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The gas phase conformational properties and geometric structure of trifluoromethyl chloroformate, ClC(O)-
OCF3, have been studied by vibrational spectroscopy (IR (gas), IR (matrix), and Raman (liquid)), gas electron
diffraction (GED), and quantum chemical calculation (HF, B3LYP and MP2 methods with 6-311G* basis
sets). The molecule exhibits only one form havingCs symmetry with synperiplanar orientation of the O-C
single bond relative to the CdO double bond. If heated Ar:ClC(O)OCF3 mixtures are deposited as a matrix
at 14 K, bands appear in the IR spectra which are assigned to the anti form. At room temperature, the
contribution of the anti rotamer is estimated to be less than 1%. This high energy conformer is not observed
in the GED experiment. The structure of solid ClC(O)OCF3 was determined by X-ray diffraction analysis
from crystals obtained at low temperature, using a miniature zone melting procedure. The molecule crystallizes
forming a dimeric structure belonging to the monoclinic crystal system and adopts theP21/n spatial group.
Furthermore, we report the structure of the similar molecule trifluoroacetyl chloride, CF3C(O)Cl, in its crystalline
phase by using the same method.

Introduction

Perfluoroalkyl haloformates (XC(O)ORF, X ) halogen) have
been known since 1965 when Anderson et al.1 reported the
synthesis of FC(O)OCF3 by dimerization of carbonyl fluoride.
Later, Aymonino2 reported a more efficient synthesis of
FC(O)OCF3 by photolysis of a mixture of CF3OF and CO. At
the same time, the synthesis of perhaloalkyl hypochlorites
(RFOCl) and the reaction of these compounds with carbon
monoxide to give perfluoroalkyl chloroformates ClC(O)ORF

with RF ) CF3, CF2CF3, i-C3F7, and SF5 were reported by
several groups.3,4 Chloroformates are useful as catalysts for the
polymerization of unsaturated compounds and in the preparation
of polycarbonates, polyesters, and formaldehyde polymers.5

Although strucutal,6 spectroscopic (IR, Raman, mass spectra,
and19F NMR),7 and kinetic properties8 of fluoroformates have
attracted great attention, little is known about perfluoroalkyl
chloroformates. In a recent work, the preference for the syn
conformation for FC(O)OCF3 was established, both experimen-

tally by gas electron diffraction (GED) experiments and
theoretically at the MP2 and B3LYP methods. A contribution
of about 4% for the anti form (∆H ) Hanti - Hsyn ) 1.97(5)
kcal/mol) was deduced from IR (matrix) spectra.6

A similar conformational behavior was recently found
for trifluoromethyl formate HC(O)OCF3. Wallington et al.9

have reported that the atmospheric oxidation of fluorinated
ethers, specifically of CF3OCH3 (E143a), produces tri-
fluoromethyl formate. The syn conformer of HC(O)OCF3 was
calculated (MP2/TZ2P) to be about 1 kcal/mol more stable
than the anti form.10 The presence of the less stable anti form
at room temperature was detected experimentally by exam-
ination of the carbonylic stretching region in the IR (gas)
spectrum.9

In continuation of studies for XC(O)OCF3 molecules, we
present in this work an experimental investigation of the
structure and vibrational properties of ClC(O)OCF3 which
includes the use of GED technique, IR (gas) and IR (matrix)
spectroscopy, and the Raman spectrum of liquid ClC(O)OCF3.
In principle, ClC(O)OCF3 can possess two conformations with
syn and anti orientation of the O-C single bond respect to the
CdO double bond (Chart 1). The crystal structure of the title
compound was also obtained by using the low-temperature
X-ray diffraction method. The crystal structure of the similar
molecule CF3C(O)Cl was also determined by the same tech-
nique. The experimental data were supplemented by using ab
initio (HF and MP2) and DFT (B3LYP) quantum chemical
calculations.
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699J. Phys. Chem. A2004,108,699-706

