14.1 15.6 1448 15.1 -68 8 1448 14.7 -8.1 8

9 1397 18.3  -20.1 1383 1233 -196.4 9(36)+ 12(20)+10(12) 1376 29.3 358  9(69) + 10 (25)
10 1354 10.2 -1146 1332 99 2134 10(43)+ 11 (27) +12(16) 1330 331 3257 10(58)+12(24)+9(13)
11 1351 156 -100.2 1368 24.5 35 11 (38)+9(26) +10(17) 1369 19.1 103.3 11

12 1249 187.3 8144 1065 956 409.2 12(43)+15@0)+9(11) 1252 268.6 922 12 (25)+ 15(22) + 11 (14)
13 1142 162.1 -741.0 1145 97.4 -520.0 13 1145 76.2 -4609 13

14 1101 26,6 -75.2 1271 241 2271 429+ 11 (200 +9(20) 1117 94.8 26.2 14 (60) + 15 (21)

15 1024 2090 193.2 1049 3244 503.2 15(50) + 14 (56) 1037 21,1 =347 15(55)+ 14 (24) +12(12)
16 926 20.0 754 922 11.8 -107.0 16 906 2299 -99.3 16
17 872 48,9 -52 858 703 -147 17 859 4.7 -112 17
18 727 24 344 717 94 -526 18 715 13.0 87.1 18
19 415 1065 -279 419 91.9 454 19 418 89.3 -390 19
20 264 14026 -84 266 1607.7 5819 20 266 1616.1 -586.5 20
21 226 6032 -145 242 3129 -6492 21 244 3147 6539 21

“Frequencies calculated using optimized scaling factors of Table IV; 6-31G™ basis set used for dipole and rotatory strengths. 8X10%, ¢x10%,
4PED in normal coordinates of the anti rotamer (see text); numbers in parentheses are the diagonal coefficients (X100) of the PED. Normal
coordinates with coefficients larger than 0.1, or the three with the largest coefficients, are listed; where no number appears, that normal mode has a

coefficient >0.8 in the PED with no other contribution >0.1.

correctly reflect the intrinsic environmental differences of the C-H
bonds in the two rotamers. DLA used the same set of observed
frequencies for both anti and gauche forms, whereas our procedure
allows more precise assignments to be made. Some of these are
discussed below.

The ordering of the transitions listed in Table V for the gauche
isomer and in Table VI for the two gauche isomers was determined
by matching the normal coordinates in each case to the most
similar coordinate of the anti conformer. The similarity is made
quantitative by a transformation involving the eigenvectors of the
Wilson FG matrix (in local symmetry coordinates (LSC)) of the
gauche and anti forms, Loz, and L,y respectively.?’ Specifically,
the column vectors of the matrix product, L, "'Ly,yche» 8ive the
normal coordinates of the gauche conformer as a linear combi-
nation of those of the anti species, as indicated by the relationship

Qs = L;r’niLgauchngauche

The jth element of the ith column of L,y Lgyyche gives a measure
of the similarity of the jth normal coordinate of the anti form to
the ith normal mode of the gauche form. The potential energy
distribution (PED) of the ith normal mode of the gauche form,
in terms of contributions from the normal coordinates of the anti
form, is

PEDIgauche = ;(L;r’nil‘gauche)ji(l‘:ntip gaucheLanti)jj/ >‘|’

Table VII lists the vibrational assignments for the two gauche
conformers of (S)-/-d-ethanol as determined by this analysis; the
elements of the PED matrix express the mixing of the anti normal
coordinates that occurs for each of the gauche species. This kind
of similarity analysis may prove useful for understanding the origin
of intensity in the calculated IR and VCD spectra, specifically
in rationalizing correlations or differences among spectra of
structurally similar molecules.

