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ABSTRACT: The vapor of the new compound 1,1-dicyano-2-chloro-2,2-difluoroethyl chlorodi-
fluoroacetate, CCIF,C(O)OC(CN),CCIF, and of the known 1,1-dicyano-2,2,2-trifluoroethyl o9
trifluoroacetate, CF;C(O)OC(CN),CF;, were investigated using vibrational spectroscopy tools.
The existence of rotational isomerism was confirmed for CCIF,C(O)OC(CN),CCIF, when the ,
matrix isolated compound was examined in combination with the computational results applying o9
quantum chemical models. From the four conformers gauche-syn-gauche, gauche-syn-anti, syn-syn-
anti, syn-syn-gauche (the used nomenclature is with respect to the ¢(CIC—C(O)), ¢((O)C-OC),
and ¢(OC—CCl) torsion angles, respectively) predicted for CCIF,C(O)OC(CN),CCIF, the first 7% 2o
two forms can be evidenced using Ar-matrix IR spectroscopy, with the first one being the most
abundant at room temperature. On the other side, the results obtained for CF;C(O)OC(CN),CF,
reveals the existence of only one syn-syn-anti form. CCIF,C(O)OC(CN),CCIF, melts at —40 °C )
and its vapor pressure was fitted by the equation In p = —4732.6 (1/T) + 10.75 (p [Atm], T [K])
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in the range —20 to 20 °C. Its extrapolated boiling point is 167 °C. The first ionization potentials

occur for CCIF,C(O)OC(CN),CCIF, and CF,C(O)OC(CN),CF; at 12.13 and 12.43 eV,

respectively, and were attributed to the ejection of electrons formally located at the carbonylic oxygen lone-pair electrons ().
The proposed interpretation of the photoelectron spectrum is consistent with related molecules reported previously, and also
with the prediction of Outer Valence Green’s Functions (OVGF).

B INTRODUCTION

The variation of the conditions in the preparation of
chlorodifluoroacetyl cyanide can be readily used to form the
dimer 1,1-dicyano-2-chloro-2,2-difluoroethyl chlorodifluoroace-
tate, CCIF,C(O)OC(CN),CCIF,. The related 1,1- dicyanoal-
quil carboxilato CH;C(O)OC(CN),CH; has been used, for
instance, to form the widely used vinylidene cyanide through
the pyrolysis of the former compound.' In effect, during the
synthesis of CCIF,C(O)CN? from CCIF,C(O)Cl and AgCN a
dimeric byproduct identified as CCIF,C(O)OC(CN),CCIF,
was formed.

CCIF,C(0)OC(CN),CCIF, would be formed from CCIF,C-
(O)CN with CN~ ions through an ionic species CCIF,CO-
(CN),” similar to cyanhidrine (R;R,C(OH)C=N). Its further
nucleophilic action on another CCIF,C(O)CN yields CCIF,C-
(O)OC(CN),CCIF, according to the following mechanism.

CCIF,C(O)CN has been evidenced as an intermediate of the
reaction since the product CCIF,C(O)OC(CN),CCIF, can be
also readily obtained using CCIF,C(O)CN and AgCN as precur-
sors. This mechanism has also been reported to explain the
formation of CH,C(O)OC(CN),CH,.> The already known
1,1-dicyano-2,2,2-trifluoroethyl trifluoroacetate molecule,
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CF;C(0O)OC(CN),CF;, formed from CF;C(O)CI and
AgCN,* has been also characterized in the present work. Very
recently, benzoyl cyanide was reported to be ideally suited for
quantitative, time-resolved analysis of RNA folding and
ribonucleoprotein (RNP) assembly mechanisms.®> This com-
pound was used as a fast-acting reagent reacting either to form
a 2’-O-adduct at conformationally flexible nucleotides or to
undergo rapid self-inactivation by hydrolysis.® In view of these
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Figure 1. Calculated potential energy curves for the internal rotation in
dependence of variations of p(CIC—C(O)) (for p(OC—CCl) in gauche
(red) and anti (black)) and ¢p(OC—CCl) (for ¢p(CIC—C(0O)) in gauche
(blue) and syn (green)) dihedral angles of CCIF,C(O)OC(CN),CCIF,
by using the B3LYP/6-31G(d) method. The relax scan of the potential
energy surface was performed by rotating the dihedral angles in steps of
30° while keeping the rest of the molecule optimized.
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Figure 2. Optimized structures and relative energies of the most
abundant conformers for CCIF,C(O)OC(CN),CCIF, and CF,C(0O)-
OC(CN),CF, computed with the method B3LYP/6-311+G(d).

antecedents, we report herein the first synthesis of 1,1-dicyano-2-
chloro-2,2-difluoroethyl chlorodifluoroacetate, CCIF,C(O)OC-
(CN),CCIE,.