10.1021/jp036966p CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/30/2003



Experimental Section

Synthesis. ClC(O)OCF3 was synthesized by reaction of
CF3OCl with CO according to the method reported by Young
et al.3 Conventional vacuum techniques were used to condense
trifluoromethyl hypochlorite into a 60 mL stainless steel
cylinder. This was followed by the addition of excess carbon
monoxide at-196°C. The mixture was then allowed to warm
to -20 °C and remain at that temperature for about 10 h. After
this time, the products were separated by vacuum fractionation.
The yield of chloroformate was nearly quantitative. CF3OCl was
synthesized by reaction of carbonyl fluoride and chlorine
monofluoride in the presence of cesium fluoride (p. a. Fluka)
catalyst at-20 °C. Fractionation of the reaction products
through traps at-100, -140, and -196 °C yields pure
CF3OCl which is retained as a pale yellow liquid in the-140
trap.11 CF3C(O)Cl was synthesized by reaction of trifluoroacetic
acid with pentachlorophosphorane according to the usual
method.12 The compounds were purified by trap-to-trap distil-
lation and the final purity (>98%) was checked by IR and19F
NMR spectroscopy. CO (95.5%, Linde, Munich, Germany) and
F2CO (Messer Griesheim) were obtained from commercial
sources and used without further purification.

General Procedure.Volatile materials were manipulated in
a glass vacuum-line equipped with two capacitance pressure
gauges (221 AHS-1000 and 221 AHS-10, MKS Baratron,
Burlington, MA), three U-traps, and valves with PTFE systems
(Young, London, U.K.). The vacuum line was connected to an
IR cell (optical path length 200 mm, Si windows 0.5 mm thick)
contained in the sample compartment of an FTIR instrument
(Impact 400D, Nicolet, Madison, WI). This allowed us to
observe the purification processes and to follow the course of
the reactions. The pure compound was stored in flame-sealed
glass ampules under liquid nitrogen in a long-term Dewar vessel.
The ampules were opened with an ampule key13 on the vacuum
line, an appropriated amount was taken out for the experiments,
and then they were flame-sealed again.

Preparation of Matrixes. In a stainless steel vacuum line
(1.1 L volume), a small amount of ClC(O)OCF3 (ca. 0.05 mmol)
was mixed with an 1:1000 excess of Ar. This mixture was
passed into a stainless steel capillary, in 20-60 min, and a
heated quartz nozzle, which was placed directly in front of the
matrix support at 14 K. For the pyrolysis of ClC(O)OCF3, the
nozzle temperature was varied between room temperature and
565 K. Photolysis experiments on the matrixes were undertaken
in the UV region by using a high-pressure mercury lamp (TQ
150, Hereaus, Hanau, Germany) in combination with a water-
cooled cut off filter (Schatt, Mainz, Germany). Details of the
matrix apparatus have been given elsewhere.14 IR (matrix)
spectra were recorded on a IFS66v/S FT spectrometer (Bruker,
Karlshure, Germany) in the reflectance mode with a transfer
optic. A DTGS detector with a KBr/Ge beam splitter in the
regionν ) 4000-400 cm-1 was used. In this region, 64 scans
were co-added for each spectrum by means of apodized
resolution of 1 cm-1.

Instrumentation. (A) Gas Electron Diffraction.Electron
diffraction intensities were recorded with a Gasdiffraktograph
KD-G215 at 25 and 50 cm nozzle-to-plate distances and with

an accelerating voltage of about 60 kV. The sample was cooled
to -60 °C, and the inlet system and nozzle were at room
temperature. The photographic plates were analyzed with the
usual methods16 and averaged molecular intensities in the
s-ranges 2-18 and 8-35 Å-1 (s ) (4π/λ) sinϑ/2, λ ) electron
wavelength,ϑ ) scattering angle) are shown in Figure 1.

(B) X-ray Diffraction at Low Temperature. An appropriate
crystal of ca. 0.3 mm diameter of ClC(O)OCF3 and CF3C(O)Cl
was obtained on the diffractometer at a temperature of 138 K
with a miniature zone melting procedure using focused infrared
laser radiation.17,18 The diffraction intensities were measured
at low temperature on a Nicolet R3m/V four circle diffracto-
meter. Intensities were collected with grafite-monocromatized
Mo KR radiation using theω-scan technique. The crystal-
lographic data, conditions, and some features of the structure
are listed in Table 1. The structure was solved by Patterson
syntheses and refined by full-matrix least-squares method on
F, with the SHELXTL-Plus program.19 All atoms were assigned
to anisotropic thermal parameters. Atomic coordinates and
equivalent isotropic displacement coefficients and anisotropic
displacement parameters (Å2 × 103) for ClC(O)OCF3 are given
as Supporting Information. Crystal structure data have been
deposited at the Cambridge Crystallographic Data Centre
(CCDC). Enquiries for data can be direct to: Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, UK,
CB2 1EZ or (e-mail) deposit@ccdc.cam.ac.uk or (fax)+44 (0)
1223 336033. Any request to the Cambridge Crystallographic
Data Centre for this material should quote the full literature
citation and the reference numbers 219229 and 220881 for ClC-
(O)OCF3 and CF3C(O)Cl, respectively.

