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Abstract: On the evidence of the electron diffraction pattern of the vapor, of the IR spectrum of the matrix-
isolated molecule, and of quantum chemical calculations, the diacetyl sulfide molecy@(@)SC(O)CH,

adopts a planar heavy-atom skeleton with the [sp,ap] conformation. Other conformations contributellitble (

to the population of the gaseous molecules at normal temperatures. Salient structural paragsétecsufe,
distances (in A), angles (in deg), and 8ncertainties in parentheses) were as followg&=0) 1.198(2)/
1.196(2),r(C—S) 1.787(3)/1.808(3)r(C—C) 1.483(4)/1.472(4)[1C—S—C 108.8(9),(1S—C=0 125.7(6)/
115.1(6), and1S—C—C 121.1(7)/111.2(7). The structure of a single crystal at 150 K [monocR#@gn, a =
4.2230(7) Ab = 11.2105(17) Ac = 12.332(2) A,p = 94.544(169] also reveals planar molecules with the

same conformation and dimensions close to those of the gaseous molecule. Changes in the vibrational spectra
of the compound accompanying the transition from the vapor to the condensed phases are attributed not to the
presence of more than one conformer but to differences in the local environment of the two carbonyl groups.
The properties deduced are compared with those of other compounds of the typéOgKXIC(O)CH; (X =

CHa, NH, or O).

Introduction of the vapors and condensed phasésBoth methods have their

Compounds having the framework GE{O)XC(O)CH, with Iimita_tions. For example, torsional motions _that have large
two acetyl groups linked to a common atom X, excite’ attention gmplltudes and low wavenumbe(s cregte "shrinkage” problems
because of the variety of conformational opportunities they in the ar_1a|y3|s of thg electron diffraction pattemns. Moreover,
afford. Such compounds include the keto form of 2,4-pentanedi- t_he relative complexity a_n(_j_lovx{ symmetry of the molt_acule_s are
one, CHC(O)CHC(O)Chs, N-acetylacetamide, GJE(O)NHC- liable to frustrate any definitive interpretation of their vibrational
(O)CHs, acetic anhydride, CH£(0)OC(O)CH, and diacetyl speptra; most studies of this sort have concentrated on the
sulfide, CHC(O)SC(O)CH. The different possible conforma- regions of the speqtra where tthO) fundamentals occur, but
tions can be characterized in terms of the two dihedral or torsion €V here ambiguities may arise as a result of factors such as

angles$, and ¢, defined by each of the €X—C=0 units intermolecular perturbations or Fermi resonance. In these
Hence, we can distinguish a number of planar or nonplanar circunstances, there is clearly much scope for quantum chemical

rotamers with the numbering scheme and labels, e.g., [sp,sp] methods which have developed apace in their ability to simulate
[sp.ap], [sc,scl, etc., given in Figure 1. ' " the equilibrium structure, vibrational force field, and thermo-
Experimental studies of the conformational behaviors of these dynamic properties of such molecufeSuch studies as have
molecules have been concerned mainly with electron diffraction 2€€n carried out do not reveal any clear pattern of behavior
measurements on the vapbrsand with the vibrational spectra with regard to conformational preference of the molecules.
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Figure 1. Different possible planar and nonplanar conformations for
a molecule of the type C4£(O)XC(O)CH; in terms of the two dihedral
or torsion angleg; and¢, defined by each of the -€X—C=0 units.

Romano et al.

both come out in favor of a planar [sp,ap] (i.E,Z) conformer

as the global minimum on the potential energy surface of the
molecule. Any deviation from planarity suggested by an analysis
of the electron diffraction pattern of the vapor taken at face
value is likely to reflect the shallowness of the surface with
respect to the torsional coordinatgs and ¢,. However, the
fineness of the energy balance between the [spBg) @nd
[sp,sp] €,2) conformers and its susceptibility to environment
is demonstrated by studies involving solutions and systematic
changes of solvent permittivifif,and also the solid where both
conformers are found to exist and the change for the metastable
[sp,sp] to the [sp,ap] form give rise to a polymorphic transitfon.

Acetic anhydride, CHC(O)OC(O)CH, is another matter.
Earlier studies of the electron diffraction pattern of the vapor
and the vibrational spectra of the compobingd to the
conclusion that there is under normal conditions a single
molecular conformer which is nonplanar with an [sc,sc] structure
and torsional angleg; = ¢, = ~50° (conforming to C;
symmetry). More recent measurements of the electron diffraction
pattern and vibrational spectra have been interprebedyever,
in the light of extensive ab initio calculations, on the basis of a
model in which the vapor consists of a mixture of two nonplanar
conformers, one possessing the [sp,sp] and the other the [sp,ac]
configuration in a proportions of roughly 1:2. The two conform-
ers are calculated to differ in energy by only 1 kcal mabr
less, and the potential energy surface linking them appears to

2,4-Pentadione is unusual since the vapor normally consistoffer low-energy rotation barriers that imply large-amplitude

of an equilibrium mixture of the keto form of G&(O)CH,C-
(O)CHs and the more abundant enol fodynwhich is stabilized

CH;

by intramolecular hydrogen bondidd:*°The compound crys-
tallizes exclusively as the enol forthIn these circumstances,
the keto form is difficult to characterize, but the electron
diffraction pattern of the vapor at 10% has been interpreted
on the basis of a single nonplanar [sp,sp] conforh@erg despite

torsional motions.