IR Spectra

Ethanol. Dipole strengths were evaluated at the 6-31G™
equilibrium geometry and using the vibronic coupling formalism
of Nafie and Freedman'? (formally equivalent to atomic polar
tensor (APT) theory for the electric dipole strengths) and 6-31G™~
wave functions. The dipole strengths are listed in Table V. The
calculated IR spectra in the range 800-1500 cm™ of anti and
gauche ethanol and of the predicted equilibrium mixture at 298

linewidth 5 cm-*1

equilibrium mixture
anti: 0.388
gauche: 0.612

/newidm 10 em=1

L 1 L 1 1 1 i

J
1500 1000 200 800

1400 1300 1200

v em*!

Figure 2. Simulated 6-31G~ and measured IR spectra of CH;CH,OH:
(a) ant1; (b) gauche; (¢, d) equilibrium mixture at 298 K; (e) experi-
mental spectrum, 0.08 M in CCl,, 1-mm path. For a, b, ¢, the line width
at half-height is 5 cm™ (for clarity) and the molar absorptivity scale is
4.5 times that shown for the experimental spectrum e. For d, the line
width is 10 cm™ and the ¢ scale is the same as for the experimental
spectrum e.

1100

K together with the experimental solution spectrum are plotted
in Figure 2. The agreement between the calculated and ex-
perimental spectra is very satisfactory. The dilute solution
spectrum features a strong absorption at 1058 cm™! flanked by
distinct shoulders at 1031 and 1082 cm™. The calculated spectrum
has a prominent absorption at 1050 cm™ which originates in the
gauche conformers. The anti conformer has two transitions in
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Figure 3. (a) Simulated VCD spectrum of (P)-gauche-ethanol; 6-31G™
scaled force field and vibronic coupling theory; (b) simulated IR spectrum
of undeuterated ethanol (equilibrium mixture).

this region, at 1010 and 1064 cm™. In the simulated spectrum
(Figure 2), the latter is not resolved. However, it is likely that
the 1031 and 1082 shoulders in the observed spectrum originate
in the anti form. The discrepancy in relative positions probably
results from our choice in refining to vapor phase as opposed to
solution positions. The peak observed at 1241 cm™ is also due
to the anti conformer (calc 1245 cm™). That observed at 880
cm™! is calculated to be of equal intensity and at nearly the same
frequency in both conformers. A number of weak absorptions
are expected from both rotamers in the 1300- to 1500-cm™ range.
The most prominent of these originates in the gauche form at 1388
cm™ (obs 1380 cm™).

The complete simulated IR spectrum of undeuterated ethanol
(and the VCD spectrum of the (P)-gauche conformer) is shown
in Figure 3.

1-d-Ethanol. The experimental IR and VCD spectra in the
800- to 1500-cm™ range are shown in Figure 4, together with the
simulated 298 K calculated spectra. The overall similarity of the
experimental and calculated spectra is striking. The calculated
dipole strengths of absorptions at 1100 and 1250 cm™! are un-
derestimated and overestimated, respectively, to some extent
compared to experiment, which leads to a similar effect on the
rotatory strengths. We reserve discussion of the latter to later
sections.

The calculated individual components and averaged IR spectra
of 1-d-ethanol are displayed in Figure 5. Some features of the
composite spectrum, which closely resembles the observed spec-
trum (Figure 4), are clearly attributable to individual components
of the equilibrium mixture. The peak near 910 cm™ (obs 917
cm™!) originates from the (M)-gauche conformer, the equivalent
normal mode of neither of the other two conformers having sig-
nificant intensity in this region. The calculated peak at 1024 cm™
which is observed as a shoulder at 1021 cm™ is predicted to
originate from the anti conformation. The more prominent peak
observed at 1047 cm™ arises from a complex mode of the (P)-
gauche rotamer. The peak at 1107 cm™ in the experimental
spectrum corresponds to the relatively weaker transition predicted
to occur at 1117 cm™ in the (M)-gauche isomer. Evidently the
intensity of this peak (and/or the peak at 1101 cm™ in the anti
form) is underestimated by the calculation. The adjacent strong
feature observed at 1140 cm™ is a superposition of a moderate
strength absorption occurring in each of the three conformers.
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equilibrium mixture
0.301 (P) gauche
0.316 (M) gauche
0.383 anti
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Figure 4. IR and VCD spectra of (S)-/-d-ethanol: (a) simulated VCD
spectrum of the equilibrium mixture at 298 K, 6-31G ™ basis set, scaled
quanium mechanical force field; (b) VCD exp 0.13 M in CS,, 1-mm
path, 40000 VCD scans; (¢) IR exp 0.13 M in CCl,, 1-mm path; (d)
simulated IR spectrum of the equilibrium mixture at 298 K. Simulated
spectra are on the same scale as the experimental spectra and have line
width at half-height 10 cm™.
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Figure 5. Simulated 6-31G~ IR specira of (S)-/-d-ethanol, individual
components and equilibrium mixture at 298 K. The ¢ scales for the
components are 1he same as shown for (P).

