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a  b  s  t  r  a  c  t

The  molecular  structure  of  trimethylsilyl  trichloroacetate,  CCl3C(O)OSi(CH3)3, was  determined  by  ab
initio  (MP2)  and  DFT  calculations  using  6-31G(d),  6-311G(d,p),  6-311++G(d,p)  and  6-311++G(3df,3pd)
basis  sets.  The  infrared  and  Raman  spectra  for the liquid  phase  were  also  recorded  and  the  bands  observed
assigned  to the  vibrational  normal  modes.  The  study  was  completed  using  natural  bond  orbital  (NBO)
analysis  and  atoms  in molecules  (AIM)  calculations.  The  comparison  between  the  calculated  molecular
geometrical  parameters,  conformation  and  vibrational  properties  and  those  measured  for  CX3C(O)OR
[X  =  F, Cl  and R =  CH3, Si(CH3)3] was  of  particular  interest  in  order  to  check  the  behavior  of  the  C O  and
C  O  with  respect  to the different  substitutions.  The  experimental  vibrational  data,  along  with  calculated
theoretical  force  constants,  were  used  to  define  a scaled  quantum  mechanical  force  field  for  the target
system  that  enabled  us to  estimate  the  measured  wavenumbers  with  a final  root-mean-square  deviation
of  8.92  cm−1.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Trimethylsilyl trichloroacetate is a convenient reagent for
the silylation of phenols, carboxylic acids, mercaptans, amides,
acetylenes, and �-keto esters, while the reaction with aldehydes
and ketones creates silylated trichloromethyl carbinols [1–11].

Trimethylsilyl trichloroacetate is a commercially available sub-
stance whose molecular structure and vibrational characteristics
are still not known. Therefore, it was decided to extend our pre-
vious studies on different derivatives of acetic acid [12–15] to this
substance in order to have more information about the conforma-
tion and force constants of this kind of molecules. For that purpose,
the barriers to internal rotation for both the CCOSi and COSiC dihe-
dral angles were calculated using the RHF, MP2  and B3LYP methods
with the 6-311++G(d,p) basis set.

The infrared and Raman spectra were measured for the sub-
stance and the molecular structure and vibrational wavenumbers
were calculated by means of quantum chemistry procedures. The
spectral features were subsequently assigned to the different nor-
mal  modes of vibration and a set of force constants in the form
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of a scaled quantum mechanic (SQM) force field was obtained. The
study was completed using natural bond orbital (NBO) analysis and
atoms in molecules (AIM) calculations.

The comparison between the calculated molecular geometri-
cal parameters, conformation and vibrational properties and those
measured for CX3C(O)OR [X = F, Cl and R = CH3, Si(CH3)3] [13,14,16]
was of particular interest in order to check the behavior of the C O
and C O with respect to the different substitutions. When R is more
electropositive there is an increase in the interaction of lone pairs
(LP) from O to the �* C O, with an increase in electron delocaliza-
tion of the O C O group. The lone pairs of Cl and F atoms and their
interaction on the �* C C and �* C O play an important role in the
strength of these bonds.

2. Materials and methods

Trimethylsilyl trichloroacetate, CCl3C(O)OSi(CH3)3 is a com-
mercially available substance, purum, ≥98%(GC) (Sigma–Aldrich
Products, Inc.), was used with no further purification and was  han-
dled with proper protection from the atmospheric humidity.

The infrared spectrum of trimethylsilyl trichloroacetate in the
liquid phase was  recorded in the 4000–400 cm−1 range using a
Perkin-Elmer GX1 FTIR instrument. KBr windows were used to
record the infrared spectra of liquid substance. The resolution of

0924-2031/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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the equipment employed was 1 cm−1. A total of 32 scans were done
in each condition and the spectra were analyzed using the OMNIC
v.7.2 mathematical software provided by the manufacturer. The
polarized Raman spectra of the liquid at room temperature, polar-
ized at 0 and 90◦, were obtained with a Perkin-Elmer FT-Raman
RFS 100/S spectrometer using 1064 nm light from an Nd/YAG laser
for excitation (spectral resolution 4 cm−1). The liquid sample was
handled in flame-sealed capillaries (4 mm o.d.).