The physical (vapor pressure vs temperature behavior) and
spectroscopic properties (NMR, UV) including photoelectron
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Table 1. Calculated Relative Total Energies (AE®, kcal
mol '), Standard Gibbs Free Energy Differences (AG®, kcal
mol™), and Boltzmann Predicted Distributions in the Gas
Phase for the Four Conformers of
CCIF,C(0)OC(CN),CCIF, Computed with the Model
B3LYP/6-311+G(d)”

conformer AE° AG® (%)
gauche-syn-gauche 0.13 0.00 57
gauche-syn-anti 0.00 2.5.107° 29
syn-syn-anti 1.19 0.28 9
syn-syn-gauche 1.33 1.03 N

“The values are relative with respect to the more stable gauche-syn-
gauche form. Degeneracies of the forms are taken into account.
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Figure 3. Calculated potential energy curves for the internal rotation in
dependence of variations of ¢(FC—C(0)) (black), ¢((O)C-OC)
(red), and ¢(OC—CF) (blue) dihedral angles of CF,C(O)OC-
(CN),CF, by using the B3LYP/6-31G(d) method. The relax scan of
the potential energy surface was performed by rotating the dihedral
angles in steps of 30° while keeping optimizing the rest of the molecule.

spectroscopy (PES) have been studied. The conformational
properties of this compound were investigated using vibrational
spectroscopy (IR matrix, Raman) as guided by quantum
chemical calculations. The reported but not deeply characterized
1,1-dicyano-2,2,2-trifluoroethyl trifluoroacetate, CF;C(O)OC-
(CN),CF,;, has been also included in the present study with the
sake of comparison.

Instrumentation and Procedure. (a). General Procedure.
Volatile materials were manipulated in a glass vacuum line equip-
ped with a capacitance pressure gauge (221 AHS-1000, MKS
Baratron, Burlington, MA), three U-traps and valves. The pure
compounds were stored in flame-sealed glass ampules under
liquid nitrogen in a Dewar vessel. The ampules were opened with
an ampule key at the vacuum line, an appropriate amount was
taken out for the experiments, and then they were flame-sealed
again.” The vapor pressures of the samples were measured
in a small vacuum line equipped with a calibrated capacitance
pressure gauge (MKS Baratron, AHS-100) and a small sample
reservoir. Both dimer compounds are liquid at ambient
temperature.

(b). Vibrational Spectroscopy. Infrared gas spectra were
recorded on a Bruker Vector 25 spectrometer and on a Bruker
EQUINOX 55 FTIR spectrometer, with a resolution of 2 cm ™" in
the range from 4000 to 400 cm™".

dx.doi.org/10.1021/jp4127732 | J. Phys. Chem. A 2014, 118, 1721-1729
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Figure 4. Upper trace: IR spectrum of CCIF,C(O)OC(CN),CCIF,
isolated in solid Ar (1:2000) at 15 K (resolution: 0.25 cm™"). Middle
trace: IR spectrum of gaseous CCIF,C(O)OC(CN),CCIF, at 298 K
(resolution: 2 cm™). Lower trace: Raman spectrum of liquid
CCIF,C(0)OC(CN),CCIF, at 298 K (resolution: 2 cm™). *Signals
corresponding to CO, and H,O.

Raman spectra of neat liquids were measured at room tem-
perature in flame-sealed capillaries (3 mm o0.d.) on a FT Bruker
RES 106/S spectrometer, equipped with a 1064 nm Nd:YAG
laser, in the region from 4000 to 100 cm™ using a resolution of
2 cm™h

(c). Matrix Isolation Experiments. Matrix isolation experi-
ments were carried out diluting CCIF,C(O)OC(CN),CCIF,
with argon in a ratio of 1:1000 in a 1 L stainless-steel storage
container, and then small amounts of the mixture were deposited
within 10 min onto the cold matrix support (16 K, Rh-plated Cu-
block) in a high vacuum (107> Pa). IR spectra of matrix-isolated
samples were recorded in a reflectance mode on a Bruker IFS
66v/S spectrometer using a transfer optic. A liquid N, cooled
HgCdTe detector (MCT) and a KBr/Ge beam splitter were used
in the wavenumber range 5000 to 530 cm™". For each spectrum
with an apodized resolution of 0.25 cm™", 200 scans were added.
More details of the matrix apparatus are given elsewhere.®

(d). UV Spectroscopy. The UV—visible spectra of the gaseous
samples were recorded using a glass cell equipped with quartz
windows (10 cm optical path length) on a Lambda EZ210 UV/
vis spectrometer (Perkin-Elmer). Measurements were carried
out in the spectral region from 190 to 500 nm with a sampling
interval of 1.0 nm, a scan speed of 200 nm min~", and a slit of
2 nm.
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(e). NMR Spectroscopy. For *C and '’F NMR spectra, pure
samples were flame-sealed in thin-walled 4 mm o.d. tubes and
placed into 5 mm NMR tubes. The NMR spectra were recorded
on a Bruker Avance 400 spectrometer at 100.6 and 376.5 MHz,
respectively. The samples of CCIF,C(O)OC(CN),CCIF,
and CF;C(O)OC(CN),CF; were held at 25 °C and C¢Dg or
CD,Cl,, respectively, were used as an external lock and reference.

(e). Quantum Chemical Calculations. DFT calculations were
performed using the program package GAUSSIAN 03.” In all
cases, not scaled frequencies will be reported.