The moderately strong peak observed at 1251 cm™ is predicted
to be strong in both the anti and (M)-gauche isomers, but not
the (P)-gauche species. The mode, which, according to the analysis
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Figure 6. Simulated 6-31G~ VCD spectra of (S)-/-d-ethanol, individual
components and equilibrium mixture at 298 K. The vertical scale is the
same for all spectra.

of Table VI, is dominated by CLSC 12, the COH bend (Table
IV), mixed with an a-CH bend, ultimately reflects the gauche
orientation of the OH and CH bonds unique to the anti and
(M)-gauche conformers. The reason that the calculated intensity
for this mode is too large is uncertain, particularly in view of the
good agreement in the corresponding transition (1241 cm™) of
the parent compound. It is possible that mixing of this and the
weak (calculated) mode at 1117 cm™ in the (M)-gauche isomer
is incorrect since these modes are calculated to be closer in fre-
quency than actually observed and that this has the consequence
of redistributing the intensity toward the higher frequency peak.
This explanation seems unlikely, however, since the PED analyses
of Tables VI and VII show no commonalty for the two absorptions
which are only weakly coupled.

VCD Spectra

(P)-gauche-Ethanol. The simulated VCD spectrum of the
gauche isomer of (P) chirality is shown in Figure 3. The calculated
rotatory strengths are listed in Table V. Strong Cotton effects
(CE) are predicted in the C-H stretching region and in the
mid-IR. Ethanol is optically inactive because the mirror image
VCD spectra of the two gauche conformers exactly cancel. On
the other hand, the two gauche conformers of a-d ethanol are not
of the same energy, and many of the spectral absorptions are
calculated to occur in different regions of the spectrum. Under
these circumstances the VCD spectrum of the undeuterated species
serves as a template for VCD features expected from intrinsic
skeletal chirality, as opposed to the more local chirality due to
introduction of a D in place of H. The spectrum is dominated
by the two strong positive CEs and the single negative CE at 1050,
1068, and 1262 cm™, respectively. The COH bend features in
all three modes, mixed to different extents with Me rock, CH,
twist, and CC stretching motions.

(S)-a-d-Ethanol. The simulated VCD spectrum of (S)-/-d-
ethanol and the observed VCD spectrum are displayed in Figure
4 in the 800-1500-cm™ region. The main features of the ex-
perimental spectrum are very well reproduced in the simulation.
An analysis of the theoretical VCD of the individual components
of the equilibrium mixture is presented in Figure 6. The strong
negative feature at 1120 cm™! in the experimental spectrum or-
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Figure 7. Simulated VCD spectra of (S)-/-d-ethano! in the CH
stretching region.

iginates from each component of the equilibrium mixture. The
mode is very complex, being a mixture of Me rocking, CO and
CC stretching, and CHD twist-wag motions. Other features of
the experimental spectrum are clearly identifiable as originating
from separate components. The strong positive CE at 1250 cm™
arises from the predominantly COH bending mode of the anti
conformer, there being only weak CD from the two gauche forms
in this region. The positive CD between 1030 and 1100 cm™ is
predicted to originate in the main from the (P)-gauche conformer
with perhaps a small component from the anti form. Both gauche
forms contribute to the positive CD at 1310 cm™ but not the anti
which is predicted to have a negative CD in this region.