3. Computational methods

Calculations were performed with the Gaussian 03 suite of pro-
grams [17]. Geometry optimizations were performed at the MP2
[18] and DFT levels using a variety of basis sets. Electron corre-
lation was then considered by means of the MP2  approach with
the 6-311++G(d,p), 6-311++G(3df,3pd) and 6-311G(d,p) basis sets
[19–22]. DFT calculations were performed with Becke’s three-
parameter hybrid exchange functional [23] (B3) combined with
both the Lee–Yang–Parr gradient-corrected correlation functional
[24] (LYP) and the same basis sets used for the MP2  calculations.
All calculations were performed with standard gradient techniques
and default convergence criteria. Stationary points were assessed
with analytical second derivatives of the energies, with zero-point
energy corrections neglected. The potential energies associated
with the CCOSi dihedral angle were calculated at RHF, MP2, B3LYP
and mPW1PW91 [25] levels using the 6-311++G(d,p) basis set, with
that torsional angle frozen and all other parameters allowed to
relax. The total energy curve was constructed in steps of 5 or 10◦

using default convergence criteria as implemented in the Gaussian
programs [17].

A natural bond orbital (NBO) calculation was performed at the
RHF/6-311++G(d,p) level with the NBO 3.1 program [26] as imple-
mented in the Gaussian 03 package.

Besides, an analysis of the reactivity of trimethylsilyl
trichloroacetate was done within Bader’s atoms in molecules
theory (AIM) by using AIM2000 code [27,28].

The calculation of force constants for trimethylsilyl trichloroac-
etate included force-field transformation, scaling and determi-
nation of the potential-energy distribution, all of which were
performed using the FCARTP program [29]. The atomic displace-
ments given by the Gaussian 03 program for each vibrational
mode were used to understand the nature of the molecular
vibrations qualitatively and, for that purpose, the correspond-
ing data were represented graphically using the GaussView
program [30].

3.1. Prediction of Raman intensities

The Raman activities (SRa) were calculated with the Gaussian
03 program converted to relative Raman intensities (IRa) using the
following relationship derived from the intensity theory of Raman
scattering [31]:

Ii = f (v0 − vi)
4Si

vi[1 − exp(hcvi/kbT)]
(1)

where �0 is the laser exciting wavenumber in cm−1 (in this work,
we have used the excitation wavenumber �0 = 9398.5 cm−1, which
corresponds to the wavelength of 1064 nm of a Nd:YAG laser), �i the
vibrational wavenumber of the ith normal mode (cm−1), while Si is
the Raman scattering activity of the normal mode �i. f (a constant
equal to 10−12) is a suitably chosen common normalization factor
for all peak intensities.

Fig. 1. Molecular structures (including atom numbering) of CCl3C(O)OSi(CH3)3.

4. Results and discussion

4.1. Quantum chemical calculations

All geometry optimizations (RHF, MP2  and DFT with all basis
sets) predicted a strong preference (36.9 kJ mol−1) for the staggered
anti conformation, as shown in Fig. 1.

In order to understand the significance of the results, the con-
formational potential energy barrier was studied according to the
variation of the CCOSi and COSiC torsion angles, which was calcu-
lated with B3LYP/6-311G(d,p). Fig. 2(a) shows the variation of the
CCOSi dihedral angle, where the change of substituents in different
sizes and electronegativity (Cl, F) gives as a result a lower torsion
barrier for the chlorinated compound while the substituent change
does not affect the COSiC angle of the torsion barrier (Fig. 2(b)).

Based on these results and using the concept of “conformational
transfer”, we  employed the trimethylsilyl trifluoroacetate experi-
mental electron-diffraction structure [14] for a comparison with
the trimethylsilyl trichloroacetate (Table 1) calculated values.

Inclusion of extra polarization functions (beyond a single d
function) was  necessary to predict the bond lengths accurately as
previously found for the CF3C(O)OSi (CH3)3 [14] related molecule
[12,13,15].  The root-mean-square deviations (RMSD) of the various
calculations from the experimental values for CF3C(O)OSi(CH3)3
are also shown in Table 1.

There is a lengthening of the distance C C(O) and O Si as seen
from the comparison of the distances calculated by different meth-
ods for the replacement of the F atom by the Cl atom. With regard
to the angles, there is an increase in the C C O and C C O angles
and a decrease in the O C O angle, where F is replaced by Cl.