(C) Vibrational Spectroscopy. Gas-phase infrared spectra were
recorded with a resolution of 1 cm-1 in the range 4000-400
cm-1 on the FTIR instrument Bruker IFS 66v. FT-Raman
spectra of liquid ClC(O)OCF3 were recorded with a Bruker RFS
100/S FT Raman spectrometer. The sample in a o.d. 4 mm glass
tube was excited with 500 mW of a 1064 nm Nd:YAG laser
(ADLAS, DPY 301, Lübeck, Germany).

(D) NMR Spectroscopy. The 19F and 13C NMR spectra of
the neat liquid sample were recorded with a Bruker MSL 200
spectrometer and a19F/1H dual head (for19F) or a multinuclear
probe head (for13C) operating at 188.31 and 50.33 MHz,
respectively. For each19F NMR spectrum, four scans were
accumulated in a 64-kB memory, with a delay time of 2.2 s
between scans. For the13C NMR spectrum, 132 scans of the
same sample were recorded with a delay time of 60 s. Low-
temperature measurements (-70 °C) were carried out by using
a Bruker variable-temperature controller with a copper-constant
thermocouple.

Results

Quantum Chemical Calculations. All calculations were
performed with the Gaussian 98 software package.20 The

CHART 1. Representation of the syn (Left) and anti
(Right) Conformers of ClC(O)OCF3.

Figure 1. Experimental (dots) and calculated (full line) molecular
scattering intensities and differences for ClC(O)OCF3.
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molecular geometries were optimized to standard convergence
criteria by using a DFT21 hybrid method with Becke’s22,23

nonlocal three parameter exchange and the Lee, Young, and
Parr24 correction (B3LYP) and a triple split valence 6-311G*
basis sets. Both conformers withCs symmetry were found to
be stable structures. The B3LYP/6-311G* method predicts the
syn conformation to be lower in energy than the anti form by
3.98 kcal/mol. For comparison, calculations were also performed
with the Hartree-Fock (HF) method and with the second-order
perturbation theory from Møller and Plesset25 (MP2) by using
the same 6-311G* basis set. Both HF and MP2 calculations

predict the syn form to be more stable than the anti form by
5.66 and 5.13 kcal/mol, respectively.

The potential functions for internal rotation around the
C(sp2)-O bond was derived with the B3LYP/6-311G* method,
performing geometry optimizations for fixedδ(CdO-O-C)
dihedral angles. Calculated geometrical parameters, vibrational
frequencies and IR intensities are compared to experimental
values in the respective tables.

NMR Spectra. In the19F NMR spectrum of a ClC(O)OCF3
neat sample at-70 °C, one signal at-60.2 ppm was observed.
This observation agrees with the reported literature value3 of

TABLE 1: Crystal Data and Structure Refinement for ClC(O)OCF 3
a

empirical formula C2 Cl F3 O2 cell measurement reflections used 2189
formula weight 148.47 Da cell measurement theta min/max 2.504° to 28.324°
density (calculated) 1.986 g cm-3 diffractometer measurement method data collection in omega

at 0.3° scan width one run
with 740 frames, phi) 0°, chi ) 0°

F(000) 576 theta range for data collection 2.54° to 28.32°
temperature 138(2) K completeness to theta) 28.31° 69.7%
crystal size 0.3 mm diameter index ranges -11 r h r 8, -6 r k r 6,