The simulated VCD spectrum of (S)-/-d-ethanol in the CH
stretching region and the spectra of the three rotamers are shown
in Figure 7. Comparison with the spectra of Pultz!! (who
measured the (R) enantiomer) reveals broad agreement. Inter-
preting Pultz’s VCD spectrum in terms of the (S) enantiomer,
the VCD signal spans the range 2850 to 3000 cm™ and is negative
throughout the range except for a relatively weak positive CE at
2980 cm™. The negative CE maximum at 2900 cm™ and negative
CE shoulder at 2920 cm™ match very well the results of the
present calculation (Figure 7). However, Pultz’s spectrum does
not display the almost zero A4 near 2950 cm™, and it is clear
that the negative band at 2970 cm™ is exaggerated in the present
work. Inspection of the individual components plotted in Figure
7 reveals that the VCD spectrum in the CH region arises mainly
from the (M)—(S) diastereomer to which the net positive CE near
3000 cm™ and the negative peak at 2900 cm™ may be attributed.

The VCD features intuitively may be expected to fall into two
categories, either reflecting the chirality of the CHD center or
the handedness (P or M) of the CCOH torsional angle. The
technique described above in the Force Field Determination section
for establishing the resemblance among normal coordinates of the
three conformers may be used to identify modes that are either
(i) unaffected by changes in the OH torsion angle or (ii) unaffected
by the interchange of H and D at the chiral center. Inspection
of Table VII reveals several instances where the normal coordinates
of the two gauche species comprise essentially the same set of LSC
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Table VIII. Comparison of VCD Intensities of (S)-/-d-Ethanol by the Vibronic Coupling Theory (VC) and Stephens’ Formalism (PJS)

anti P-gauche M-gauche

freq? R(VC)® R(PJS) freq? R(VC)® R(PJS) freq? R(VC)® R(PJS)*

225.7 -14.5 242.3 -649.2 2423 653.9

264.0 -8.4 265.9 581.9 266.4 -586.5

4154 =279 418.8 454 418.3 -39.0

7271 344 716.7 -52.6 7151 87.1

871.8 -5.2 858.5 -14.7 859.3 -11.2

926.1 75.4 921.7 -107.0 905.6 -99.3
1024.0 193.2 1048.9 503.2 1036.6 -34.7

1100.6 -75.2 1064.4 409.2 1116.5 26.2

1141.1 -741.0 1144.7 -520.0 1144.5 -460.9

1248.7 814.4 1270.4 -227.1 1251.1 92.2

1350.1 -100.2 -112 1331.2 2134 13 1329.8 3257 110
1353.2 -114.6 16 1367.2 35 -82 1368.1 103.3 27
1396.2 -20.1 9.2 1382.6 -196.4 -62 1375.3 35.8 11
1443.6 15.6 1447.9 -6.8 14478 -8.1

1459.1 -6.0 1455.7 -7.8 1456.4 -12.3
2125.6 0.1 -5.8 2126.8 39.5 36 2176.2 39.9 -13
2889.2 -4.9 26 2910.2 14 18 2890.7 -51.2 -139
2923.7 -21.0 -28 2948.3 40.7 7.2 2911.1 -11.7 90
2983.5 -27.8 —45 2970.4 -70.4 24 2963.8 -48.9 -15
2992.1 30.8 53 2986.4 5.0 -43 2987.0 53.7 65
3675.8 -0.7 3668.4 -17.2 3668.3 19.4

4Present results; units cm™. ®Present results; units: D, esu? cm? X 1074%; R, esu? cm? X 1074 Vibronic coupling theory, 6-31G~ basis set.
¢Reference 14. The signs are reversed to coincide with the (S) enantiomer, P corresponds to gauche-B”, M corresponds to gauche-A”; Stephens’

theory, 6-31G* basis set.