Synthesis. Both CCIF,C(O)OC(CN),CCIF, and CF;C-
(O)OC(CN),CF, were synthesized by treatment of the corre-
sponding CCIF,C(O)Cl or CF;C(O)Cl with an excess of silver
cyanide and subsequently characterized vibrationally. For the
preparation of CCIF,C(O)OC(CN),CCIF,, 1.0 g of CCIF,C-
(O)Cl was distilled onto 1.3 g of dry AgCN in a 250 mL glass
vessel provided with a Young valve with PTFE stems (Young,
London, U.K.). The reaction was carried out in vacuum for 2 h at
50 °C. Purification of the product was performed by trap-to-trap
distillations with traps held at —52, —95, and —196 °C.
CCIF,C(0O)OC(CN),CCIF, was mainly isolated in the trap at
—52 °C. The final yield was 75%.

The same scheme was used to prepare CF;C(O)OC-
(CN),CF;. In this case, 1.0 g of CF;C(O)Cl and 1.4 g of
AgCN were used. The reaction was carried out in vacuum for
15 h at 80 °C. The selected temperatures for the traps were —70,
—100, and —196 °C. CF,C(O)OC(CN),CF; was isolated
mainly in the first trap with a final yield of 10%.

General Properties. Solid 1,1-dicyano-2-chloro-2,2-difluor-
oethyl chlorodifluoroacetate, CCIF,C(O)OC(CN),CCIF, melts
at —40 °C to a colorless liquid. Its vapor pressure was recorded in
the —20 to 20 °C range and is fitted with the equation In p =
—4732.6 (1/T) + 10.75 (p [atm], T [K]), being 167 °C its
extrapolated boiling point. The analogous 1,1-dicyano-2,2,2-
trifluoroethyl trifluoroacetate, CF;C(O)OC(CN),CF;, melts at
—21 °C and its vapor pressure can be fitted by the expression In
p=—4808.6 (1/T) + 13.57 (p [atm], T [K]) in the —18 to 22 °C
range. Its extrapolated boiling point of 81 °C is lower than the
corresponding value extrapolated for CCIF,C(O)OC(CN),-
CCIF, in agreement with an increase of the volatility by formal
substitution of a Cl by a F atom in CCIF,C(O)OC(CN),CCIF,.
Both compounds are stable at room temperature.

The ”F NMR spectrum of the CCIF,C(O)OC(CN),CCIF,
liquid shows two singlets at § = —64.2 and —64.9 ppm attributed
to the fluorine atoms of the CCIF, groups; the *C NMR spec-
trum exhibits four triplet signals centered at 155.0 ppm (ZJ(C_F) =
39.5 Hz), 122.4 ppm ('] c_p) = 302.98 Hz), 115.8 ppm (‘J(c_5) =
300.4 Hz) and 66.8 ppm (J(C_F) = 36.6 Hz), and one singlet
signal at 105.9 ppm. They were concomitantly assigned to the
carbon atoms of the C=0, CCIF, (bonded to the C=0), CCIF,
(bonded to the quaternary carbon), the quaternary C and CN,
respectively. (Figure S1, Supporting Information). The chemical
shifts are close to those reported for similar compounds.”'*""

A similar behavior was found in the case of CF;C(O)OC-
(CN),CF;. Its F NMR spectrum shows two singlet at § = —73.8
and —75.5 ppm assigned to both CF; groups; the *C NMR
spectrum exhibits four quartet signals centered at 153.6 ppm
(Jc—p) = 49.0 Hz), 118.6 ppm (' c_p = 289.1 Hz), 113.8 ppm
(J(c—r) = 285.8 Hz), and 62.6 ppm (*J c_g) = 41.3 Hz), and one
singlet signal at 105.30 ppm. They were assigned to carbon atoms
of the C=0, CF; (bonded to C=0), CF; (bonded to the
quaternary carbon), the quaternary carbon and the CN, respec-
tively. (Figure S2, Supporting Information).

dx.doi.org/10.1021/jp4127732 | J. Phys. Chem. A 2014, 118, 1721-1729
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Table 2. Experimental and Calculated Frequencies (cm™') and Assignments of the Fundamental Vibrational Modes of