-18 r l r 18
crystal color colorless absorption coefficient 0.741 mm-1

crystal description cylindric absorption correction details Blessing, R. H.Acta Cryst.
1995, A51, 33-38

wavelength 0.71073 Å max./min. transmission 1.00/0.94
crystal system monoclinic R(merg) before/after correction 0.0372/0.0217
space group P21/n weighting details w ) 1/[σ2 (Fo2) + (0.0472*P)2 + 0.4756*P]

whereP ) (Fo2 + 2Fc2)/3
unit cell dimensions a ) 8.917(3) Å final R indices [I> 2sigma(I)] R1 ) 0.0424,wR2 ) 0.1157

b ) 8.085(2) Å
c ) 13.960(4) Å
â ) 99.260(7)°

volume 993.3(5) Å3 R indices (all data) R1 ) 0.0559,wR2 ) 0.1445
Z 8 largest diff. peak and hole 0.301 and-0.347 eÅ-3

reflections collected 3621 data/restraints/parameters 1357/0/146
independent reflections 1721 [R(int) ) 0.0158] goodness-of-fit on F2 1.121

a The crystallization was performed on the diffractometer at a temperature of 138 K with a miniature zone melting procedure using focused
infrared-laser-radiation according to ref 18. Computing structure solution: Bruker AXS SHELXTL Vers. 5.10 DOS/WIN95/NT. Computing structure
refinement: Bruker AXS SHELXTL Vers. 5.10 DOS/WIN95/NT. Diffractometer control software: Bruker AXS SMART Vers. 5.054 1997/98.
Diffractometer measurement device: Siemens SMART CCD area detector system. Computing data reduction: Bruker AXS SAINT program Vers.
6.02a. Computing absorption correction: Bruker AXS SADABS program multiscan V2.03. Refinement method: Full-matrix least-squares on F2.

TABLE 2: Observed and Calculated Vibrational Data for ClC(O)OCF 3 (cm-1)

experimental mode

Ar matrixc calculatedd ∆e

IRa Ramanb syn anti syn anti Exptl. Calcd
symmetry/assign./approximately

description of mode

3656 (0.5) 2 × ν1
2200 (0.4) 2 × ν4
1837 (34)f 1824 s 1829 (39) 1838 1902 (38) 1911 (82) -9 -9 A′/ ν1/ν (CdO)
1771 (1.2) ν4 + ν7
1286 (38) 1286 vw 1284 (36) 1280 1281 (31) 1276 (100) 4 5 A′/ν2/νas(CF3)
1199 (24) 1193 vw 1196 (23) 1204 1174 (8) 1182 (97) -8 -9 A′/ν3/νs(CF3)
1106 (100) 1090 vw 1099 (100) 1113 1089 (100) 1103 (80) -14 -14 A′/ν4/νas(C-O-C)
879 (17) 867 vs 882 (15) 913 870 (11) 896 (37) -31 -26 A′/ν5/νs(C-O-C)
850 (3) 866 (5) 741 (9) A′/ν6/ν (C-Cl)
672 (13) 671 m 672 (13) 659 (7) 653 (4) A′/ν7 /δs (CF3)

576 s 570 (0.05) 531 (3) A′/ν8 /δas(CF3)
492 s 481 (0.5) 489 (0.6) A′/ν9/δ (OdC-Cl)
382 w 378 (0.01) 406 (0.06) A′/ν10/F (CF3)
296 s 287 (0.08) 311 (0.1) A′/ν11/F (F-C-O)
168 w 164 (0.09) 163 (0.2) A′/ν12/δ (C-O-C)

1255 (37) 1248 (46) 1237 1243 (36) 1231 (76) 11 12 A′′/ν13/νas(CF3)
683 (7) 684 (8) 656 (8) A′′/ν14/F (Cl-CdO)

601 (0.04) 606 (0.3) A′′/ν15/δas(CF3)
443 w 425 (0.02) 425 (0.02) A′′/ν16/F (CF3)
106 sh 99 (0.02) 93 (0.0008) A′′/ν17/τ (O-CdOCl)

63 (0.006) 35 (0.1) A′′/ν18/τ (O-CF3)

a Gas phase. In parentheses relative absorbance at band maximum.b Liquid, room temperature, band intensities: vs) very strong; s) strong;
m ) medium; w) weak; vw) very weak.c Band position at the most intensive matrix site. In parentheses relative integrated absorbance of the
syn rotamer deposited with the spray on nozzle held at room temperature. The band position of the anti rotamer correspond to mixtures Ar/
ClC(O)OCF3 deposited on nozzle held at 565 K.d B3LYP(6-311G*). In parentheses relative band strength of syn rotamer; 100≡ 1101 km mol-1

and anti rotamer; 100≡ 523.5 km mol-1. e Wavenumber differences between the syn and anti conformers.f B-type band (see text).
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-61 ppm. The coupling constants1JCF and 3JCF were also
determined from the13C satellites to be 270.6 and 1.9 Hz,
respectively. The13C NMR spectrum of the same sample at
-70 °C has been measured for the first time and shows two
quartets at 118.6 and 143.4 ppm with the sameJCF coupling
constants as in the19F NMR spectrum. All NMR data agree
with reported values for similar compounds containing the CF3-
OC(O) moiety.26