In the case of diacetyl sulfide, GB(O)SC(O)CH, the picture
hitherto has been unclear in that molecular polarizability
measurements made withsts or CCl, solutiong® appear to
be at odds with the vibrational spectra of the compound in the
vapor and condensed phage3he first are most readily
reconciled with a nonplanar [ac,ac] structure withsymmetry,
whereas the second have been interpreted in terms of a single
flexible conformer with onlyC; symmetry and the €0 vectors
subtending an angle between 110 and®18{&re we report the
results of a detailed study drawing on (i) quantum chemical
calculations at different levels of theory, (ii) new measurements
of the vibrational spectra (including studies of the matrix-isolated
molecule), (iii) electron diffraction analysis of the vapor, and
(iv) an X-ray crystallographic study of a single crystal at 150
K. Hence we shall show that a single conformer does indeed
predominate but that this is planar with an [sp,ap] configuration.

possible misgivings about overinterpretation of the results, this The increased complexity of the(C=0) region of the

is not far out of line with the results of more recent ab initio
calculations (which actually favor an [sc,sc] conformati&h).
N-Acetylacetamide, CEC(O)NHC(O)CH;, which is of con-

vibrational spectra of the compound in the condensed phases
we believe to reflect not conformational changes but the innately
different environmental responses of the two carbonyl groups.

siderable interest as a reference point for molecules such as

polypeptides, is more straightforward. Experinfeantd theory?
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Experimental Section

Sample Preparation and Purification. Diacetyl sulfide, CHC(O)-
SC(O)CH, was prepared by the reaction of thioacetic acidzCtD)-
SH, with acetyl chloride, according to the published procedUiighe
compound was isolated by distillation at low pressure and subsequently
purified by repeated trap-to-trap condensation in vacuo until it appeared
colorless. Its purity was checked by reference to its IR, Raman, and
IH and 3C NMR spectrd.
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B: Struct. Sci1988 B44, 516. Bayard, F.; Decoret, C.; Royer, J.; Smeyers,
Y. G.; Randez, J. Jnt. J. Quantum Cheni988 33, 61. Bayard, F.; Decoret,
C.; Royer, JMol. Cryst. Lig. Cryst.1988 156, 185.
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Figure 2. Experimental (dots) and calculated (full line) molecular
intensities for long (above) and short (below) nozzle-to-plate distances
and residuals.

Vibrational Spectroscopy.The Raman spectrum of the liquid was
recorded with a Jobin-Yvon U-1000 spectrophotometer. It was excited
atl = 457.9, 488.0, or 514.5 nm by the output from a Spectra-Physics
model 165 At laser, and measurements were made with a spectral
resolution of 5 cm* while the sample was maintained at three different
temperatures, viz. 55C, ambient temperature (ZZ), and—60 °C.

Gas mixtures of diacetyl sulfide with argon or nitrogen (BOC,
“Research” grade) in the proportionsl:1000, prepared by standard
manometric methods, were deposited on a Csl window cooled.&®

K by means of a Displex closed-cycle refrigerator (Air Products model
CS202) using the pulsed deposition techni¢ftié.IR spectra of the
matrix samples were recorded in the range 40000 cm?! at a
resolution of 0.5 cm?, with 256 scans and a wavenumber accuracy of
+0.1 cn?, using a Nicolet Magna 560 FTIR instrument equipped with
an MCTB detector.

Electron Diffraction. Electron diffraction measurements on the
vapor of the compound were made with a Gasdiffraktograph KBXG2

at nozzle-to-plate distances of 25 and 50 cm and with an accelerating

voltage of~60 kV. The sample temperature was kept af@Qgiving
a vapor pressure estimated to b8 Torr), and the inlet system,
including the nozzle, was heated to BD. The experiments were carried
out with a nozzle having an internal diameter of 0.6 mm. The
photographic plates were analyzed by the usual proceturegive
molecular intensities spanning tisganges 218 and 18-35 A1 in
intervals Ds of 0.2 At [s = (4x/A) sing/2, wherel is the electron
wavelength and the scattering angle]; the averaged intensities are
shown in Figure 2.

Crystal Structure. A single crystal of diacetyl sulfide was grown
by careful cooling of a sample contained in a Pyrex glass capillary
0.38 mm in external diameter that was mounted on the diffractometer.

A stable solid/liquid phase boundary was established at a temperature

J. Am. Chem. Soc., Vol. 123, No. 50, 202625

Table 1. Crystal Data for CHC(O)SC(O)CH

empirical formula GHeO.S

(CHsCO)S
formula weight 118.15
wavelength 0.71073 A
temperature 150(2) K
crystal system monoclinic
space group P2:/n

a=4.2230(7) A
b=11.2105(17) A
c=12.332(2) A
[ =94.544(16)

unit cell dimensions

volume 581.98(16) A

no of reflections for cell 63 (1% 0 < 16°)
z 4

density (calculated) 1.348 Mgfn
absorption coefficient 0.445 mrh
F(000) 248

performed about the locus of possible H positions; the methyl groups
were thereafter treated as rotating rigid bodies. All non-H atoms were
refined with anisotropic displacement parameters. The final conventional
R factor (based orf) was 0.0276,wR. was 0.0664. The ultimate
difference map extremes wete0.20 and—0.23 e A3, respectively.
Supplemental data in the form of a cif file have been deposited.
Theoretical Calculations. All the quantum chemical calculations
were performed using the GAUSSIAN 98 program packageder
the Linda parallel execution environment using two coupled PCs.
Geometry optimizations were sought (i) with the HF approximation
and (ii) with the MP2 and B3LYP methods; in all cases, the calculations
employed 6-3%G* basis sets and standard gradient techniques with
simultaneous relaxation of all the geometric parameters. The vibrational
properties cited in detail hereafter corresponded to minimums in the
potential energy surface and included no imaginary frequencies. The
wavenumbers of the vibrational fundamentals calculated with the HF
method were scaled by a factor of 0.9 to take some account of the
overestimation prevalent in such estimates.