CCIF,C(0)OC(CN),CCIF,

experimental computed conformations®
gauche-syn- gauche-syn-
mode IR (gas)® IR (Ar matrix)© Raman (liquid)? gauche anti assignment®
v, 2266 w 2267.3 2267 100 2376 (7) 2377 (8) v(C4N)
vy 2257.1 2254 2365 (9) 2368 (9) v(CSN)
Vs 1831's 1827.3%/1822.6/1813.4/1809.9 1824 16 1881 (235) 1881 (234) v(C=0)
I 1275 m 1279.9/1279.5 1275/1268 3 1250 (98) 1249 (98) v(C1-C2), v(C2-0)
s 1198 vs 1198.2/1192.1 1189 9 1182 (222) 1185 (104)  v,(CI1CIF,), v,,(C6CIF,) in phase
g 1179 sh, m 1176.2 1169 9 1166 (137) 1169 (268) v, (CICIF,), v,,(C6CIF,) out of phase
vy 1133 sh, m 1113 vs ~ 1136.1 1109.5 1135 3 1147 (178) 1161 (188)  v(C3—C6)
Vg 1141 (164) 1129 (223)  v,(C6CIE,)
Vg 1093 sh, m 1089.5 1087 8 1095 (364) 1094 (393)  v(C2-0), v,(CICIF,)
v 1071 m 1069.3%/1064.7 1068 18 1067 (114) 1050 (72) v(C3-0)
vy 985m 9824 976 3 1024 (115) 1022 (48) v(C3-C6), v,(C3-0)
v, 970m 965.2 964 3 949 (234) 955 (341)  1(CICIR,), ¥(C(0)-0)
v  921lm 919.7 919 10 886 (154) 897 (72) v,(C6CIE,)
898 sh, w 901.1/899.1 903 4
vy, 8lSw 818.5/813.4 818 21 832 (50) 833 (64) 5(0=C-0)
vy 74lvw 740.3 739 3 730 (16) 722 (28) 5(C1C2(0)0)
vig 702 vw 676 vw 705.6 676.4 700 687 44 701 (50) 681 (57) 8(C3—C4—C5),,y 6(C1C2(0)0)
vy, - 642vw -642.5 655 643 28 58 639 (12) 651 (4) 5(C6F,)
vy 6ldvw 615.9 614 13 611 (19) 611 (23) 5(C1F,)
7 557 S 581 (1) 581 (1) 5(C3—C4—CS)
Vo 508 4 507 (4) 520 (<1) S5(C3—C4—CS5)ist
Uy 488 4 497 (2) 502 (4) p(C3—C4—C3)
Uy 455 34 467 (3) 462 (2) p(C3—C4—Cs)
Uy 448 30 442 (1) 437 (1) v(C6—Cl), §(C6F,)
Va4 433 33 428 (1) 427 (2) v(C1-Cl), §(C1F,)
Vs 419h 6 419 (<1) 386 (<1) p(C3C4CS), v(C1-Cl), 5(C1FE,)
Usg 392 9 388 (12) 417 (5) p(C3C4CS), p(C6CIF,)
vy 382 1 355 (1) 359 (3) 5(C1C2(0)0)
Usg 359 11 351 (4) 345 (13) p(C6CIF,)
Vso 308 13 311 (6) 317 (3) p(CI1CIF,)
Vs 290 8 301 (1) 301 (5) p(C3C4Cs)
Uy 263 8 253 (1) 273 (8) -
vy, 236 23 238 (9) 217 (1) 5(C2—0-C3)
U3y 198 16 188 (<1) 191 (<1) 5(Cl-C6—-C3)
Uy, 174 19 162 (3) 158 (2) 5(Cl-C1-C2)
Vg 133 69 144 (3) 145 (3) -
Usg 126 (2) 130 (1)
vy, 119 (3) 119 (5) -
VUsg 99 20 98 (2) 100 (2) §(C1-C2-0)
Usg 79 (<1) 85 (<1) 7((0)C2-0C3)
Vso 42 (<1) 47 (<1) 7(C6CIF,—C3CS)
Uy 37 (<1) 38 (<1) 7(C1CIE,—C(0))
7 22 (<1) 23 (<1) 7(C1C2—0C3)

“B3LYP/6-311+G(d) calculated frequencies (cm™"). IR intensities are given between parentheses (km mol™"). bRelative band intensities: vs; very
strong, s, strong; m, medium; w, weak; vw, very weak. “The most intense Ar-matrix site is indicated with the star. 9Relative intensities based on the
integration of band areas are given in the parentheses. “The number of the atoms are C1CIF,C2(0)OC3(C4N)(CSN)C6CIF,. v, 6, p and
represent stretching, deformation, rocking and torsion modes, respectively.

The UV—vis spectrum of gaseous CCIF,C(O)OC(CN),CCIF,
and CF;C(O)OC(CN),CF; (Figure S3) are very similar. They
show one absorption band with A, = 219 and 217 nm, respectively.
These features are assigned to a n — 7* transition.® Figure S3 also
includes the UV—vis spectrum of CCIF,C(O)CN for comparison.”

B RESULTS AND DISCUSSION

Calculated Conformers and Relative Energies. The
conformational properties of CCIF,C(O)OC(CN),CCIF, were

1724

explored by locating the minimum energy structures on the
potential energy curves around the ¢(CIC—C(0O)) and ¢p(OC—
CCl) dihedral angles by using the approximation B3LYP/
6-31G(d) (Figure 1) since only one minimum has been com-
puted for the (O)C—OC torsional angle. These curves have
been obtained relaxing the ¢(CIC—C(O) torsional angle and
fixing p(OC—CCl) in gauche (red) or anti (black) and relaxing
the ¢(OC—CCl) torsional angle and fixing ¢(CIC—C(O)) in

gauche (blue) or syn (green). Thus, four low-energy conformers,

dx.doi.org/10.1021/jp4127732 | J. Phys. Chem. A 2014, 118, 1721-1729
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Figure S. Upper trace: IR spectrum of gaseous CF;C(O)OC(CN),CF,
at 298 K (resolution: 2 cm™). Lower trace: Raman spectrum of liquid
CF;C(O)OC(CN),CF; at 298 K (resolution: 2 cm™).

gauche-syn-gauche, gauche-syn-anti, syn-syn-anti, and syn-syn-
gauche, were found on the potential energy surface as depicted
in the Figure 2. Table 1 lists the energy differences computed
with the B3LYP/6-311+G(d) method for these forms of
CCIF,C(O)OC(CN),CCIF,. According to this approximation,
the form gauche-syn-gauche represents the most abundant con-
formation with an abundance of 57% followed by the gauche-syn-
anti (29%), syn-syn-anti (9%), and syn-syn-gauche (5%) forms.

