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Abstract The conformational stability and vibrational
infrared and Raman spectra of trichloroacetyl isocyanate
(CCI;CONCO) were investigated by ab initio MP2 and
density functional B3LYP calculations using the 6-
311++G** basis set. From the potential energy scans of
the internal rotations in both the halomethyl and the iso-
cyanate rotors, the molecule was predicted to exist pre-
dominantly in the cis—cis conformation. The steric hin-
drance between the halomethyl group and the nitrogen
lone-pair was found to favor the staggered configuration
for the chlorine atom, while conjugation effects favor the
planar configuration for the C=0 and the NCO groups.
Vibrational wavenumbers were computed for the mole-
cule at the DFT-B3LY P/6-311++G** level. Normal co-
ordinate calculations were carried out to obtain the po-
tential energy distributions (PED) among the symmetry
coordinates of the normal modes for the molecule. The
theoretical vibrational assignments were compared with
experimental ones and ratios of observed to calculated
wavenumbers of about 0.97—1.04 were obtained.

Keywords Conformational stability - Internal rotation -
Normal coordinate - Vibrational assignments

Introduction

The conformational behavior of halocarbonyl, halometh-
yl and haloacety! isocyanates has been investigated by
both theoretical and experimental methods. [1, 2, 3, 4, 5,
6,7,8,9 10, 11, 12, 13, 14, 15, 16, 17] The conformat-
ional behavior in these moleculesis aways dependent on
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the nature of the substituents. The stability of these mol-
ecules is expected to be controlled by a combination of
steric hindrance, dipolar interactions and conjugation ef-
fects. In halocarbonyl isocyanates CXO-NCO, conjuga-
tion effects tend to stabilize the planar cis and trans and
not the non-planar gauche conformers. The conformatio-
nal stability of these molecules was found to be changed
on going from gaseous to condensed phases. For exam-
ple, in fluorocarbony! isocyanate the cis conformer was
determined to be slightly more stable than the trans con-
former in the fluid states, but the trans conformer turned
out to be more stable in the solid state. [7] On the other
hand, chlorocarbonyl and bromocarbonyl isocyanates
were both determined to exist predominantly in the trans
conformation (isocyanate group trans to the carbonyl
bond) in the fluid phases. [4, 13]

In halomethyl isocyanates CX;—NCO, CHX,—NCO,
and CH,X-NCO, both the repulsive interaction between
the halogen atoms and the lone-pair on the nitrogen and
the steric hindrance play a mgjor role in determining the
direction of the conformational equilibrium of the mole-
cules. For example, in chloromethyl isocyanate CH,Cl—
NCO, the potentia scans governing the internal rotation
about the C-N bond were calculated to be consistent
with a single minimum corresponding to a structure hav-
ing the chlorine atom near-cis to the NCO moiety with
the chlorine atom and the lone-pair in opposite directions
with minimum repulsive interaction between them. [1, 3]
Similarly, difluoromethyl isocyanate CHF,—NCO was
predicted to exist only in the trans (the hydrogen and not
a fluorine atom of the difluoromethyl group eclipses the
electron lone-pair) conformation again with minimum
interaction between the fluorine atoms and the electron
lone-pair.

The investigation of the structure and conformations
of some haloacetyl isocyanates has been reported. [6, 9,
15, 16, 17] For these two molecular rotor systems, both
the halomethyl and the isocyanate groups may adopt
more than one configuration around the C—C and C—N
bonds. [6, 15] From infrared variable temperature mea-
surements, chloroacetyl isocyanate CH,CI-CO-NCO



was suggested to exist as cis and trans conformers in the
liquid phase. [15] Similarly, Balfour et al. have reported
the vibrational infrared spectra of the gas and Raman
spectra of the liquid of chloro-, dichloro- and trichloro-
acetyl isocyanates. [9] They reported that the observa-
tions indicate that the cisoid conformation is the pre-
ferred one in the gas phase while substantial amounts of
both cisoid and transoid conformers are present in the
liquid. [9]