4.2. Vibrational analysis

The assignment of the experimental bands to the normal modes
of vibration of CCl3C(O)OSi(CH3)3 was based on comparison with
data for related molecules and on the results of the calculations
[B3LYP/6-311++G(d,p)]. Representative spectra are illustrated in
Fig. 3 (infrared spectra of the liquid and scaled), Fig. 4 (polarized
Raman spectra of the liquid) and Fig. 5 (Raman spectra of the liquid
and simulated Raman spectra using Raman intensities according to
formula (1)).

The B3LYP calculation reproduced the normal wavenumbers for
CCl3C(O)OSi(CH3)3 with root-mean-square deviations (RMSD) of
62 cm−1 for the 6-31G(d) basis set, 59.6 cm−1 for 6-311G(d,p) and
62.44 cm−1 for 6-311++G(d,p). The results with the combination
B3LYP/6-311++G(d,p) were used for the vibrational analysis to facil-
itate the comparison of the present results with those obtained
previously for related molecules. The wavenumbers calculated
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Fig. 2. Torsional potentials about (a) the CCOSi dihedral angle for the and (b) the COSiC dihedral angle of CCl3C(O)OSi(CH3)3 and CF3C(O)OSi(CH3)3 calculated at B3LYP/6-
311++G(d,p).

Table  1
Geometrical parameters for CCl3C(O)OSi(CH3)3 at different levels of theory and compared with the CF3C(O)OSi(CH3)3 experimental and theoretical parameters.a

GEDa CF3C(O)OSi(CH3)3 CCl3C(O)OSi(CH3)3

MP2a B3LYPa MP2  B3LYP

6-311G(d,p) 6-311g++(3df,3pd) 6-311++G(d,p) 6-311G(d,p) 6-311g++(3df,3pd) 6-311++G(d,p)

Distances (pm)a

C(1) F(2) 131.7 132.9 132.8 133.4 176.0 176.7 177.8
C(1) F(3.4) 133.9 133.9 134.2 134.8 177.6 179.0 180.1
C(1)  C(19) 155.6 153.9 155.4 155.4 155.0 156.2 156.4
C(19) O(20) 119.5 120.8 119.8 120.1 121.7 120.0 120.1
C(19)  O(18) 130.7 132.6 131.6 131.7 133.0 131.6 131.7
O(18) Si(17) 171.9 173.6 173.0 175.2 175.2 172.6 174.7
Si(17) C(5.6) 185.7 186.2 186.4 187.0 186.6 186.4 187.1
Si(17) C(7) 185.9 186.0 186.3 186.8 186.8 186.3 186.9

RMSD (pm) 1.6 0.5 2.2
Angles (◦)

F C(1) C(19) 110.3 110.5 110.7 110.8 110.0 110.7 110.5
C(1) C(19) O(20) 122.2 122.7 121.9 121.9 122.9 122.2 122.3
C(1)  C(19) O(18) 108.4 110.0 110.5 110.4 110.5 111.2 110.9
C(19)  O(18) Si(17) 124.0 122.3 125.9 125.9 120.8 125.8 126.0
O(18) Si(17) C(7) 102.4 102.2 102.1 101.8 101.4 102.0 101.8
O(18) Si(17) C(5.6) 108.1 108.4 108.2 107.8 108.3 108.4 107.9

RMSD (◦) 1.0 1.4 1.4

a Ref. [14].

with this method for the 54 modes of vibration (32 A′ and 22 A′′)
of CCl3C(O)OSi(CH3)3 appear in Table 2, where they are compared
with the measured values.

The polarized Raman spectra at 0◦ and 90◦ with respect to the
plane of polarization of the exciting light also served to confirm
some assignments. The theoretical coefficients of depolarization
are 0 ≤ �s < 3/4 for the A′ modes and �s = 3/4 for the A′′ modes
(Fig. 4).

4.2.1. Methyl group modes
Two clearly defined bands and some shoulders appear in

the infrared and Raman spectra of the liquid substance in the
3000–2900 cm−1 region, which can be assigned to the expected
nine CH3 stretching modes.

The bands located at 2960 and 2902 cm−1 and a shoulder at
2965 cm−1 were observed in the infrared spectrum for the nine CH3

stretching modes corresponding to the antisymmetric and sym-
metric stretchings, respectively.