Results and Discussion

1. Quantum Chemical Calculations.Using different starting
values for the dihedral anglégs and¢, (I C3—S—C2=01 and
0C2—S—C3=02, respectively; see Figure 1) ranging from 0
to 360 in steps of 10, we encountered three stable structures
for the CHC(O)SC(O)CH molecule no matter which method

just below the melting point and crystal growth effected from this Was used to optimize the geometry. These are as follows: (i)

boundary by cooling the sample at a rate~80 K h™%. The yellow
cylindrical crystal thus formed was then cooled to 150 K, and diffraction
data were collected with a Stoe Stadi 4 four-circle diffractometer, an
Oxford Cryosystems low-temperature de¥iqeroviding the appropriate

[sp,ap] with¢; = 0 and¢, = 180C° having Cs symmetry, (ii)
[sp,sp] with¢: = ¢ near 20 having C, symmetry, and (iii)
[ap,ap]. For the last rotamer, the HF and MP2 methods predict
C, symmetry with¢s = ¢, near 158, whereas the B3LYP

temperature control. Crystal data and data collection details are listedmethod predictsC,, symmetry with¢; = ¢» = 180°. The

in Table 1. For the purposes of an absorption correctjgscan data
were collected, but since they showed no significant variation, no
correction was applied. This is not unexpected in an essentially
cylindrical sample. Slightly more than one hemisphere of reflections
was collected to 2 = 50° using Mo Ko radiation; these 3192 data
were merged to give 1020 unique daR(= 0.0381), of which 881
hadF > 40(F). The structure was solved by direct methods and refined
against? (SHELXTL).2®H atoms were located in a difference synthesis

energies of the three conformers calculated relative to one
another are given in Table 2. Hence, it appears that the [sp,sp]
and [ap,ap] forms lie at higher energies than the [sp,ap] one,
by 1.0-2.4 and 6.5-7.6 kcal mofl, respectively.

The vibrational properties of the [sp,ap] and [sp,sp] conform-
ers have been calculated by the HF and B3LYP methods. The
results are noteworthy mainly in relation to the tw(CO)

(18) See for example: Romano, R. M.; Dellddéwa, C. O.; Downs,
A. J.; Greene, T. MJ. Am. Chem. So@001, 123 5794 and references
therein.

(19) Perutz, R. N.; Turner, J. J. Chem. Soc., Faraday Trans.1873
69, 452.

(20) Oberhammer, HMolecular Structures by Diffraction Methods
Specialist Periodical Report of the Chemical Society; The Chemical
Society: London, 1976; Vol. 4, p 24.

(21) Oberhammer, H.; Gombler, W.; Willner, H. Mol. Struct.1981,
70, 273.

(22) Cosier, J.; Glazer, A. Ml. Appl. Crystallogr.1986 19, 105.

(23) Sheldrick, G. M.SHELXTL Bruker Analytical X-ray Systems:
Madison, WI, 1995.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.
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Table 2. Calculated Relative Energies (kcal mlof the Three carries a shoulder at higher wavenumber (at 1731'dor Ar,

Stable Conformers of C4€£(0)SC(O)CH and 1729 cm! for N). In light of the calculations described in
theoretical model [sp,ap] [sp.sp] [ap,ap] the preceding section, the present results are clearly consistent
HF/6-31-G* 0.00 243 734 with the predominance of a single conformer recognizable on
MP2/6-31H-G* 0.00 1.01 7.60 the evidence of the(CO) region as being the [sp,ap] one. The
B3LYP/6-31-G* 0.00 1.96 6.57 observed separation of the tw@CQO) modes (6 and 5 c for

Ar and N, matrixes, respectively) compares with a predicted
. . ._splitting of 14 (B3LYP) or 4 cm* (HF).
fundamentals, which are likely to be the modes most responsive No other absorption could be discerned in this region in the

to the conformation of the molecule. For the [sp,ap] form, these ) .
vibrations are predicted to be uncoupled and to occur close spectrum of the Aimatrix, but the spectrum of the Ar matrix

together with similar intensities (B3LYP estimates 1788/1802 included two weak features at 1783 and 1811 tat least one

cm ! and 314/302 km mol; HF estimates 1781/1785 ch O Which is a possible candidate for the in-phast€o)
and 486/257 km mof). By contrast, the corresponding vibra- fundamental of the [sp,sp] conformer (predicted wavenumber

tions of the [sp,sp] form are expected to be coupled and to be 18?.(71 02%1)- Unlikej[hthe (zwe; b;;mds as(sjociate(t:i Witjh diacehyl
well separated as a result. According to the B3LYP calculations, sullide; * NoWever, these two features underwent no decay when

. : . : the matrix was irradiated with broad-band BVisible light (1
the in-phase(CO) mode occurs at 1857 crhwith an intensity o ; o
of 376 km mof! and the out-of-phase mode at 1793 ¢mwith _ri 2I?10;80r? tnrirr?' d'il'he trTOSt hl;léelybe;(pilr?matlrc:]n Isntizatnttizez
an intensity of 146 km mof; the corresponding values given originate: no acetyl sufide bu some unidentine

: 1 impurity. In summary, therefore, we find no spectroscopic sign
I(?ST ekzF;?)lrcglag?&z?gi al|8 ifn(pﬂl? dkerz r;i?l?ﬂg ln?c?gt CsTabI e of a second conformer and on the evidence of this and réfated

[sp,ap] form were derived from the Cartesian force constants studies it would appear that any such conformer makes up less

0 .
(B3LYP), which were transformed to symmetry force constants. than 1% of the vapor molecules at ambient temperatures.