Vibrational Analysis and Matrix Infrared Spectra. To our
knowledge, no detailed vibrational study on ClC(O)OCF3 has
been performed. Although the IR (gas) spectra was reported
previosly,3,4 it has been only used as purity criteria, without
assignments of the bands.

The observed band positions in the IR (gas and matrix) and
Raman spectra together with calculated wavenumbers (B3LYP/
6-311G*) are collected in Table 2. Figure 2 shows the IR (gas)
Raman (liquid) spectra of ClC(O)OCF3. All 18 normal modes
of vibration in ClC(O)OCF3 are active in the IR and Raman
spectrum and can be classified as 12 A′ in-plane modes and 6
A′′ out-of-plane modes in theCs symmetry group. The agree-
ment between calculated and observed IR frequencies is
satisfying and is illustrated in Figure 3 by comparison of the
experimental spectrum obtained in an Ar matrix at 14 K with
the calculated (B3LYP) spectrum.

The assignment of the observed bands is performed by
comparison with the calculated spectra, and the approximate
description of modes is based on the calculated displace-
ment vectors for the fundamentals as well as on comparison
with spectra of related molecules, mainly FC(O)OCF3

6 and
ClC(O)OCH3.27,28

The most intense gas-phase IR band at 1106 cm-1 was
assigned to the C-O-C antisymmetric stretching. The spectrum
also shows three strong absorptions between 1190 and 1300

cm-1 assigned to CF3 stretching modes, similar to those found
for FC(O)OCF3.29 The characteristicνC-Cl stretching mode
appears as a low intensity band at 850 cm-1.

An important feature of the infrared spectrum is theνCdO

stretching band at 1837 cm-1 shifted to a lower frequency from
that of FC(O)OCF3 (1906 cm-1).2 This is expected from the
higher electronegativity of the F atom compared to that of the
Cl atom.4 The band contour of theνCdO stretching mode in the
IR (gas) spectrum (Figure 4) can be described as B-type. This
demonstrates the presence of the syn conformer, for which the
carbonyl oscillator is almost parallel to theB axis.

The Raman (liquid) spectra shows a strong signal at 867 cm-1

due to the C-O-C symmetric stretching mode and two other
less intense signals at 576 and 492 cm-1 due to the CF3
antisymmetric and to the OdC-Cl deformations, respectively.
The carbonylic stretching mode appears in the Raman spectrum
at 1824 cm-1 as a strong intensity signal.

If an Ar/ClC(O)OCF3 mixture passed through a heated spray-
on nozzle and the heated mixture is subsequently deposited as
a matrix, new bands appear in the IR spectra. These were
assigned to the high energy conformer. Figure 5, shows the
1300-1180 cm-1 region deposited at 300 and 565 K. The CF3

stretching bands of the anti form are clearly observed. Six modes
belonging to the anti form, which were computed to be the most
intense ones, were assigned. The band positions of the anti form
isolated in Ar matrix at 14 K are listed in Table 2. The observed
absolute wavenumber differences as well as the sign of the shift
between the syn and anti form are in perfect agreement with
the calculated (B3LYP/6-311G*) frequencies for both conform-
ers. With the nozzle held at room temperature, no bands of this
high-energy conformer could be detected in the IR (matrix)
spectrum. Thus,30 the presence of the less stable anti form for
ClC(O)OCF3 at room temperature could be excluded.