The comparison between CF3C(O)OSi(CH3)3 [14] and
CF3SO2OSi(CH3)3 [32] shows that the 2965 cm−1 band should
be associated with the CH3 group antisymmetric stretching.
The bands observed at 1414 cm−1 and 1384 cm−1 in the Raman
spectrum were assigned to the six antisymmetric CH3 deformation
modes. The other CH3 symmetric modes were assigned to the
band at 1309 and 1272 cm−1. These results agree with the ordering
predicted by the B3LYP calculation and bands observed for related
molecules with Si(CH3)3 groups [14,32]. The six rocking modes of
the CH3 group were located at 858, 773, 766 and 705 cm−1.

4.2.2. Trimethylsilyl group modes
The Si(CH3)3 antisymmetric stretching modes were assigned to

the weak bands at 703 and 698 cm−1 in the Raman spectrum of
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Table  2
Observed and calculated wavenumbers, infrared and Raman intensities and potential-energy distribution for CCl3C(O)OSi(CH3)3.

Mode Infrareda (liquid) Ramana

(liquid)
Calculateda Calculated

SQMb
IR intensityc Raman

intensityd
Potential-energy
distributione

Approximate
description of
mode

A′

1 2965 sh 2965 (34) 3113 2979 5.29 53.34 46 S1 + 44 S33 �a CH3

2 2965 sh 2965(34) 3106 2964 7.56 25.14 100 S2 �a CH3

3 2965 sh 2965 (34) 3098 2959 18.00 71.78 45 S3 + 43 S35 �a CH3

4 2902 w 2906 (100) 3029 2898 5.28 105.0 54 S4 + 22 S5 + 22 S6 �s CH3

5 2902 w 2906 (100) 3027 2896 1.35 100.7 45 S4 + 27 S5 + 15 S6 �s CH3

6 2902 w 2906 (100) 3026 2896 3.28 100.0 49 S5 + 46 S6 �s CH3

7 1752 s 1752 (11) 1798 1752 230.00 9.21 99 S7 � C O
8 1384  w 1384 (6) 1477 1418 16.50 0.60 35 S8 + 35 S9 + 22

S12

ıa CH3

9 1384 w 1384 (6) 1465 1407 3.55 0.11 19 S8 + 19 S9 + 13
S36

ıa CH3

10 1384 w 1384 (6) 1462 1399 9.39 5.70 12 S8 + 12 S36 + 71
S10

ıa CH3

11 1309 w 1311 (9) 1312 1269 30.55 2.15 35 S11 + 35 S12 + 45
S18

ıs CH3

12 1272 w 1270 (10) 1304 1261 51.20 0.50 54 S12 + 12 S11 ıs CH3

13 1272 w 1270 (10) 1302 1253 48.34 0.02 30 S39 + 30 S13 �s CH3

14 1259 s 1260 (10) 1276 1252 534.27 2.37 50 S14 + 51 S39 � C(16) O(28)
15  970 m 970 (3) 966 968 82.85 0.73 74 S15 + 16 S24 � C(21) C(28)
16  848 vs 858 (9) 889 862 111.46 0.28 12 S16 + 12 S22 � CH3

17 832 m 832 (10) 830 832 164.01 5.93 56 S17 + 14 S26 �a CCl3
18 772 sh 773 (8) 794 774 46.00 2.65 23 S15 + 15 S18 + 10

S24

� CH3

19 759 d 766 sh 784 757 46.17 0.92 12 S17 + 15
S19 + 12S43

� CH3

20 735 w 733 (14) 737 729 73.00 3.07 27 S20 + 20 S21 ı in-of-plane C O
21 698  sh 697 (17) 708 686 12.59 0.10 36 S21 + 34 S39 �as Si C
22  679 m 688 (17) 686 670 40.25 3.27 38 S19 + 40 S22 � Si O
23 621  w 616 (80) 600 600 2.67 18.2 88 S23 �s Si C
24  436 w 436 (97) 425 422 1.06 11.87 10 S15 + 63 S24 �s CCl3
25 – 377 (3) 370 375 7.00 5.86 23 S25 + 47 S44 ıs CCl3
26 – 321 (31) 303 305 5.25 1.00 17 S25 + 30 S26 + 29