Stretching and bending constants were scaled with a factor of !N this and other respects, the observed spectra are well
0.95 and the program ASYM4Bwas used. reproduced by the results of the theoretical calculations on the

[sp,ap] conformer (see Table 3). Hence, it has been possible to
assign all the features displayed by the matrix-isolated mol-
ecules. For example, the wavenumbers measured for an argon
matrix are replicated by the B3LYP calculations with an rms
deviation of only 3.08% (the HF calculations do even better
with an rms deviation of 1.49%). Hence, we conclude that the
assignments proposed in Table 3 are reasonable and that the
spectra are wholly consistent with a molecule having an [sp,ap]
conformation andCs symmetry, although a change of conforma-

In summary, our calculations indicate that the global mini-
mum for the diacetyl sulfide molecule corresponds to an [sp,ap]
conformer with a planar heavy-atom skeleton and the dimen-
sions included in Table 3. About-12.5 kcal mof?® higher in
energy comes a second minimum corresponding to an [sp,sp]
conformer in which the heavy-atom skeleton deviates somewhat
from planarity. Still higher in energy is an [ap,ap] form, which
is unlikely to be more than a minor component of the vapor
under normal conditions. The calculations lead us therefore to tion would have little effect on manv of the vibrational
expect that the dominant component of the vapor at ambienttransitions y
temperatures will be the [sp,ap] molecule with between 1 and ’

16% of the less stable [sp,sp] molecule. The two are expected, '€ IR spectrum we measured for the vapor of the compound
to differ in the wavenumbers and intensity patterns displayed IS V€Y similar to the matrix spectrum, with due allowance for

by their ¥(CO) modes in IR absorption, the two transitions (h€ @ppreciably broader absorptions; #€O) region features

appearing as bands that are similar in wavenumber and intensitylUSt @ Single band centered at 1739°¢mA previous report of

in one case ([sp,ap]) but different in both particulars in the other thiS Spectrum and of the spectrum of a cyclohexane solution
([sp.sp]). These conclusions find little common ground with Ncluded in addition to an intense band at 172439 cnm™* a
earlier interpretations of polarizatiéh and spectroscopic ~ Much weaker band near 1780 chi Fortunato et al.attributed
measurements confined, admittedly, mainly to the condensedt® Weak and strong bands to the in-phase and out-of-phase
phases. It is appropriate, therefore, to consider next the new(CO) vibrations of a single conformer and then deduced from
measurements we have carried out on the vibrational spectraln€l relative intensities that the CO groups subtend an angle
of diacetyl sulfide. approachlng 180to each other. In the course of punﬂc_atl_on of
diacetyl sulfide, we found that samples of the vapor did indeed
display a weak IR absorption near 1780 dimHowever, since
the intensity of this feature decreased almost to vanishing point
£on repeated fractionation of the sample, we are left to infer that
it must be associated with an impurity.

The liquid compound presents a rather different picture in
its IR spectrum as reported previouglyHere we note two
regions of strong absorption attributable@O) modes, one
centered at 1769 and the other at 1712 trithe solid presents
a similar pattern, the absorptions now being centered at about
1730 and 1703 cmt. The change in intensity pattern was
explained earlier on the basis of a change in the mutual
orientation of the two CO groups, with the angle subtended by
the two vectors closing down from nearly X80 the vapor to
roughly 110 in the liquid (i.e., close to the value expected for

2. Vibrational Spectra. The IR spectrum of diacetyl sulfide
in the vapor and condensed phases has been reported préviosly
While confirming the essential details of the vapor spectrum,
we have concentrated on the spectrum of the molecule isolate
at high dilution in a solid argon or nitrogen matrix-afl5 K to
take advantage of the superior definition of the vibrational
transitions made possible (i) by the quenching of rotational
motion and (ii) by the inclusion of the molecule in a more or
less isotropic but weakly interacting environméht.

The IR spectrum of such a matrix is most immediately notable
for what it shows in the region associated with thgO)
fundamentals (see Figure 3). In the event, there Engle
intense absorption centered at 1725.0 or 1724.0'@ucording
to whether the host is Ar or Nrespectively. The absorption

(25) Hedberg, L.; Mills, I. M.J. Mol. Spectrosc1993 160, 117. the [sp,ap] conformer). Such an explanation cannot, however,
(26) See, for example: Almond, M. J.; Downs, A.Aldv. Spectrosc.
1989 17, 1. Dunkin, I. R. Matrix-Isolation Techniques: A Practical (27) Romano, R. M.; Della Wova, C. O.; Downs, A. J., unpublished

Approach Oxford University Press: New York, 1998. results.
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Table 3. Calculated and Observed IR Spectrum of CHD)SC(O)CH (Wavenumbers in cnt)

HF/6-31+-G*ab B3LYP/6-314-G*ab

mode [sp,ap] [sp,sp] [sp,ap] [sp,sp] Ar mafrobs N matrix’ obs assignment
2 2999 (2) 2993 (10) 3166 (2) 3161 (3) 3016.8 (3) 3017.9(3) val(4)Hs
V2 2995 (2) 2993 (3) 3162 (2) 316k(Q) vaC(1)Hs
3 2992 (1) 2958 (2) 31471) 3125 (1) vaC(4)Hs
V4 2960 (1) 2958 (1) 3128 (1) 3125() 3002.9 1) val(1)Hs
s 2918 (1) 2898 €1) 3074 (1) 3058+¢1) 2944% ) 2945.94 (1) veC(4)Hs
Ve 2900 (<1) 2898 (1) 3060 €1) 3057 <1) 2939. 2938 vC(1)Hs
V7 1785 (53) 1843 (100) 1802 (96) 1857 (100) 1731 (79) 1729 (84)  vC(3F=0(2)
Vg 1781 (100) 1780 (32) 1788 (100) 1793 (39) 1725.0 (100) 1724.0 (100) vC(2)=0(1)
Vg 1449 (2) 1451 €1) 1494 (4) 1494 €1) 0aC(1)Hs
V10 1448 (3) 1450 (5) 1486 (5) 1493 (7) 1422. fill) 1419.5 (11) 0aC(4)Hs
V11 1443 (3) 1441 (5) 1485 (6) 1484 (7) 1416. 0aC(1)Hs
V1o 1433 (3) 1441 €1) 1469 (5) 1484 €1) 1406.8 (6) 1409.7 (6) 0a(4)Hs
V13 1395 (3) 1390 (1) 1414 (7) 1409 (3) 136]}.910) 1361.]} @8) 0C(4)H;

1360. 1359.
V14 1391 (4) 1390 (7) 1408 (8) 1408 (10) 1353.5 (10) 137?7(40) 0C(1)H;

1356.