The formal substitution of a CCIF, in CIF,C(O)OC(CN),-
CCIF, by a symmetric CF; group to give CF;C(O)OC(CN),-
CF; simplifies the case (Figure 3). CF;C(O)OC(CN),CF; is
present in only one syn-syn-anti conformation (see also the
Figure 2).

Vibrational Spectra. CCIF,C(O)OC(CN),CCIF,. IR spectra of
CCIF,C(O)OC(CN),CCIF, (gas-phase and Ar-matrix) and the
Raman spectrum of the liquid were recorded, the results are
shown in Figure 4. The observed band positions are listed in
Table 2 and compared with the calculated frequencies for the two
lowest energy conformers.

Beside the use of the computed frequency trend, the assign-
ment of the normal modes of vibration of CCIF,C(O)OC-
(CN),CCIF, was performed by comparison with results
reported in the literature for similar molecules as CF;C(O)CN,*
FC(O)CN,"> CF,CIC(O)NCO," CCIF,C(O)NCS,"* and
CCIF,C(O)N,."* Its 3N — 6 = 42 normal modes of vibration
are all IR and Raman active for each form.

According to the theoretical calculations (Table 1), the global
minimum gauche-syn-gauche is expected to be in equilibrium
with the gauche-syn-anti form at ambient temperature with a
remainder minor composition of the syn-syn-gauche and syn-syn-
anti rotamers. However, the analysis of the vibrational spectra
assignments is limited to the two most abundant forms since no
experimental evidence have been found for the two less abundant
rotamers. Differences between the computed frequencies of both
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gauche-syn-gauche and gauche-syn-anti forms give a special insight
for the conformational assignment listed in Table 2.

Matrix-isolation IR spectroscopy is an important tool for
studying conformational equilibria.'® The IR fundamentals of
Ar-matrix-isolated CCIF,C(O)OC(CN),CCIF, (1:2000) show
weak satellite bands within a few wavenumbers, which are attri-
buted in part to the presence of the conformers, as evidenced by
the proximity between the experimental and calculated Av in
Table 2.

The most remarkable insights are evidenced in the regions
of 700 and 650 cm™’, respectively, where band splits become
apparent.

The antisymmetric and symmetric stretching modes of the CN
groups were observed at 2266 cm ™" and 2267 in the gas infrared
and in the liquid Raman spectra, respectively. In the matrix IR
spectrum two bands appeared at 2267.3 and 2257.1 cm™". The
gas IR band at 1831 cm ™' and liquid Raman band at 1824 cm™
are assigned to the (C=0) fundamental in comparison with
reported data for similar molecules, such as CF;C(O)NCO
(1795 and 1785 ecm™)'” and CIF,CC(O)N; (1759 cm™)."®
This higher C=0 frequency for CCIF,C(O)OC(CN),CCIF,
can be rationalized taking into account that the C=0 vibration
depends on the sum of the electronegativities attached to the
C=0 double bond."® The C=0 bond is linked to a CCIF,
group and to a neighbor O atom belonging to the OC-
(CN),CCIF, fragment of CCIF,C(O)OC(CN),CCIF,.

The C—F and C—C stretching regions show bands at
1275 cm™" and 1133 cm™ in the gas IR spectrum assigned to
the CCIF,C—C(O) group (coupled with (O)C—0O) and OC—
CCIF, vibrational modes), respectively. Observed bands at 1198
and 1179 cm™" in the gas IR are assigned to the CCIF, stretching
vibrations and the intense feature at 1113 cm™' belong to a
coupled mode formed with ¢,(CCIF,) and (O)C—O stretching.

Weak Raman bands observed at 700 and 687 cm™ can be
assigned to C3—C4—CS waging mode coupled with the
C1C2(0O)O deformation of the two main conformers in agree-
ment with the Av of 10 cm™! predicted for these forms (B3LYP/
6-311+G(d)).

A very weak band at 642 cm™" is assigned to the CF, defor-
mation mode. Its computed Av of 12 cm™" for the two main
rotamers (B3LYP/6-311+G(d)) agrees exactly with the differ-
ence observed in this region for the two liquid Raman bands at
655 and 643 cm ™', respectively, giving additional confidence to
the existence of two rotamers in equilibrium at ambient tem-
perature.

Due to the coupled normal modes of vibration the assignment
proposed in Table 2 is only approximate for CCIF,C(O)OC-
(CN),CCIF,.