S27

ıas CCl3

27 – 275 (44) 270 270 20.15 2.56 51 S27 + 49 S28 ıs Si C
28  – 258 (40) 269 260 3.88 5.24 17 S26 + 36 S28 + 10

S29

ıas Si C

29  – 258 (40) 252 212 3.78 0.15 20 S26 + 45 S28 + 39
S29

ı Si O C

30 – 214  sh 211 160 1.99 0.61 24 S28 + 15 S30 � Si C
31  – 168 (50) 147 143 0.86 1.55 32 S31 + 26 S28 + 21

S32

� CCl3

32 – – 72 – 0.53 0.00 – ı C C O
A′′

33 2960 w 2960 sh 3112 2978 1.70 25.04 44 S1 + 46 S33 �as CH3

34 2960 w 2960 sh 3094 2972 6.74 67.90 88 S34 �as CH3

35 2960 w 2960 sh 3094 2960 2.43 29.50 11 S34 + 40 S3 + 40
S35

�as CH3

36 1414 w 1414 (12) 1459 1404 1.35 21.34 46 S36 + 46 S37 ıas CH3

37 1414 w 1414 (12) 1457 1401 0.33 13.88 34 S36 + 34 S37 + 30
S38

ıas CH3

38 1414 w 1414 (12) 1450 1392 0.04 0.57 29 S8 + 29 S9 + 33
S38

ıas CH3

39 848 vs 858 (9) 886 852 101.20 0.58 12 S16 + 12 S17 + 13
S39 + 13 S40

� CH3

40 848 vs 858 (9) 881 842 203.60 0.47 56 S40 + 15 S46 � CH3

41 832 m 832 (10) 826 819 30.00 2.97 34 S41 + 14 S45 �as CCl3
42 705 sh 705 sh 706 685 0.10 4.96 50 S42 + 18 S16 + 17

S17

� CH3

43 703 w 709 sh 703 685 3.42 4.80 53 S43 + 21 S23 �as Si C
44  668 sh 667 (16) 658 654 118.10 3.46 67 S41 + 24 S44 + 17

S46

ı out-of-plane C O

45  – 297 sh 288 285 1.01 0.61 12 S20 + 18 S25 + 17
S45

ıas CCl3

46 – 216 (36) 207 208 0.13 1.00 50 S46 + 29 S47 ıas Si C
47  – 214 sh 173 178 0.51 2.88 43 S47 + 19 S48 + 35

S49

� Si C

48  – 194 sh 160 151 0.14 3.09 11 S47 + 20 S48 + 60
S49

� CCl3

49 – 184 (50) 153 151 0.03 0.05 14 S50 + 20 S49 + 20
S51

� CH3

50 – 184(50) 152 143 0.01 0.28 51 S31 + 51 S50 � CH3

51 – 184 (50) 130 122 0.00 0.00 13 S30 + 39 S31 + 39
S51

� CH3
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Table 2 (Continued)

Mode Infrareda (liquid) Ramana

(liquid)
Calculateda Calculated

SQMb
IR intensityc Raman

intensityd
Potential-energy
distributione

Approximate
description of
mode

52 – – 68 – 0.91 0.08 – � Si O
53 –  – 61 – 0.76 0.04 – � C O
54  – – 37 – 0.04 0.01 – � CCl3

RMSD (cm−1) 62.44 8.92

a B3LYP/6-311++G(d,p) calculation. Observed and calculated values in cm−1. sh, shoulder; br, broad; s, strong; w, weak; m, medium; v, very.
b From scaled quantum mechanics force field (see text for further definition). Relative band heights in parentheses.
c Units are km mol−1.
d Units are Å4 (amu)−1.
e Coordinate numbers correspond to Table S1 (supplementary material).

Fig. 3. Infrared spectra of CCl3C(O)OSi(CH3)3. (a) The simulated (SQM) spectrum.
(b)  The liquid phase; resolution: 1 cm−1.

the liquid. The symmetric stretching mode of that group appeared
as a very intense Raman band at 616 cm−1; this band appeared at
626 cm−1 in the Raman spectrum of CF3C(O)OSi(CH3)3 [14]. The
Si(CH3)3 symmetric and two antisymmetric bending modes were
observed at 275 and 258–216 cm−1 in the Raman spectrum. These
modes appear to be strongly mixed with other vibrations in the
normal vibrational modes of the molecule. To assign these bands

Fig. 4. Polarized Raman spectra of liquid CCl3C(O)OSi(CH3)3 at room temperature
(resolution: 4 cm−1).