We were interested in this molecule in order to com-
plete our series of studies concerned with the mono- and
dichloro- derivatives of this interesting molecular system
which is of great importance in synthetic organic chem-
istry. Furthermore, also to complement experimental in-
vestigations, it seems to be important to establish also
theoretically the conformational equilibrium, again in
comparison to the other derivatives. Since it is very im-
portant in vibrational spectroscopy to obtain an unam-
biguous quantitative assignment of the spectral features
of a molecule such as this to atomic motions, which is
rather difficult to obtain for al of the spectral lines sole-
ly on experimental grounds, it appears to be necessary to
perform potential energy distribution (PED) calculations
on thisimportant molecular system.

In the present study we calculated the potential scans
to describe the internal rotation of the CCl; and NCO ro-
tors in trichloroacetyl isocyanate. Energy optimizations
were carried out a both DFT-B3LY P/6-311++G** and
second order Moller—Plesset MP2/6-311++G** |evels;
no effective core potentials (ECP) were used in our cal-
culations. Also, we calculated the vibrational wavenum-
bers and computed the potential energy distributions for
al the normal modes of the molecule from normal coor-
dinate calculations. The results of the work are presented
herein.

Ab initio calculations

The GAUSSIAN 98 program [18] running on an IBM
RS/6000 43P model 260 workstation was used to opti-
mize the energies, and calculate the vibrational wave-
numbers for trichloroacetyl isocyanate. The 6-311++G**
basis set was employed to carry out the DFT-B3LY P and
MP2 calculations. The conformational stability of the
molecule was determined by investigating the potential
scans for the internal rotations of each of the CCl; and
NCO groups about C-C and C—N bonds respectively
(see Fig. 1). This was done in two steps. First we calcu-
lated the potential scan for the rotation of the halomethyl
group at the fixed position of the cis isocyanate group
(isocyanate group eclipses the C=0 group). Second we
calculate the potential scan of the NCO group at the
fixed minimain the first halomethyl scan.

We calculated the CCl; scan by varying the CICCO
dihedral angle 6 around the C—C bonds at the fixed
OCNC dihedral angle @=0°. The calculation was consis-
tent with one energy minimum at 8=0°, with a CCl bar-
rier of about 1.7 kcal mol-1 as shown in Fig. 2. We then
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Fig. 1 Atom numbering and internal coordinate definitions for tri-
chloroacetyl isocyanate in the cis—cis (upper) and cis-trans (low-
er) conformations
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Fig. 2 Potential energy scans for the symmetric CCl; torsion (dot-
ted line) and NCO torsions at trans-CCl;, where CICCO dihedral
angle is 180° (dashed line) and cis-CCl;, where CICCO dihedral
angleis 0° (bold line) for trichloroacetyl isocyanate

carried out the potential scans of the NCO group about
the C—N single bond by varying the OCNC dihedral an-
gle (¢) by 15° from 0° to 180° at each of the fixed
CICCO dihedral angles of 6=0° and 6=180°. The results
of the scans are shown in Fig. 2. From the potential ener-
gy scans, the trans CCl; configurations (6=180°) are cal-
culated to be of higher relative energies than the corre-
sponding cis forms (6=0°) and to turn out to be maxima
on full optimization. It was clear from the calculations
that trichloroacetyl isocyanate exists in one predominant
conformation namely cis—cis form with 8=¢@=0° (isocya-
nate group and chlorine atom eclipse the carbonyl C=0
bond). Full optimization was then carried out for the sta-
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Table 1 Calculated total energies (hartree) and relative energies (kcal mol-1) for possible forms of trichloroacetyl isocyanate