V1s 1138 (8) 1126 (4) 1153 (12) 1141 (4) 1148. 1143. pCHz

1138; 331) 1136} (39)
V16 1117 (62) 1103 (68) 1126 (86) 1116 (78) 1101.8 (92) 1%}24&%) pCHz

1102.
V17 1031 (<1) 1030 (<1) 1045 (<1) 1044 (<1) pCHz
vig 1025 (1) 1021 (1) 1038 (1) 1035 (1) oCHs
V1o 956 (19) 953 (4) 969 (35) 975 (4) 95§.%31) 956.1 (33) vC(3)—C(4)
951.
V20 927 (4) 920 (25) 947 (9) 935 (41) 929.2 (8) 9?.&) vC(1)-C(2)
931.
Va1 628 (14) 616 (42) 627 (5) 602 (59) 625.5 (9) 629.0 (7) vC(2)-S
V22 615 (20) 596 (2) 611 (53) 601 (3) 614.1 (93) 615.2 (62) vC(3)-S
Va3 517 (<1) 553 (<1) 524 (<1) 548 (<1) 0C(2)—0(1) out-of-plane
Voa 506 (1) 508 (2) 509 (1) 517 (2) 506.3 (1) 529.6 (1) 00(1)-C(2)-S
V25 501 (2) 480 1) 496 (4) 482 €1) 499.4 (<1) 511.1 (1) 0C(3)—0(2) out-of-plane
V26 440 (1) 431 (1) 436 (1) 426 (1) 44 8( <1) 439.4 (1) o
438.

Va7 316 (<1) 304 (<1) 316 (1) 310 €1) o
Vog 286 (<1) 291 (1) 295 (1) 297 (1) 0
V29 189 (<1) 149 (<1) 170 (2) 147 €1) o
V30 171 (2) 102 1) 159 (<1) 96 (<1) pC(4)Hs
Va1 82 (<1) 102 (<1) 79 (<1) 95 (<1) pC(L)Hs
Va2 42 (<1) 49 (1) 45 (1) 54 (1) T
Va3 20 (2) 40 (<1) 30(2) 46 1) T

aScaled by a factor of 0.90.Intensities in parentheses normalized relative to that of the most intense band set equal to 100.

be reconciled with the vibrational properties we predict for the
[sp,ap] conformer. The change in this region of the spectrum 24 k
brought about by condensation from the vapor is too marked
to be caused by impurity. There are thus two possible reasons
for it. (i) Condensation results either in a change of conformation 20 F
or at least in a significant population of a conformer other than
the [sp,ap] one (cN-acetylacetamidé-19. (ii) Intermolecular
forces discriminate between the two CO groups of theGH 16 |
(O)SC(O)CH molecule and thereby modify their properties.
The evidence currently available offering no obvious way of
deciding which of these reasons is correct; we have appealed
to the Raman spectrum of the liquid, which lends itself more
readily than the IR spectrum to studies at different temperatures.
We found the Raman spectrum of the liquid at ambient
temperatures to be identical in all important respects with that
reported by Fortunato et &lThe v(CO) region thus resembles
that of the IR spectrum, with medium-to-strong scattering 04
centered at 1712 cm, a shoulder at 1730 cm, and medium-
to-weak scattering at 1769 cth Of more immediate concern

Ar-matrix

1.2

Absorbance

0.8

Nz-matrix

is our finding that the spectrum underwent no significant change 00 F . ) . .
when the temperature of the sample was varied in the range 1760 1720 1680
213-328 K. With an energy of interconversion between the

[sp,ap] and [sp,sp] conformers estimated to 5@ 5 kcal mot™, wavenumber [cm ]

an appreciable change in the proportions of these conformersrigure 3. FTIR spectra in the/(CO) region of the CHC(O)SC(O)-
would be expected were they to coexist in equilibrium over this CH; molecule isolated in an Ar or Nmatrix (1:1000) at~15 K.
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Table 4. Experimental and Calculated Geometric Parameters of
Diacetyl Sulfidé

MP2/ B3LYP/

GEDP X-ray* 6-31+G* ¢ 6-31+G* ©

C—H 1.109(9) p: - 1.092 1.094

C2=01 1.198(2) p, 1.196(2) 1.219 1.209

C3=02 1.196(29 1.199(2) 1.217 1.206

C1—C2 1.483(4) ps 1.494(2) 1.512 1.516

C3—C4 1.472(8 1.488(2) 1.501 1.505

S—C2 1.787(3) p. 1.808(2)  1.805 1.826

s—C3 1.808(3) 1.805(2) 1.826 1.849

| I | | c-s—C 108.8(9) ps 109.4(1)  108.9 109.6

I ///fl\ L ! L S—C2=01 125.7(6) pe 124.2(1) 1255 125.0

b6 6 0 deaduaed 000 O O S—C3=02 115.1(69 114.3(1) 1149 114.5

I66 & 00050080 5456 b s—c2—C1 111.2(7) p; 110.9(1) 111.1 111.2

SesSE pER RN S—C3—C4 121.1(7 121.8(1) 121.0 120.8

H—C—H 109.8(20) ps - 109.5 109.1

- ; . ' : ' ; #(C3—-S—C2=01) 0.0 - 0.0 0.0

0 1 2 3 4 5 6 $(C2—S—C3=02) 180.9 - 180.0 180.0

R/A 2 Distances in angstroms; angles in degrees. For atom numbering,

see Figure 5r, values with & uncertaintiesDifference to preceding
value constrained to calculated value (MP®ot refined.®Mean values
for parameters that are not unique.