displacements as the corresponding mode of the anti rotamer. The
implications of these cases on the VCD spectra are as follows.
We notice that the CH stretching modes do change significantly
when the OH group is rotated. The two most striking effects are
the rearrangement of the near-degenerate pair of CH; asymmetric
stretches, v, and v;, and the 60-cm™ upward shift in the position
of the C*H stretch of the (P)-gauche rotamer relative to the other
two species. The C*H stretch also mixes with the lower wave-
number CH, asymmetric stretch for the (P)-gauche rotamer.
Given these changes in the normal modes, it is not surprising that
little correlation apparently exists among the three calculated CH
stretching VCD spectra (Table VII and Figure 7); the consistency
in sign for v, is probably coincidental. The clearest examples of
VCD that reflect the conformation of the OH almost exclusively
are the OH stretch and the two torsions, vy, and »,;. This is
confirmed by comparing the normal coordinates of two gauche
diastereomers having the same OH configuration but with the
sites of deuterium substitution interchanged, i.e., (P)-(S) and
(P)-(R). This comparison (details not shown) indicates that each
of the three modes cited is essentially unaffected by interchanging
H and D, and hence that the normal modes of the two gauche
forms of the (S)-7-d system are mirror images. The same behavior
is also indicated for »,5 and »;4. All of these modes, »; and »,5-v,,,
thus would be expected to provide nearly equal and opposite VCD
signals for the two gauche rotamers, reflecting the mirror image
relation between the corresponding normal coordinates. The
calculated rotatory strengths (Table VII) are uniformly in accord
with this indication. Further evidence supporting the argument
that the configuration of the CHD moiety is unimportant in these
modes is found in observing that calculated rotatory strengths for
(P)-gauche-ethanol (Table V) are invariably of the same sign and
order-of-magnitude intensity as for the corresponding modes (v,,
vi3—v,) of (P)-gauche-(S)-1-d-ethanol.

There are several other modes for which the LSC displacements
remain very similar for the rotamers of (S)-/-d-ethanol, including
v (CD stretch), v, vy6, and »;;. These are distinguished from
the vibrations discussed above by the fact that each involves
significant participation of the CHD stretches or deformations.
These normal coordinates of the two gauche conformers are not
mirror images (as verified using the technique described above
for comparing the vibrational modes of species identical except
for the interchange of H and D) and hence would be expected
to provide VCD bands reflecting the absolute configuration of
the CHD group. This is indeed the case for the calculated rotatory
strengths for each pair of matching transitions of the two gauche

conformers (see Table VII). For g and v,4 the normal coordinates
evidently include some participation of the OH group, and the
correlation does not extend to the anti conformer. For both »;;
and »,; the normal coordinates are nearly identical for all three
rotamers and do not include participation of the OH group. This
indicates that the clearest configurational marker band, predicted
with strong negative intensity in all VCD spectra at 1142-1145
cm™! (see Figure 6), does not result from coincidental matching
of the positions and calculated intensities but rather from the close
similarity of this rather complex mode in the three rotamers. Small
wonder then that the corresponding experimental feature (Figure
4) is the most prominent in the 800-1500-cm™ range.