Conformation B3LYP/6-311++G**

MP2/6-311++G**

(6, 92 Total energy Relative energy (6, p)2 Total energy Relative energy
cis—cis 0,0 —1700.262577 0.000 0,0 —1697.743671 0.000
cis-trans (0, 180) —1700.259984 1.627 (0, 180) -1697.741876 1.127
trans—cis (180, 0) —1700.259660 1.831 (180, 0) —1697.739920 2.354
a@ and @ are CICCO and OCNC dihedral angles respectively
Table 2 Calculated structural
parameters (A and degrees), to-  Parameter B3LYP MP2 Exp?
tal dipole moment (Debye), and . ) .. ) as
rotational constants (MHz) at ciscis  cistrans ciscis  cis-trans
B3LY P/6-311++G** and
MP2/6-311++G** levels for Bond length
the possible conformers of tri- ~ r(C,—N,) 1.398 1.387 1.402 1.395 1.388
chloroacetryl isocyanate r(N,=Cs) 1.219 1.215 1.233 1.230
r(Cs=0,) 1.156 1.158 1.165 1.168 1.192
r(C,=0Os) 1.195 1.192 1.203 1.200 1.215
r(Cs—<Cy 1.559 1.574 1.550 1.564 1.541
r(Cl.—Cy) 1.774 1.769 1.755 1.751
r(Clg—Cs) 1.798 1.803 1.774 1.778
r(Clg—Ce) 1.798 1.803 1774 1778
Bond angle
(CiN,Cy) 131.0 138.8 126.6 133.0 125.9
(N,C30,) 173.7 172.7 1798 1715
(OsCiN,) 125.6 122.8 126.0 122.2 128.7
(C4CiN,) 111.3 115.6 110.2 115.3
(Cl,CsCY) 110.2 110.3 109.8 110.0
(ClgCqCy) 108.2 108.4 107.7 107.9
(ClgCeCy) 108.2 108.4 107.7 107.9
(OsC;N,Cy) 0.0 180.0 0.0 180.0 0.0
(CI,C¢C,05) 0.0 0.0 0.0 0.0 0.0
(ClgCsC,Cl5) 120.4 120.6 120.4 120.6
(Cl4CqC,Cl5) -1204  -1206 -1204 -120.6
Dipole moment () 1.053 1.269 1.210 1.709
Rotational constants
. A 1485 1426 1512 1450
aData are obtained for fluoro- B 654 796 664 830
carbonyl isocyanate from elec- ¢ 624 737 633 764

tron diffraction study in [8]

ble cis—cis conformer at both DFT-B3LY P and MP2, lev-
els as shown in Table 1. The calculated structural param-
eters, total energies, rotational constants and dipole mo-
ments of the cis—cis conformer of the molecule are listed
in Table 2.

Normal coordinate calculations and vibrational
spectra

The vibrational frequencies for trichloroacetyl isocya
nate in the cis—cis conformation were computed at the
DFT-B3LYP/6-311++G** level. The molecule in the
planar cis—cis form has C;, symmetry. The 21 vibrational
modes span the irreducible representation 14A" and 7A".
The A' modes should be polarized while the A" modes

be depolarized in the Raman spectrum of the liquid. Nor-
mal coordinate analyses were then carried out for all the
stable conformers to provide assignments of the funda-
mental frequencies for all the conformers of each mole-
cule as described previously. [19, 20] A complete set of
internal coordinates (Table 3) was used to form symme-
try coordinates (Table 4). The PED for each normal
mode among the symmetry coordinates was calculated
and is given in Table 5. Finaly, the assignments were
made based on the calculated PED, infrared band inten-
sities, Raman line activities, depolarization ratios, and
comparison with observed values from the experimental
spectra of the molecule [9].