Fig. 5. Raman spectra of the liquid and simulated Raman spectra using Raman
intensities according to the formula.

correctly, the Raman polarized spectrum was  used where the band
at 275 cm−1 is strongly polarized (Table S1).

4.2.3. Carbonyl group modes
The very strong band observed at 1752 cm−1 in the liquid

infrared spectrum was immediately assigned to the C O stretching
mode. The bands located at 735 and 668 cm−1 in the liquid spec-
trum were assigned to the CO in-plane and CO out-of-plane bending
modes, respectively.

4.2.4. Trichloromethyl group modes
Two bands located at 832 and 436 cm−1 corresponds to the CCl3

antisymmetric and symmetric stretching modes respectively. The
corresponding assignments were made mainly by comparison with
CCl3C(O)OR molecules [16,33] and with the calculations. On this
basis, the very intense band located at 436 cm−1 was assigned to
the CCl3 symmetric stretching mode. In the Raman spectrum, the
bands located at 377 was  assigned to the symmetric deformation
mode; 321 and 297 cm−1 were assigned to the CCl3 antisymmetric
deformation modes.

The CCl3 rocking modes were assigned taking into account
the predicted theoretical wavenumbers (Table 2). Thus, the bands
located at 194 and 168 cm−1 in the Raman spectrum was assigned
to the CCl3 rocking modes.

4.2.5. Skeletal modes
The medium band at 970 cm−1 in the gas infrared spectrum was

assigned to the Cl3C CO stretching modes. This mode appeared
in the 900 cm−1 region for the CCl3C(O)OR molecules reported
previously [16,33].  In accordance with the predicted theoreti-
cal wavenumber, the band at 1259 cm−1 should be associated
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primarily with OC OSi. The assignment of the C(O) O Si bend-
ing vibration was difficult because of the large degree of mixing
with other vibrations.

4.2.6. Torsional modes
Only a weak band located at 184 cm−1 in the Raman spectrum

could be assigned to the CH3 torsional modes.

4.3. Calculation of force constants

The force field in Cartesian coordinates, as generated by
Gaussian, was transformed to the set of non-redundant natural
coordinates defined in Table S2 and Fig. S1.  Such coordinates take
into account the local symmetry around the C and Si atoms and
follow the proposals of Fogarasi et al. [34]. The resulting force field
was subsequently scaled using the scheme proposed by Pulay et al.
[35] and the initial scale factors were defined using unity for all
modes [36], while the scale factor follows the proposals of Borowski
et al. [37] with respect to the C Cl bond, as shown in Table S3.
These scale factors were subsequently refined by the nonlinear
least-squares procedure in order to fit 54 experimental wavenum-
bers.

The refined scale factors corresponding to each force constant
appear in Table S3,  while the resulting wavenumbers, RMSD final
value and the potential-energy distribution are given in Table 2. It
can be seen that only one-half of the modes have a participation
of ≥50% of the single coordinate, whereas other modes represent
very complex vibrations where several coordinates are involved.

The SQM force field was used to calculate the internal force
constants shown in Table S4 (supplementary material), where they
are compared with the equivalent values for the previously stud-
ied trifluoroethyl trifluoroacetate. There is a decrease in the C O
stretching force constants when moving from CF3C(O)OSi(CH3)3
to CCl3C(O)OSi(CH3)3 with increasing f [C(1) C(2)]. These differ-
ences are in accordance with the corresponding hyperconjugative
interactions.

5. NBO results

The anomeric effect is well known in the case of interactions
involving periplanar free electron pairs of oxygen atoms as in this
case of substituent acetates with different sizes and electronega-
tivity.

The observed interactions reported in Table S5 were obtained
from NBO calculations for the anti form of the acetates substituted
of the CX3C(O)O R (X = F, Cl and R = CH3, Si(CH3)3) form.

When R is more electropositive, there is an increase in the inter-
action of lone pairs (LP) from O to the �* C O, with an increase in
electron delocalization of the O C O group. The lone pairs of Cl
and F atoms and their interaction on the �* C C and �* C O play
an important role in the strength of these bonds.