Comparison of Vibronic Coupling VCD to VCD by Stephens’
Method

Optically active a-deuterioethanol provides an opportunity for
comparison of results calculated by Stephens’ formalism!* and
the vibronic coupling theory!? to each other and to experiment.
Dothe, Lowe, and Alper (DLA)!* have reported VCD and IR
intensities for ethanol and all deuterated isotopomers, calculated
using Stephens’ method, scaled quantum mechanical force fields
evaluated by numerical differentiation, and the 6-31G* basis set.
Polar and axial tensors were evaluated at the distributed origin
gauge®® and a common origin (center of mass) gauge. The dis-
tributed origin results, which were deemed to be more reliable,
are reproduced in Table VIII for both gauche rotamers and for
the anti form. The data in Table VIII have the signs reversed
to correspond to the (S) enantiomer. The present vibronic coupling
results are reproduced in Table VIII for ease of comparison. DLA
had available the VCD results of Pultz!! who measured the VCD
of (R)-1-d-ethanol and (R)-1,0-d,-ethanol in the C-H stretching
region, and of the latter in the mid-IR region. By attributing the
dominant features of the experimental spectrum entirely to an
equimixture of the two gauche conformers, DLA also found
substantial agreement with the observed pattern of signs except
for the band at 2930 cm™! attributed to the symmetric methyl
deformation for which they obtained the opposite sign.

The results of DLA agree in the main with the present results
in sign (Table VIII). Absolute intensities are very different, in
some cases by more than an order of magnitude. The origin of
the differences is not certain. In the Stephens’ method results
of DLA, origin dependence of the magnetic dipole transition

(30) Jalkanen, K. J.; Stephens, P. J.; Amos, R. D.; Handy, N. C. J. Phys.
Chem. 1988, 92, 1781.
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moment has been eliminated by use of the distributed origin gauge.
However, the basis set, though large, does not have the extensive
polarization which Stephens’ investigations on NHDT*** suggest
is necessary for converged results. On the other hand, the present
results were obtained with a very large (equivalent in size to
6-311G**), properly derivatized, basis set, but were evaluated in
the common origin gauge (center of mass) and are origin de-
pendent. The agreement between calculated and experimental
spectra suggests that the present results are not far from the correct

(31) (a) Jalkanen, K. J.; Siephens, P. J.; Lazzereni, P.; Zanasi, R. J.
Chem. Phys. 1989, 90, 3204-3213. (b) Jalkanen, K. J.; Stephens, P. J.; Amos,
R. D.; Handy, N. C. Chem. Phys. Lett. 1987, 142, 153-158.

values. More comparisons are necessary before one could conclude
that the center of mass is a reasonable choice of origin and/or
that the origin dependence is not severe with the 6-31G™ basis
set.
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Abstract: The interaction of ethylene with copper, silver, or gold atoms is investigated through theoretical calculations, including
electron correlation effects. The d'°s! atomic configuration of the three metals gives rise to a weakly bound 2A, ground state
(D, < 12 kcal-mol™) in which the interaction is analyzed as a van der Waals one. The 2B, and 2B, states arising from the
d'°p! atomic configurations give more bound complexes (D, > 20 kcal-mol™). Gold is found to have the highest complexing
ability, while silver yields the less bound complexes. The calculated vertical transitions are in good agreement with the observed
UV-visible spectrum of CuC,H, and AuC,H,. These transitions are related to s — p excitations of the metal unpaired electron.

I. Introduction

In recent years, low-temperature cocondensation of metal atoms
with alkenes' or alkynes? in rare-gas matrices has provided various
spectroscopic data such as infrared (IR) and Raman vibrationnal
spectra,»* UV-visible absorption spectra,”® and electron spin
resonance (ESR) studies.!0-14

This is the case for copper, silver, and gold metal atoms M,
which have been observed to react with ethylene and form M,-
(C,H,),, complexes. However, the numerous experimental data
available on this series reveal some contradictions. Indeed, the
ESR experiments of Kasai et al.!31% give evidence for the biligand
M(C,H,), complexes with the three metals, while the monoligand
MC,H, =-type complexes are observed only with copper and gold
but not with silver. The IR and UV-visible experiments of
Mclntosh et al.!? identified the monoligand complexes MC,H,
for all the three metals, but the bi- and triligands were identified

(1) See, for example: Parker, S. F.; Peden, C. H. F.; Barrett, P. H,;
Pearson, R. G. Inorg. Chem. 1983, 22, 2813.

(2) For a review see: Zoellner, R. W.; Klabunde, K. J. Chem. Rev. 1984,
84, 545.