The vibrational infrared and Raman wavenumbers
(v;'s) were taken from the Gaussian 98 outputs to per-
form the plots in the same way as we described previous-



Table 3 Internal coordinate definition for trichloroacetyl isocya
nate

No. Coordinate2 Definition
1 Ci—N, Stretch Q
2 N,=C4 Stretch T
3 C;=0, Stretch P
4 C=0g Stretch R
5 CeC; Stretch D
6 Cl—Cq Stretch A
7 Clg—Cg Stretch A,
8 Clg—Cg Stretch Ag
9 C;N,Cy Bend X
10 N,C;0, Bend M
11 OsC;N, Bend €
12 05C,Cq Bend Y
13 Cl,CsCy Bend oy
14 ClgCsCy Bend a,
15 ClyCsC, Bend o5
16 Cl,CcClg Bend (o
17 Cl,CgClq Bend o,
18 ClgCsClg Bend (o8
19 CeC05N, Wag n
20 C;N,C,0, Wag A
21 Cl,CsC,05 Torsion Ty
ClgCsC,05
Cl4CsC,05
22 C;3N,C,0, Torsion T,

aFor atom denotation see Fig. 1

Table4 Symmetry coordinate definition for trichloroacety! isocy-
anate

Species Description Symmetry coordinate2

A’ C-C stretch S;=D
C=0 stretch S=R
C—N stretch S;=Q
NCO symmetric stretch S,=P+T
NCO antisymmetric stretch S;=P-T
CCl; antisymmetric stretch Ss=2A—A,A;
CCl; symmetric stretch S;=AFALTA,

CCl; symmetric deformation

Sg=0, 0,050 =003
CCl; antisymmetric deformation

Sy=20,-0,03

NCO in-plane bend o=H

CCON in-plane bend Si=y-€

CNC in-plane bend S1o=X

CCN deformation S;5=26—<€-y

CCl; rock S14=20,—0 03
A" CCl; antisymmetric stretch Si5=AA,

CCON out-of-plane bend 6=

NCO out-of-plane bend 7=\

CCl; antisymmetric deformation S,g=0,—04

CCl; wag g=0l,—0l3

CCl; torsion S=Ty

NCO torsion =Ty

aNot normalized

ly. [20, 21] To calculate the Raman spectra we used the
frequencies v;, the scattering activities § and the depo-
larization ratios p; as calculated at the DFT-B3LYP level.
The calculated vi Erational infrared and Raman spectra of
trichloacetyl isocyanate are shown in Figs. 3 and 4.
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Fig. 3 Calculated vibrational infrared spectrum of trichloroacetyl
isocyanate at DFT-B3LY P/6-311++G** level
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Fig. 4 Calculated vibrational Raman spectrum of trichloroacetyl
isocyanate at DFT-B3LY P/6-311++G** |evel
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Discussion

The reactivity of organic compounds containing the iso-
cyanate group —-N=C=0 in synthetic heterocyclic chem-
istry has attracted the attention to investigate their con-
formations, structure and vibrational spectra. [1, 2, 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 22] Hal oacetyl
isocyanates are among the reactive reagents of these
compounds and the experimental vibrational and Raman
spectra of several of these molecules have been reported.
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Table5 Calculated vibrational frequencies (cm-1) at B3LY P/6-311++G** level for the cis—cis conformer of trichloroacetyl isocyanate