Figure 4. Experimental radial distribution function and difference
curve. Important interatomic distances are shown with vertical bars.

] o ) Table 5. Interatomic Distances and Experimental and Calculated
range. It seems unlikely therefore that the liquid consists of a (B3LYP/6-31+G*) Vibrational Amplitudes (Excluding Distances

mixture of such conformers. Hence, we conclude either that Involving Hydrogen Atoms)

the molecule changes conformation, presumably from the [Sp,-  atom exptl caled
ap] to the [sp,sp] rotamer, or that the exposure of the [sp,ap] pair distance amplitudé amplitude
molecule to an interacting, anisotropic environment perturbs the c—o 1.20 0.037(3) Iy 0.038
two CO groups to different degrees. Without additional infor- c—C 1.47-1.48 0.052(4) > 0.052
mation from a source other than vibrational spectroscopy, S—C 1.79-1.81 0.055(3) I3 0.058
however, there is no way of proceeding beyond this point, to 285 g-gg 8-825(1? :4 8-82%
which we will return following the characterization of diacetyl SC1 270 0:084E19§ |;‘ 0.075
sulfide by its crystal structure. S-C4 287 0.084(19) ls 0.072
3. Structure of the Gaseous Molecule: Electron Diffrac- Ol---C1 2.36 0.068(7) le 0.060
tion Studies. The experimental radial distribution function 02:--C4 2.36 0.068(7) le 0.060
;i - . . 01---C4 2.83 0.136 0.136
(RDF), which was derived by Fourier transformation of the C2--C3 292 0.084 0.084
experimental molecular intensities, is shown in Figure 4. The o1...c3 3.16 0.126(16) I, 0.113
principal peaks, occurring at distances near 1.2, 1.5, and 1.8 A, C2---c4 3.18 0.126(16) I7 0.105
are assigned to the bonded atom-pairs@ C—C, and C-S, C2---02 4.01 0.104(25) s 0.080
respectively. A large number of different structures wih 01---02 4.35 0.126(16)  I- 0.109
N . C1-+-C3 4.24 0.104(25) g 0.085
C,, or C; symmetry and with different dihedral anglésC— C1--Ca 466 0.126(16) I, 0.108
S—C=0, ¢;1, and¢, were considered. The experimental RDF  ¢1..-02 521 0.104(25) lg 0.086

could be reproduced satisfactorily only with a model having an
[sp,ap] conformation, a result in pleasing agreement with the |;
predictions of the quantum chemical calculations. The geometric
parameters were refined by least-squares fitting of the molecular
intensities. The following assumptions were made: (i) The
molecule was supposed to posséseverall symmetry and each

of the methyl groups to possess lo&d, symmetry. (i) The
differences between analogous bond distances and angles of the
syn- and anti-oriented acetyl groups were constrained to the
calculated (MP2) values. (iii) Vibrational amplitudes that either
cause large correlations between geometric parameters or are
poorly determined in the electron diffraction experiment were
set equal to the calculated (B3LYP) values. With these assump-

tions, it was possible to refine simultaneously eight geometric Figure 5. Optimum molecular model associated with the gas electron

aValues in angstroms. For atom numbering, see FiguREfor
mits are 3 values.°Not refined.

parameters, viz.(C—H), r(C=0), r(C—C), r(C—S), 0C—S— diffraction pattern of CHC(O)SC(O)CH.

C, 0S—C=0, OC—C—S, andOH—C—H (p1—ps), and eight

vibrational amplitudesl{—Ig). The following correlation coef- Inclusion of small contributions<{10%) of a [sp,sp] con-
ficients had values larger thd0.6): pe/p; = —0.76, pe/ls = former in the electron diffraction analysis did not improve the

0.63,p¢/ls = 0.74, andy//ls = —0.71. The geometric parameters fit of the experimental intensities; inclusion of larger contribu-
are listed, together with the X-ray and quantum chemical results tions led to an increase of the agreement factor. Taken alone,
in Table 4 and the vibrational amplitudes in Table 5. The the electron diffraction method cannot exclude small contribu-
structure of the molecule in the optimum refinement is illustrated tions from other conformers; the results, however, are consistent
in Figure 5. with the conclusions drawn from the quantum chemical analysis
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Figure 6. Dimeric assembly in the crystal structure of §£HO)SC(O)CH.