Figure 2. Upper trace: IR (gas) spectrum of ClC(O)OCF3 (10 mbar at 20 cm optical path length and 300 K). Lower trace: Raman (liquid)
spectrum of ClC(O)OCF3.
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The thermal decomposition of alkyl clhoroformates
ClC(O)OR, R) alkyl group, to give RCl and CO2 is considered
to be an example for the SN1 mechanism.31 ClC(O)OCH3 shows
such decomposition at 240°C with a rate constant of 0.533
(22) × 10-5 s-1.32 Gaseous ClC(O)OCCl3, however, decom-
poses at 300°C to phosgene, Cl2CO, and not to the expected

products CCl4 and CO2. This has been explained by low stability
of the SN1 transition state for R) CCl3.33 In agreement with
this trend, ClC(O)OCF3 shows a high thermal stability, and even
at a temperature as high as 565 K, no decomposition products
could be observed in the IR (matrix) spectra. Similarly, a high
stability was observed toward UV-vis broad band irradiation.
After 90 min of irradiation, no decomposition products could
be detected by analysis of the IR spectra.

Structure Analyses. (a) Gas-Phase Structure.The radial
distribution function (RDF) which was derived by Fourier
transformation of the modified molecular intensities (Figure 6)
can be reproduced satisfactorily only with syn orientation of
the O-C bond relative to the CdO bond. This is in agreement
with the predictions from the quantum chemical calculations.
An rR structure was refined by least-squares fitting of the
molecular intensities. The vibrational corrections∆r ) rR - ra

and vibrational amplitudes were calculated from a theoretical
force field (B3LYP/6-311G*) with the method of Sipachev.34

A planar model with Cs overall symmetry and localC3V
symmetry for the CF3 group was assumed. A mean value of
the C-O single bonds was refined, and the difference∆CO )
(C1-O1) - (C2-O1) was constrained to the calculated (MP2)
value. Vibrational amplitudes, which caused either large cor-
relations between geometric parameters or which were badly
determined in the GED experiment, were set to calculated
values. With these assumptions nine geometric parametersp1

Figure 3. Lower trace: Ar matrix IR spectrum of ClC(O)OCF3 at 300 K. Upper trace: simulated infrared spectrum for syn ClC(O)OCF3 from
B3LYP/6-311G* calculation.

Figure 4. Principal axes (A andB) for the syn conformer of ClC(O)-
OCF3 (the C axis is perpendicular to the symmetry molecular plane)
and gas IR carbonylic stretchingνCdO band of ClC(O)OCF3 at 2 mbar.
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to p9 and 10 vibrational amplitudesl1 to l10 were refined
simultaneously. The following correlation coefficients had
values larger than|0.6|: p2/p3 ) -0.72,p3/p8 ) 0.84,p2/l1
) -0.84, p5/l6 ) 0-72 and l5/l6 ) 0.83. The geometric
parameters derived in this analysis are listed in Table 3 together
with the X-ray diffraction results and the calculated values.
Vibrational amplitudes are given together with the calculated
values and with vibrational corrections in Table 4.

(b) Crystal Structures.Because simple perfluoromethyl or
perfluoromethoxy carbonyl compounds are liquids or gases at
ambient temperatures, little is known about their structures in
the solid state. Only with the development of special crystal-
lization techniques applicable to compounds which are liquids
or gases at room temperature, it has been possible to extend
detailed structural studies to the crystalline state. To compare
structural parameters for these kinds of molecules measured in
gas and solid phases with those obtained by quantum chemical
calculations, a study was performed for the structurally well-
known and related CF3C(O)Cl molecule. The results are
summarized in Table 5. X-ray parameters for CF3C(O)Cl are
very similar to those reported for the molecule in the gas phase,35

except for the orientation of the CF3 group. Whereas an exactly
eclipsed orientation of one C-F bond (δ(FC-C(O)) ) 0°) was
assumed in the GED analysis, a value of 15° was derived for
this dihedral angle from X-ray data. This appears to be a
distortion due to packing effects, because the calculations
confirm the assumption made in the GED analysis. Unit cell
parameters for CF3C(O)Cl area ) 5.7258(9),b ) 5.3673(10),
c ) 14.796(2),â ) 99.362(12) with the spatial groupP21/n.

Figure 5. IR (matrix) spectrum in the 1300-1180 cm-1 region of
ClC(O)OCF3 deposited at nozzle temperatures of 300 (A), and 565 K
(B). The asterisks indicate bands belonging to the anti form.

Figure 6. Calculated radial distribution function for syn ClC(O)OCF3

and experimental and difference curves (RDF(exp)-RDF(calc)). Inter-
atomic distances of the syn structure are indicated by vertical bars.