Sym. No. Freq. IRint2 Ramanact. Dep.ratio ObsP (VydVea) PED
A 2 2342 1506.6 8.4 05 2258 0.985 95% NCO asym. str. (Ss)
v, 1806 2629 239 0.1 1777 0.904 95% CO. str. (Sy)
V3 1479 2530 282 0.2 1422 0.961 70% NCO sym. sir. (S,), 26% CN sir. (S;)
v, 1110 191.3 6.0 01 1110 1.000 40% CC str. (S,), 18% CN Str. (Sy),
18% CC(O)N bend (S;y), 15% NCO sym. str.(S,)
Vg 875 9.5 58 0.6 851 0.973 27% CN str. (S3), 23% CC stir. (Sy),
13% CCl4 sym. def. (Sg)
Vg 816  226.1 5.1 0.5 814 0.998 60% CCl5 asym. str. (S;), 10% CCl; rock (S;,)
v, 740  146.6 4.0 01 742 1.003 37% CC(O)N bend (S,;), 25% NCO bend (S,,)
Vg 583 4.1 11 0.1 669  1.147 61% NCO in-plane bend (S,),
15% CC(O)N bend (S,,)
Vg 427 24 139 0.1 440 1.030 67% CCl, asym. str (S;), 13% CC str (S,),
12% CC(O)N bend (S;,)
Vio 379 1.9 49 0.4 29% CCl, asym. Str. (Sg), 25% CCN def. (Sy,),
13% CCl4 sym. def. (Sg)
Vg 285 0.2 25 0.7 32% CCl; sym. def. (Sg), 18%CCl; asym. def (Sg),
13%CCl; rock (S,,)
Voo 244 0.1 23 0.6 251 1.029 35% CCl asym. def. (Sg), 22% CCl; sym. def. (Sg),
15% CCN def. (S;3), 12% CCl asym. def. (So)
Vis 197 0.9 14 0.7 202 1025 49% CCl, rock (S,,), 16% CNC bend (S,,),
12% CCl 5 asym. def. (Sy)
Vi 86 05 35 0.7 68% CNC bend (S,,), 15% CCN def. (S,,),
12% CCl;rock (S,)
A" v 803 61.1 45 0.8 569%CC(O)N bend (S;¢), 21%CCl; asym. Str. (S;5),
20% CCl; rock (Sy;5)
Vig 652 132.0 34 0.8 57% CCl, asym. Str. (S;5), 27% CC(O) N bend (S;6)
Vi7 617 35 0.2 0.8 600 0.972 91% NCO in-plane bend (S,;)
Vig 283 0.0 4.3 0.8 286 1.011 54% CCI3 asym. def. (S18),
18% CCI3 asym. str (S15)
Vg 188 0.3 0.2 0.8 65% CCl rock (S,g), 10% CCl; asym. def (S;g)
Vao 66 11 3.0 0.8 63% NCO torsion, (S,g), 17% CCl, rock (Syg),
10% CC(O) N bend (Sy¢)
Vo 38 0.7 13 0.8 76% CCl torsion (S,;), 24% NCO torsion (Syp)

a|R intensities and Raman activities are calculated in km mol-1 and A4 amu-1 respectively

b Observed IR frequencies for trichloroacetyl isocyanate [9]

[6, 9, 15, 16, 17] The vibrational spectra of trichloroace-
tyl isocyanate (CCl;CONCO) have been investigated ex-
perimentally and no spectra of the solid phase have been
reported. [9] As mentioned earlier, the results indicated
that the cisoid conformation is the preferred one in the
gas phase while substantial amounts of both cisoid and
transoid conformers are present in the liquid. [9]

From energy optimizations and potentia scans in the
present study, trichloroacetyl isocyanate was predicted to
exist predominantly in the cis—cis conformation with a
small percentage of the cistrans form (Table 2). It was
interesting to notice that in the low energy cis—cis con-
former, the isocyanate group was predicted to eclipse the
carbonyl C=0 bond with the lone-pair on the nitrogen
being away from the carbonyl group. The results of our
normal coordinate calculations for the potential energy
distributions agree fairly well with the vibrational as-
signments made based on experimental results. [9] This
is evident from the ratio of calculated and experimental
wavenumbers that are close to one in most cases as
shown in Table 5. The vibrational assignments of many
of the fundamental vibrations were straightforward based
on the calculated PED for the molecule. However, some
of the calculated modes were predicted to mix consider-

ably with other modes. We will try to make tentative as-
signments for the intense spectral features in the vibra-
tional spectra of the molecule.