CF;C(O)OC(CN),CF;. Vibrational spectra of CF;C(0)OC-
(CN),CF,; are depicted in the Figure 5 and listed in Table 3

The computed values calculated with the model B3LYP/
6-311+G(d) predict only one stable syn-syn-anti conformation
and its 3N — 6 = 42 modes are expected to be IR and Raman
active. Moreover, the simplicity of both gas IR and liquid Raman
spectra supports the existence of only one conformation for the
molecule. Furthermore, the spectra are similar to CCIF,C(O)-
OC(CN),CCIF,. Thus, the assignment was made by comparison
with this species.

The characteristic bands at 2268 cm™ and 1838 cm™ in the
gas IR spectrum can be assigned to the C=N and C=0
stretching vibrations, respectively. The liquid Raman counterpart
of the former vibration in the Raman spectrum at 2270 cm ™ is the
most intense band as in the case of CCIF,C(O)OC(CN),CCIF,.
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Table 3. Experimental and Calculated Frequencies (cm™") and Assignments of the Fundamental Vibrational Modes of

CF;C(0)OC(CN),CF;
experimental computed conformation”

mode IR (Gas)® Raman (liquid)© syn-syn-anti assignment”
v 2268 w 2270 100 2377 (7) v(C4N)
vy 2368 (10) v(CSN)
Uy 1838 m 1834 13 1888 (238) v(C=0)
vy 1334 w 1334 3 1300 (56) v(C1-C2), v(C2-0)
s 1257 vs 1260 4 1228 (417) ,(CIF;), 1, (C6F3)is phase
Vg 1243 s 1235 6 1219 (250) ,,(C6F;)
vy 1207 m 1197 1 1214 (64) V4s(CIF3), 1,(COF3) oy of phase
vg 1200 (175) V,(C6F;)
Vo 1134 w 1162 (285) V,(C1F;)
Vo 1143 (206) v,,(C4C3CS)
vy 1110 vs 1105 1 1091 (578) v(C2-0), v,(C1F;)
v 1074 w 1072 10 1053 (62) v(C3-0)
v 1029 w 1027 10 983 (60) v(C3-C6)
Uiy 848 vw 849 17 855 (20) 5(0=C-0) v,(C1F;)
Uys 764w 764 (15) 5(C1C2(0)0)
Vys 755w 753 93 758 (20) 8(C1F3), 6(C6F3) gur of phase
Viz 737 (14) 5(C1Fs), 8(C6F,);, phase
Vs 677w 677 6 681 (25) 6(C3(CACS))ag
V1o 575 vw 580 6 581 (1) S5(C3(C4C3))
Vo 571 (1) S5(C3(C4CS)) isy Oas(C1F3)
Uy 560 vw 561 11 564 (1) 5,(C1F,), 5,(C6F;)
Uy 556 (S) 5,(C1F;), 5(C6F;), 5(C3(C4CS)) s
Uy 530 vw 517 (6) 8,(C1F;)
Uy 483 (2) S(C3(C4CS)) it
Ugs 455 (1) p(C3(C4Cs))
Uag 425 vw 426 11 425 (8) -
Uy, 407 (2) p(C3(C4Cs)), 5(C1C2(0)0), 5,(CLF,)
Uag 371 6 393 (6) p(C6F;)
75 320 13 328 (4) p(C3(C4Cs)), p(C1F,)
V3o 318 (1) p(C1F;)
Uy 291 1 289 (5) p(CIF,)
Us, 243 29 241 (10) 5(C2—0-C3)
7 219 21 210 (<1) -
Uy 209 10 194 (2) §(C1-C2-0)
Uss 135 54 144 (3)
Vsg 130 (2)
vy, 123 (4)
Usg 102 (2) -
Uso 79 (<1) 7((0)C-0C3)
Vso 48 (<1) 7(C6F;—C3CS)
Uy 42 (<1) 7(C1F;—C(0))
Vg 30 (<1) 7(C1C2-0C3)

“B3LYP/6-311+G(d) calculated frequencies (cm™). IR intensities are given between parentheses (km mol™). bRelative band intensities: vs; very
strong, s, strong; m, medium; w, weak; vw, very weak. “Relative intensities based on the integration of band areas are given in the parentheses. 9The
number of the atoms are C1F;C2(O)OC3(C4N)(CSN)C6Fs. v, §, p, and 7 represent stretching, deformation, rocking and torsion modes,

respectively.

Stretching vibrations corresponding to the ester group are ob-
served at 1110 and 1074 cm™" and were assigned to the (O)C—O
and O—C(CN), modes, respectively. CF; stretching vibrations
are also observed in the expected region being very intense and
weak bands in gas infrared and liquid Raman spectra, respec-
tively.