TABLE 3: Experimental and Calculated Geometric
Parameters for ClC(O)OCF3

a

GED(rR)b X-rayc MP2d B3LYPd

CdO 1.185(5) p1 1.164(4) 1.186 1.178
(C-O)mean 1.383(6) p2 1.377(4) 1.379 1.380
C2-O1 1.371(6) 1.367(4) 1.367 1.364
C1-O1 1.394(6) 1.386(3) 1.390 1.396
(C-F)mean 1.322(3) p3 1.310(4) 1.320 1.328
C2-Cl 1.726(4) p4 1.716(3) 1.735 1.761
O2)C2-O1 126.6(8) p5 126.9(3) 127.2 127.6
O2)C2-Cl 125.6(5) 125.3(2) 125.4 125.0
Cl-C2-O1 107.7(7) p6 107.8(2) 107.4 107.5
C1-O2-C2 117.6(6) p7 116.9(3) 116.5 118.2
(F-C-F)mean 109.1(5) p8 109.1(3) 109.2 109.3
tilt (CF3)e 4.0(7) p9 3.9(5) 3.9 3.8

a For atom numbering, see Figure 6.b rR parameters in Å and deg.
Uncertainties are 3σ values.c Mean values of the two molecules in the
unit cell, uncertainties areσ values.d 6-311G* basis sets.e Tilt angle
betweenC3 axis of CF3 group and O-C bond direction, away from
CdO bond.

TABLE 4: Interatomic Distances, Experimental and
Calculated (MP2/6-311G*) Vibrational Amplitudes, and
Correctionsa

distance
ampl.

(GED)b
ampl.
(MP2) ∆r ) rR - ra

CdO 1.18 0.036c 0.036 0.0011
C1-F 1.32 0.047(4) l1 0.044 0.0014
C-O 1.37-1.39 0.047c 0.047 0.0016
F1‚‚‚F2 2.15 0.052(5) l2 0.048 0.0013
C2-Cl 1.73 0.055(3) l3 0.055 0.0035
O1‚‚‚F 2.17-2.25 0.058c 0.058 0.0037
O1‚‚‚O2 2.29 0.052c 0.052 0.0040
C1‚‚‚C2 2.36 0.069(10) l4 0.061 0.0031
Cl‚‚‚O2 2.50 0.066(15) l5 0.059 0.0043
Cl‚‚‚O1 2.60 0.056(12) l6 0.055 0.0048
C1‚‚‚O2 2.74 0.088c 0.088 -0.0037
C2‚‚‚F1 2.81 0.091(15) l7 0.110 0.0040
O2‚‚‚F1 2.84 0.192(36) l8 0.164 -0.0039
C2‚‚‚F2 3.45 0.069(10) l4 0.061 0.0118
Cl‚‚‚C1 3.83 0.069(10) l4 0.063 0.0178
O2‚‚‚F2 4.02 0.095(16) l9 0.082 0.0078
Cl‚‚‚F2 4.36 0.134(13) l10 0.137 0.0225
Cl‚‚‚F1 4.63 0.095(16) l9 0.082 0.0286

a Values in Å. For atom numbering, see Figure 6.b Uncertainties
are 3σ values.c Not refined.

TABLE 5: GED, X-ray, and Calculated Geometric
Parameters for CF3C(O)Cla

GEDb,c X-ray
HF/

6-31G*b
B3LYP/
6-311G*

MP2/
6-311G*

CsCl 1.742(4) 1.724 1.741 1.782 1.752
CdO 1.186(4) 1.171 1.164 1.177 1.190
CsC 1.533(6) 1.535 1.519 1.555 1.547
CsF(av) 1.329(2) 1.313 1.340 1.336 1.330
ClsCdO 123.1(7) 124.49 123.7 123.8 124.4
CsCsCl 110.9(5) 112.85 113.5 112.3 112.1
CsCdO 126.2(8) 122.62 122.8 123.9 123.6
FsCsF(av) 108.7(2) 108.22 109.0 109.0 109.0
δ(FC-C(O)) 0.0 15.0 0.0 0.0 0.0

a Bond lengths in Å, bond angles in degrees.b Reference 35.c Cs

symmetry.
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All methods reproduce the experimental bond lengths and bond
angles reasonably well with the exception of the C-Cl bond,
which is predicted too long by the B3LYP method.