The calculated band at 2342 cm1 (95% PED) with
the strongest infrared intensity is assigned to the NCO
antisymmetric stretch in excellent agreement with the
observed band at 2258 cm-1 in the spectrum of trichloro-
acetyl isocyanate. [9] The corresponding symmetric
mode was predicted at 1479 cm-! (70% PED) and ob-
served at 1422 cml. [9] The assignment of the CO
stretching mode was straightforward to the intense ob-
served band at 1777 cm1 in the infrared spectrum of the
molecule, in good agreement with the calculated wave-
number at 1806 cm-! with a negligible degree of mixing.
The C-C and C—N stretching modes were predicted to
have a high degree of mixing; however, their assign-
ments were reasonably consistent with the observed ones
as shown in Table 5. The two A” CCl; stretching modes
were calculated at 816 cm! (60% PED) and 427 cm-!
(67% PED). These two modes were observed at 851 and
440 cm1 respectively. [9] The corresponding A' mode
was observed at 742 cm! but predicted at 652 cmrl.
However, this mode was predicted to have a PED vaue
of 57% (Table 5). On comparison, the two bending



modes associated with the NCO group agree fairly well
with those observed in the infrared spectra of the mole-
cule. [9] For example, the in- and out-of-plane NCO
bending modes were calculated at 583 cm-! (61% PED)
and 617 cm-1 (91% PED), while they are observed at
669 and 600 cm1 respectively. [9]

The CCl; rocking modes (S,, and S;g with a PED of
49% and 65%) can be assigned to the calculated wave-
numbers of 197 cm-! and 188 cmr! respectively, where
the A mode (S,,) was observed at 202 cm-1. [9] The
CCl; and NCO torsions were calculated at 38 and
66 cmr! respectively with weak absorption as shown in
Table 5.

In conclusion, our wavenumbers as shown in Table 5
are in reasonable agreement with experiment, as one
would expect, given the choice of functional and basis
set. It appears to us that the functional dependence of the
results should not be of too much significance when go-
ing from B3-LY P to BP86, athough the latter is said to
be better for vibrational spectra. However, we do not ex-
pect that the improvements would be very pronounced,
because we know from our previous experience that
DFT(B3-LYP) gives results of roughly MP2 quality.
Also studies of functional dependences of results have
been performed previously. Thus another one would not
add substantial new information to the literature. Fur-
thermore, as discussed below, the largest discrepancies
between our results and experiment can be attributed to
anharmonicities in the CH and CO vibrations. This is
discussed in more detail in our study on cyclohexanecar-
boxaldehyde. [23] The vibrations that show the largest
disagreements between theory and experiment (see Ta-
ble 5) al have large contributions from CH stretches
and/or NCO motions. Both these vibrations deviate
mostly from harmonic behavior [23] and thus deviations
of our wavenumbers from experiment in these cases are
well accounted for by anharmonicity effects that cannot
be tackled in our harmonic treatment. Since the potential
for these motions differs from the harmonic one assumed
here, both wavenumbers and wavefunctions used for in-
tensity calculations suffer from this effect. We note that
this shortcoming cannot be accounted for by another
choice of functional, and improvements due to the func-
tional at this level of sophistication are expected to be
smaller than errors introduced by the harmonic approxi-
mation used. In the case of intensities, the agreement of
our spectra with experimental ones is only moderate, be-
cause exactly the features dominating the spectra are
those that are plagued mostly by anharmonicity effects,
which lead to an overestimation of NCO and CH intensi-
ties. The Raman activities and depolarization ratios aso
given in Table 5 are necessary for the calculation of Ra-
man intensities and thus for the construction of our theo-
retical spectra. Also in case of Raman spectra the agree-
ment of theoretical intensities with experimental onesiis,
as for IR spectra, only moderate due to the same effects
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as discussed above. Findly, this study completes our se-
ries of papers on the haloacetyl isocyanates, which com-
plements previously published experimental work on the
same molecules. Complete vibrational assignment of all
spectral features to atomic motions could be given for
trichloroacetyl isocyanate, which is the necessary com-
pletion of the body of experimental and theoretical work
published in the literature.
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