Photoelectron Spectra. CCIF,C(O)OC(CN),CCIF, . Photo-
electron spectroscopy (PES) using a He(I) radiation (21.21 eV =
58.46 nm) is an useful technique to study the valence electronic
structure of molecules in combination with theoretical

calculations.'”™>" The He(I) photoelectron spectrum of
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CCIF,C(O)OC(CN),CCIF, is shown in Figure 6. Outer
Valence Green Function (OVGF) calculations were performed
to obtain the ionization energies in order to assign the PE spec-
trum. The experimental vertical ionization potentials (IP),
theoretical vertical ionization energies (E,; OVGF/6-311+G(d)),
molecular orbitals (MO), and the corresponding characters of outer
valence shells for CCIF,C(O)OC(CN),CCIF, are listed in Table 4.

Additionally, the representation of the first 12 HOMOs is
given in Figure S4 (Supporting Information). In agreement
with the above discussion on the structure of CCIF,C(O)OC-
(CN),CCIF,, its He(I) photoelectron spectrum is the result of
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Energy (eV)

Figure 6. He(I) photoelectron spectrum (PES) of CCIF,C(O)OC-
(CN),CCIF,.

Table 4. Experimental and Calculated Ionization Energies and
MO Characters for CCIF,C(O)OC(CN),CCIF,

band EI exp. (eV) E, calc.? (eV) MO character
12.13 12.57 68 1o
2 12.27 12.89 67 ¢l (CCIF2c(0))
13.09 13.22 66 ¢l (CClr2c(0))
13.21 65 ¢l (C(CN)2 CCIF2)
4 13.84 13.57 64 "¢l (C(CN)2 CCIF2)
13.66 63 1o (c(o)) Mo (oc)
5 14.33 14.13 62 7ciNy ez
14.18 61 TciNg
6 1474 14.60 60 Teaa
14.86 14.93 59 OciNy TN
14.95 S8 OcIND OCan2
8 15.01 15.08 57 ng

“OVGF from geometries at the B3LYP/6- 311+G(d) level of

approximation for the gauche-syn-gauche form.

Intensity

Energy (eV)

Figure 7. He(I) photoelectron spectrum (PES) of CF,C(O)OC-
(CN),CF,.

the weighted forms mainly arising from the energetically most
tavorable gauche-syn-gauche and gauche-syn-anti rotamers. In this
respect, theoretical computations (OVGF/6-311+G(d)) for the
two forms do not predict noticeable differences in the ionization
energies with respect to the experimental resolution of 30 meV
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Table 5. Experimental and Calculated Ionization Energies and
MO Characters for CF;C(O)OC(CN),CF;

band  Elexp. (eV) E,calc? (V) MO character
1 1243 12.97 60 no(C=0)
2 13.65 13.33 59 no(0-C)
13.33 58 TeiN TNz
13.70 S7 TNy Teane
3 13.86 13.89 S6 1o(c(o)) Mo(ocy AciN
14.40 14.21 5§ no(c(0)) Mo(ocy FciNt
14.91 54 OCIND Ocan2
S 15.18 15.17 53 OciNy OcaN2
6 15.71 15.73 52 ng
7 16.11 16.28 51 ng

“OVGF from geometries at the B3LYP/6- 311+G(d) level of
approximation.
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Figure 8. He(I) photoionization mass spectrum (PIMS) of CCIF,C-
(O)OC(CN),CCIF,.

(~ 240 cm™"). For comparison, computed values of the most
stable gauche-syn-gauche form are listed in Table 4.

The vertical ionization energies observed in the photoelectron
spectrum of CCIF,C(O)OC(CN),CCIF, agree with the
calculated values of the OVGF method. The first band in the
photoelectron spectrum, centered at 12.13 eV, can be attributed
to the ionization process from the highest occupied molecular
orbital (HOMO), which corresponds to carbonylic oxygen lone-
pair electrons (n). This ionization energy was also reported at
12.00 eV for the monomeric species CCIF,C(O)CN indicatin
the lack of influence of the vicinal orbitals in the dimeric species.

The second and third ionization bands observed at 12.27 and
13.09 eV can be attributed to the process involving the chlorine
lone pairs of the group CCIF,C(O). Moreover, the calculation
of these lone pairs in the group CCIF,C(CN), is computed at
13.21 eV. Therefore, overlapped signals may be anticipated in
this region. Following the trend listed in Table 4 the signal at
13.84 €V can be attributed to the another chlorine lone pair (1)
of the group CCIF,C(CN),

The following ionization bands observed in the photoelectron
spectrum are assigned as listed in the Table 4.

CF3C(O)OC(CN),CF;. The photoelectron spectrum of CF;C-
(O)OC(CN),CF; is shown in the Figure 7, whereas Table $ lists
its experimental and calculated ionization energies and MO
characters. The schematic representation of the 12 higher
HOMOs is given in Figure SS (Supporting Information).
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The first band in the photoelectron spectrum, centered at
12.43 eV, can be assigned to the ionization process from the
highest occupied molecular orbital (HOMO), which also can be
endorsed to carbonylic oxygen lone-pair electrons (np). This
ionization energy was also reported at 12.13 eV for the dimeric
species CCIF,C(O)OC(CN),CCIF, and at 12.00 eV in
CCIF,C(O)CN supporting this assignment.2

The second ionization potential at 13.65 eV can be attributed
to the lone pairs of the C—O—C oxygen with remarkable 7
bonding contributions from the vicinal CN groups. The third and
fourth bands in the PES of CF,C(O)OC(CN),CF; are linked
with ionizations from 7z orbitals of the two CN groups. Table 5
lists also the remainder bands and their assignments.