(3) Manceron, L.; Andrews, L. J. Am. Chem. Soc. 1988, 107, 563.

(4) Merle-MelJean, Th.; Bouchareb, S.; Tranquille, M. J. Phys. Chem.
1989, 93, 1197.

(5) Huber, H.; Ozin, G. A,; Power, W. J. Inorg. Chem. 1977, 16, 979.

(86) Hanlan, A. J. L; Ozin, G. A.; Power, W. J. Inorg. Chem. 1978, 17,
3648.

(7) Ozin, G. A.; Power, W. J. Inorg. Chem. 1978, 17, 2836.

(8) Ozin, G. A.; Huber, H.; MclIniosh, D. Inorg. Chem. 1977, 16, 3070.

(9) Grinter, R.; Siotesbury, S. J. J. Mol. Struct. 1982, 80, 125.

(10) Kasai, P. H. J. Am. Chem. Soc. 1982, 104, 1165.

(11) Kasai, P. H. J. Phys. Chem. 1982, 86, 3684.

(12) Chenier, J. H. B.; Howard, J. A.; Mile, B.; Suicliffe, R. J. Am. Chem.
Soc. 1983, 105, 788.

(13) Howard, J. A,; Suicliffe, R.; Tse, J. S.; Mile, B. Organometallics
1984, 3, 859.

(14) Kasai, P. H. J. Am. Chem. Soc. 1984, 106, 3069.
p (15)9Kasai, P. H.; McLeod, D., Jr.; Watanabe, T. J. Am. Chem. Soc. 1980,

02, 179.

(16) Kasai, P. H. J. Am. Chem. Soc. 1983, 105, 6704.

332(117) Mclniosh, D. F.; Ozin, G. A.; Messmer, R. P. Inorg. Chem. 1980, 19,
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only with copper.® The more recent IR and Raman study of
Merle-Mejean et al.* is not in complete agreement with the
previous analysis: In contrast with McIntosh et al.,!? these authors
did not find any evidence for the monoligand complexes CuC,H,
and AgC,H, in pure ethylene.

Up to now, only few theoretical investigations are available on
some of these complexes. Xa calculations performed by Mclntosh
et al.'” on the MC,H, (M = Cu, Ag, Au) series failed in describing
the observed optical spectrum. RHF calculations performed by
Cohen and Basch'® on the Ag(C,H,), , complexes did not give
any evidence for bound states correlated to Ag(d'%'). The
CuC,H, complex has been investigated through RHF calcula-
tions!®20 and CI calculations that were discussed in detail in an
earlier paper.?!

The latter work was performed with canonical delocalized SCF
MO’s and concluded that the ground state was a = complex (C,,)
while the o complex (C,) was found to be higher in energy.
Moreover, while the excited states of CuC,H, were found to be
chemically bound, the ground state was to be regarded as weakly
bound (not bound at the RHF level) due to van der Waals in-
teractions only.

It is well-known that the calculation of intermolecular forces
within the supersystem approach with delocalized MO’s is very
tedious. Indeed, the configurations in the CI cannot be assigned
a local character, and dispersion contributions cannot be separated
from other physical effects (such as the variation of intrasystem
correlation, polarization, charge-transfer contributions) or basis
set superposition error. Dispersion contributions are generally
much smaller than the other terms (particularly the intrasystem
correlation), and any error on the extra terms may turn into
unreliable results concerning the van der Waals bonding. It should
be stressed that the position of the van der Waals minimum is

(18) Cohen, D.; Basch, H. J. Am. Chem. Soc. 1983, 105, 6980.

(19) lioh, H.; Kunz, A. B. Chem. Phys. Lett. 1979, 66, 531.

(20) Kelber, J. A.; Harrah, L. A.; Jennison, D. R. J. Organomet. Chem.
1980, /99, 281.

(21) Nicolas, G.; Barthelal, J. C. J. Phys. Chem. 1986, 90, 2870.
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