ClC(O)OCF3 crystallizes in the monoclinic crystal system
(P21/n spatial group) with unit cell dimensions ofa ) 8.917(3)
Å, b 0 8.085(2) Åc ) 13.960(4) Å andR ) γ ) 90° andâ )
99.260(7)° (for the whole crystallographic information see Table
1). The packing is formed by dimers. Their molecules are
displaced by each others with the approximate position of the
ClC(O) group of one molecule in front of the C-O-C group
of the other one as shown in Figure 7. Both molecules in the
dimer have similar geometrical parameters. The differences are
within the experimental uncertainties, except for the CdO bond
lengths which differ by 0.009 Å and some parameters in the
CF3 group.

The presence of planar dimeric units in the crystal raises the
question about intermolecular interactions. Quantum chemical
calculations at the B3LYP/6-311G* level result in a stabilization
energy of ∆E ) -1.63 kcal/mol for such a dimmer. This
interaction energy was calculated with the corrections proposed
by Nagy et al.36 and Boys and Benardi.37 The presence of similar
intermolecular interactions in the liquid phase is indicated by
the Trouton’s constant (23.2 cal/K mol).3 This value is slightly
higher that for nonassociated liquids (ca. 20 cal/K mol).

Discussion

According to the GED analysis and quantum chemical
calculations, gaseous ClC(O)OCF3 exists in a single conforma-
tion at room temperature, with the synperiplanar orientation of
the O-C single bond relative to the CdO double bond.
According to the Figure 6 and Table 4, the F2‚‚‚O2 distance
(4.02 Å) is clearly longer than the F1‚‚‚O2 distance (2.84 Å).
It means that C-F bonds of the CF3 group stagger the CdO
bond. From IR (matrix) spectra, the contribution of the less
stable anti form at room temperature is estimated to be less
than 1%. In methyl chloroformate, ClC(O)OCH3, the preference
of the syn orientation of the O-C single bond relative to the
CdO double bond has been well established by microwave,
Raman, and far infrared spectra.38 Similar conformational
properties were reported for triflouromethyl fluoroformate,
FC(O)OCF3, in which the syn form is preferred and a contribu-
tion of 4% of the anti form has been derived by IR (matrix)
spectra.6 Figure 8 shows the calculated (B3LYP/6-311G*)
potential curves for internal rotation around the C(sp2)-O bond
for triflouromethyl haloformates (XC(O)OCF3, X ) F, Cl, and
Br). According to these calculations, the energy difference

between syn and anti forms is lowered from 4.8 and 4.3 kcal/
mol in the bromo and chloro derivatives, respectively, to 2.1
kcal/mol in FC(O)OCF3. The barrier to internal rotation of about
6.6 kcal/mol, however, is similar for the three molecules.
Attempts to rationalize this trend on the basis of a natural bond
orbital (NBO)39 analysis were unsuccessful. This indicates that
interactions other than donor/acceptor electronic interactions,
such as steric repulsion between the CF3 group and the X atom,
must play an important role. This destabilizes the anti conformer
with increasing size of the X atom.

It should also be mentioned that in the closely related
trifluoromethyl chlorothioformate, ClC(O)SCF3, GED and IR
analyses agree with the presence of only the syn conformer at
room temperature. The theoretical energy difference∆E was
calculated to be 3.7 kcal/mol with the MP2/6-31G* and 3.0 kcal/
mol at the BPW91/6-31G* method.40

Geometrical parameters measured for ClC(O)OCF3 are in
close agreement with those values reported for equivalent
parameters in FC(O)OCF3

6 and in ClC(O)OCH3.38 Quantum
chemical calculations at the MP2/6-311G* level reproduce the
gas-phase geometrical parameters within the experimental error,
except for the C1-O2-C2 bond angle, which is calculated 1.1
degree smaller than that measured in the gas phase. The
geometrical parameters measured in the crystalline phase are
similar to those obtained in the gas phase. Differences are
observed in the CdO and C-Cl bond lengths which are 0.02
and 0.01 Å shorter in the crystal.
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Figure 7. Dimeric single-crystal structure for ClC(O)OCF3. Figure 8. Potential energy curve for XC(O)OCF3 (X ) F, Cl, and Br)
as a function of theδ(OC-C(O)) dihedral angle calculated with the
B3LYP/6-311G* approximation.
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