and vibrational spectroscopic studies, namely, that the [sp,ap]by the gaseous molecules. Selected bond distances and angles,
conformer outstrips any other for the molecules that make up included in Table 4, reveal only minor changes of dimensions
the vapor at ambient temperatures. compared with the gaseous molecule, although comparisons are
While theory has played a part in constraining the analysis clouded somewhat by differences of temperature and technique,
of the electron diffraction pattern, there is satisfactory agreementwith X-ray diffraction, unlike electron diffraction, measuring
between the equilibrium dimensions delivered by the calcula- distances between centers of maximum electron density. How
tions and the vibrationally averaged ones delivered by experi- the molecules are packed in the crystal is illustrated in Figure
ment. The dimensions themselves are unremarkable. Within6.
experimental error, for example, the=<© and C-C distances Itis Figure 6 that reveals perhaps the most significant aspect
are not significantly different from those in other molecules of of the crystal structure, namely, that the molecules aggregate
the type CHC(O)XC(O)CH;, where X= CHy,! NH,? and O34 loosely to formdimeric assemblies, the two molecules being
with values falling in the ranges 1.44.23 and 1.491.54 A, related by a crystallographic inversion center. The interaction
respectively. The €S distances in C#C(O)SC(O)CH [1.787(3) depends on what might be regarded as weak hydrogen bridging
and 1.808(3) A] are on average somewnhat shorter than those inbetween an sp€0 group of one molecule and the ghroup
(CHs),S [1.807(2) Af8 and distinctly shorter than in those in  of an sp acetyl substituent carried by a second molecule, to
(MesC),S [1.854(5) A]2° By contrast, the €S—C bond angle complete an eight-membered ring. The:-<© and H--O
appears to open out from 99.1{ih (CHz),S?8 to 108.8(9J in separations and-€H---O angle associated with the interaction
the acetyl derivative, and to 113.2(32n (MesC),S2° The are found to be 3.502(2) A, 2.53 A, and ?7fespectively. The
corresponding angles in other molecules of the type@B)- effect of the interaction is also apparent through the dimensions
XC(O)CHs are reported to be 114.0(36)129.2(10j, and of the relevant (sp) acetyl groups compared with those of the
116.5(20)/121.0(18)for X = CH,,! NH,2 and O? respectively. noninteracting ap acetyl groups: while the=O bond distances
No very clear pattern emerges from these values, and it is do not change significantly, the-& bonds are 0.006 A shorter,
impossible to judge the relative importance of steric and and the C-S bonds are not longer (as in the gaseous molecule)
electronic effects, particularly when the pattern itself may be but 0.003 A shorter.
appreciably perturbed by “shrinkage”, allowance for which has  The short C-H---O contacts evident in the crystal structure
rarely been ventured. of diacetyl sulfide are certainly not unprecedented. Indeed, there
The asymmetry of the CI€(O)SC(O)CH molecule in the has been a wave of interest in the past decade in weak “hydrogen
[sp,ap] conformation, with one=€0 group syn and the other  bonds” in general® and C—H---O interactions in particulai
anti to the methyl group of the adjacent acetyl fragment, is The energy of a €H---O interaction is difficult to determine
reflected in the slightly different distances and angles calculated experimentally, but on the evidence of quantum chemical
for the two acetyl functions. According to the MP2 calculations, estimates, it is judged typically to bke2 kcal mol,3* and there
for example, the acetyl group featuring the ant=QG group has been considerable debate about whether the interaction
has a &0 bond 0.002 A shorter, a-€C bond 0.011 A shorter,  should be categorized as a true hydrogen Bd/RéWhatever
and a G-S bond 0.021 A longer that its syn counterpart. This its origin, the interaction is now generally recognized as having
suggests that the carbonyl groups differ slightly in their a potentially significant influence on crystal packing, molecular
electronic makeup, as well as being more obviously different conformation, molecular recognition, and stabilization of inclu-
in their environmental aspect. How the variance might operate sion complexes. A survey of-€H---O=C contacts finds €-
with regard to intermolecular interactions in the condensed O and H--O separations and-€H:--O angles typically in the
phases is revealed in the next section, where we discuss theanges 3.£3.5 A, 2.2-2.6 A, and 156-16C°, respectively.
crystal structure of the compound. While the characteristics of the-€H---O contacts in crystalline
4. Crystal Structure. Diacetyl sulfide crystallizes in the  diacetyl sulfide at 150 K may suggest a directional interaction
monoclinic space' group2u/n with four CH3C(.O)SC(O)CH (30) Bernstein, J.; Davis, R. E.; Shimani, L.; Chang, NAbhgew. Chem.,
molecules per unit cell. The more or less discrete molecules |, Ed. Engl.1995 34, 1555. Calhorda, M. hem. Commur200Q 801.

have a planar skeleton with the [sp,ap] conformation favored  (31) Desiraju, G. RAcc. Chem. Red991 24, 290. Steiner, TJ. Chem.
Soc., Chem. Commu997, 727.

(28) lijima, T.; Tsuchiya, S.; Kimura, MBull. Chem. Soc. Jpril977, (32) Gu, Y.; Kar, T.; Scheiner, S. Am. Chem. S0d.999 121, 9411.
50, 2564. Desiraju, G. R.; Steiner, TThe Weak Hydrogen Bond in Structural