Photoionization Mass Spectrum. CCIF,C(O)OC(CN),CCIF,.
The ultraviolet photoionization mass spectrum (PIMS) of
CCIF,C(O)OC(CN),CCIF, was determined together with
the photoelectron spectra and is shown in Figure 8. The PIMS
confirms the identity of the sample. The spectrum of CCIF,-
C(O)OC(CN),CCIF, shows peaks originated from the frag-
ments C*CIF," (85 am.u.), C¥CIF,* (87 am.u.), C,CIF," and
CCIF,C(O)* (without isotopomeric resolution), C*CIF,C-
(CN)," (149 am.u.), CCIF,C(CN)," (151 am.u.), C¥*CIF,C-
(O)OC*CIF," (214 am.u.), and C¥”/*CIF,C(0)OC*/¥'CIF,*
(216 am.u.) formed by the extrusion of a central C(CN), and
followed by subsequent rearrangement process.

CF;C(O)OC(CN),CF3. Figure 9 shows the photoionization
mass spectrum corresponding to CF;C(O)OC(CN),CF;. The

+

CF,

+
CF,C(0)

Relative Abundance

+
CF,C(CN), .
CF,C(0)OC(CN),C

L

—rT— 77T 77T T T

100 120 140 160 180 200 220 240 260
mass (a.m.u.)

b

T
80

T T

60

Figure 9. He(I) photoionization mass spectrum (PIMS) of CF;C(O)-
OC(CN),CF,.

most intense signal at m/Z = 69 corresponds to the CF;" ion in
analogy with the behavior observed for the dimeric chlorinated
species CCIF,C(O)OC(CN),CCIF,. Peaks at 97 and 133 a.m.u.
can also be observed. In this compound and in comparison with
CCIF,C(O)OC(CN),CCIF, a higher stability of the heavier
fragments becomes apparent as is the case of the fragment at
189 am.u. corresponding to CF;C(O)OC(CN),C*. For both
compounds analyzed in this work, the observed fragments give
reliability to the identity of the samples and to the PES.

B CONCLUSIONS

The new dimer of CCIF,C(O)CN, CCIF,C(O)OC(CN),-
CCIF,, has been synthesized and characterized. Quantum
chemical calculations compute a gauche-syn-gauche conformation
for the most abundant form and the coexistence of other con-
formers in the gas phase at ambient temperature. In practice,
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however, only the two lowest energy gauche-syn-gauche and
gauche-syn-anti rotamers were observed when the vapor was
trapped in a solid Ar matrix. The study of the dimer of
CF;C(O)CN, CF;C(O)OC(CN),CF,;, is also presented in this
work for the sake of comparison. Only one syn-syn-anti
conformation was observed for this compound. The influence
of the electronegativity of the groups attached to the carbonyl
group on the energy potential of these species becomes apparent
from the comparison presented in Figure 10. With the exception

10.0 4
R
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n
115400 11502
n

12.0 12,10 FnbNCO) 12.00—= 1213 M
< : 7 — n
> 12509 1p5400 122775 12432
~ n n
> 12.86—2 12.84 -4 n
3 130 1500 13190 13090
g 13,54 2.0 n o
o om, (NCS) 13712 13.84 ey 1365 —n
c 14.0 4 3914 84— 13'86T b (CN)
il ! : b (CN) o
® 1aagreco 142 143320 0T
o 1477500 e 1474 2 o

_ <, 00 cn;
S 150 ] 1510 15017 " 45 452000
15,53
1575
16.04 16.112e
CCIF,C(O)NCO CCIF,C(O)CN CF,C(O)OC(CN),CF,
CCIF,C(O)NCS CCIF,C(0)OC(CN),CCIF,

Figure 10. Ionization energy correlation diagram for CF;C(O)OC-

(CN),CF;, CCIF,C(0O)OC(CN),CCIF,, and related species.

of CCIF,C(O)NCS with the lower potential energy due to the
presence of S in its molecule, the remaining examples follow an
electronegativity trend, including CCIF,C(O)NCS if the
ionization process initiated by the O lone pair, and not by the
S lone pair, is formally taken into account. Thus, a higher elec-
tronegativity sum of the C=0 substituents promotes a molec-
ular energy stabilization and an increase in the corresponding
ionization energies.

B ASSOCIATED CONTENT

© Supporting Information

F NMR and *C NMR of CCIF,C(O)OC(CN),CCIF, and
CF,C(O)OC(CN),CF; at room temperature. UV—visible
spectra of gaseous of CCIF,C(O)OC(CN),CCIF, and CF,C-
(O)OC(CN),CF;and its comparison with CCIF,C(O)CN. The
first 12 HOMOs of both CCIF,C(O)OC(CN),CCIF, and
CF,C(O)OC(CN),CF; computed with the approximation
B3LYP/6-311+G(d). This information is available free of charge
via the Internet at http://pubs.acs.org.
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