(29) Tsuboyama, A.; Konaka, S.; Kimura, Nl.Mol. Struct.1985 127, Chemistry and BiologyOxford University Press: Oxford, U.K., 1999.
77. Steiner, T.J. Chem. Soc., Chem. Commad®899 313.
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consistent with hydrogen bonding, this interaction is plainly only 1.0—2.4 and 6.5-7.6 kcal mot?, respectively. While the [ap,ap]
weak, even by €H---O standards. It is, for example, compa- conformer is unlikely on this basis to make a significant
rable with that in the stable orthorhombic phase of solid acetone contribution to the vapor, the [sp,sp] one might be expected to
for which the shortest H-O contacts, measuring 2.51 A at 150 account for +16% of the gaseous molecules at room temper-
K, are judged to be important only at 5%K. ature. It is probable, therefore, that the theoretical methods we
Weak the G-H---O=C intermolecular interaction may be in have used have underestimated somewhat the energy separation
solid diacetyl sulfide, but it operates for one acetyl group and between the [sp,ap] and [sp,sp] conformers.
not the other. Now that the structure has been shown to consist Changes in the vibrational spectra of the compound ac-
exclusively of the [sp,ap] rotamer, it is necessary to reconsider companying the transition from the vapor to the condensed
the interpretation of the IR spectrum exhibited by the solid and, phases we attribute to the different environmental responses of
particularly, the two absorption bands appearing inif@0O) the sp and ap carbonyl functions. The crystal structure gives
region? Conformational change now being excluded, it seems specific notice of this with the revelation that the molecules
much more likely that the two bands relate to the sp and ap aggregate loosely in dimer pairs with weak but significant C
acetyl fragments. Th&(CO) mode of the noninteracting ap unit  H:--O=C interactions between the ap acetyl groups of the two
then occurs at wavenumbers close to that of the gaseousmolecules.
molecule (about 1730 vs 1739 ch), whereas the corresponding The conformational behavior of diacetyl sulfide is therefore
mode of the interacting sp unit is shifted to lower wavenumber not very different from that of the rather thinly characterized
(1703 cm~1). This interpretation is in agreement with the CH;C(O)CHC(O)CH; moleculé-2and the better characterized
expected behavior of a dimeric unit, as modeled in B3LYP/6- CH3C(O)NHC(O)CH molecule?13-15 Curiously, though, acetic
31+G*. For a dimeric assembly with the-€O and H--O anhydride, CHC(O)OC(O)CH, behaves differently, the vapor
distances and-€H---O angle of 3.604 A, 2.511 A, and 177,4 consisting, it appearspf a mixture of nonplanar conformers
respectively, the/(CO) mode of the noninteracting ap acetyl of the types [sp,ac] and [sp,sp]. It thus stands apart not only
group is predicted to be at 1801 chwith an intensity of 595 from the sulfide but also from the anhydrides HC(O)OC(O)-
km mol~1 and thev(CO) mode of the interacting sp unitat 1779 H3*and CHC(O)OC(O)H?3® which have both been reported to
cm~t with an intensity of 811 km mol. The calculated favor planar [sp,ap] conformations. The preference of the formyl
separation between the two is thus 22émas against the ~ compounds for this particular configuration is judged to be a
experimentally observed one of 36 thn result, at least in part, of an attractive interaction between the
We cannot be sure that the same applies to the liquid, which formyl H atom and the oxygen of the distal carbonyl grétig>
also displays two bands in thgCO) region of the IR and For a molecule of the type YC(O)OC(O)Y, the conformational
Raman spectra (centered at 1769 and 1712'%AiThe change choice appears to involve a tradeoff between the dipdipole
of wavenumber undoubtedly reflects the (unknown) permittivity interaction between the <€C(Y)O groups on one hand and
of the medium, but it seems quite plausible that the carbonyl nonbonded Y--Y or Y:--O repulsions on the other. The [sp,-
groups of the sp and ap acetyl substituents should again responep] form is superior to the [sp,sp] form in affording dipele
differently to the environment of the molecule, irrespective of dipoleattractionbetween the &C(Y)O groups but inferior in
whether this results in the formation of specific aggregates of the nonbonded ¥-O repulsions it produces (see Figure 1). Only
the sort identified by the crystal structure. Overall, then, our for the smallest Y groups, e.g., ¥ H, is the attractive
findings must serve as a warning against undue reliance oninteraction expected to prevail. Larger Y groups without the
vibrational spectroscopy as a probe of molecular conformation, potential for any secondary bonding, e.g., =Y CHs, will
especially in the condensed phases. At the same time, theyotherwise generate -Y-O repulsions sufficient to disfavor the
highlight the importance of quantum chemical calculations as planar [sp,ap] conformation, causing the molecule to seek out
a guide to the interpretation of these and other experimental alternatives to achieve its minimum energy. It is for this reason

results. presumably that acetic anhydride behaves differently from its
formyl analogues.
Conclusions Extension of these arguments to molecules of the type YC-

(O)XC(O)Y introduces at least two additional factors. First, there
is the mesomeric effect, which stabilizes a planar skeleton and
which varies with the nature of the central atom or group X. In
the case of diacetyl sulfide, for example, there is some potential
Sor conjugation between the(Ip) orbital of the sulfur atom and
the two C=0 = bonds. Second, the dimensions of theXC—

C unit affect critically the &C(Y)X dipole—dipole interactions

and the ¥--Y or Y:--O nonbonded repulsions. As the-&
distance increases, the-&—C bond angle expands, or both
occur, the energies of the two interactions inevitably decrease,
but the short-range repulsion term at a much faster rate than
the long-range dipolar term. Hence, the dipolar term may be
expected to assume greater influence in these circumstances. It
is noteworthy, then, that the separation between the two carbon
atoms of the carbonyl groups in GE(O)XC(O)CH; molecules

We have carried out a study of the structural and vibrational
properties of diacetyl sulfide with particular reference to the
conformation favored by the CC(O)SC(O)C skeleton. For this
purpose we have drawn on both experiment for measurement
of the vibrational spectra, of the electron diffraction pattern of
the vapor, and of X-ray diffraction for a single crystal at 150
K, and theory for HF, MP2, and density functional theory (DFT)
calculations. All the evidence points to a situation dominated
by a single rotamer having a planar [sp,ap] configuration not
only in the vapor at normal temperatures but also in the
crystalline solid at 150 K. The experiments give no sign of any
other rotamer, the IR spectrum of the vapor trapped in a solid
Ar or Nz matrix implying that at least 99% of the vapor
molecules have the [sp,ap] form. The quantum chemical
calculations identify two other stable, nonplanar rotamers, one
with an [sp,sp] and the other with an [ap,ap] skeleton. The ranges from 2._330/2.416Afor>¢ o [Sp’Sp]/[ip'aCT’thrOUQh

, o ; ) 2.732 A for X= CH; [sp,ap} and 2.743 for X= NH [sp,ap]?
potential energy minimums of these are estimated to lie above

the global minimum representing the [sp,ap] configuration by  (34) Wu, G.; Shiykov, S.; Van Alsenoy, C.; Geise, H. J.; Sluyts, E.;
Van der Veken, B. JJ. Phys. Chem1995 99, 8589.

(33) Allan, D. R;; Clark, S. J.; Ibberson, R. M.; Parsons, S.; Pulham, C. (35) Wu, G.; Shlykov, S.; Van Alsenoy, C.; Geise, H. J.; Sluyts, E;
R.; Sawyer, L.J. Chem. Soc., Chem Commu®99 751. Van der Veken, B. JJ. Phys. Chem1996 100, 11620.
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