Fig. 6 shows the interaction energy LP O → �* C O of
the CCl3C(O)OSi(CH3)3 and related molecules function of the
wavenumber C O stretching mode (� C O).

We  can see from this figure that the interaction of the lone
pair of electrons from O to the antibonding orbital of the carbonyl
group increases for the oxoacetates, while the wavenumber of the
C O bond decreases. This effect is greater when the C O bond is
attached to the CF3 group than to the CCl3 group. We  may  also note
that the greater the difference in the electronegativity of the car-
bonyl bond environment, the more LP O → �* C O interaction there
is.

For a greater anomeric effect LPO → �* C O, a shortening of the
CO bond is expected. This is reflected in a value greater than the
wavenumber of the CO bond stretching, as can be seen in Fig. 7,
which illustrates the energy variation of the interaction LP O → �*

Fig. 6. Interaction energy LP O → �* C O of the CCl3C(O)OSi(CH3)3 and related
molecules function of the wavenumber C O stretching mode (� C O).

Fig. 7. Variation of interaction energy LP O → �* C O function of � C O.

C O with respect to the wavenumber of the CO bond stretching (�
C O).

We  may  thus conclude that when the substituent is less elec-
tronegative, it favors the delocalization of the O C O group,
strengthening the anion CX3C(O)O−. Hence, the molecule becomes
more sensitive to nucleophilic attack.

6. AIM results

The quantum theory of atoms in molecules has repeatedly
been useful in the characterization of bonds through a topologi-
cal analysis of the electronic charge density and its Laplacian at
the bond-critical point (BCP). In the AIM theory the nature of
the bonding interaction can be determined through an analysis
of the properties of the charge density, �, and its Laplacian �2(�)
at the BCP, and through the properties of the atom, which are
obtained by integration of the charge density over the atomic basin.
Table 3 presents the bond-critical point data for CCl3C(O)OSi(CH3)3,
CF3C(O)OSi(CH3)3, CCl3C(O)OCH3 and CF3C(O)OCH3. As seen in
Table 3, for these molecules the value of the charge density at
the C C bond-critical point is relatively high and �2(�) is nega-
tive, indicating that the charge density has been concentrated in
the internuclear region. In addition, the value of the charge density
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Table 3
Calculated [RHF/6-311++G(d,p)] bond critical point (BCP) data, bond distances and wavenumbers.

CF3C(O)OSi(CH3)3 CCl3C(O)OSi(CH3)3 CCl3C(O)OCH3 CF3C(O)OCH3

C C
� 0.2539 0.240 0.244 0.2543
�2(�) −0.626 −0.538 −0.555 −0.629
�1/�3 1.272 1.183 1.189 1.275
q  C1 0.992 −0.244 −0.354 0.992
q  C2 0.734 0.782 0.664 0.725
�  849 (849) 966 (950) 969 (882) 877 (869)

C  O
� 0.3172 0.3186 0.3150 0.3153
�2(�) −0.430 −0.446 −0.478 −0.464
�1/�3 0.888 0.901 0.955 0.935
q  C2 0.734 0.782 0.901 0.725
q  O −0.808 −0.818 −0.348 −0.522
�  1371 (1385) 1276 (1272) 1251 (1277) 1344 (1349)

C O
� 0.4221 0.4226 0.444 0.4248
�2(�) −0.128 −0.131 −0.416 −0.086
�1/�3 0.655 0.653 0.642 0.644
q  C2 0.734 0.782 0.901 0.725
q  O −0.555 −0.560 −0.633 −0.522
�  1812 (1773) 1797 (1753) 1817 (1767) 1833 (1789)

O  Si/C
�  0.195 0.1024 0.231 0.2271
�2(�) 0.566 0.577 −0.392 −0.247
�1/�3 0.205 0.206 0.979 0.976
q  O −0.808 −0.818 −0.348 −0.522
q  Si/C 1.812 1.822 0.521 −0.215
�  708 w 679 1021 s 1016 w

of the C C bond in the fluorinated compounds is higher than in the
chlorinated compound and �2(�) is more negative. This behavior
agrees with the polarity increase of the C C bond. One can observe
that the charge density decreases with the substitution of the Cl
atom by F, which leads to an elongation in the C C bond length.
The covalent character of the C C bond is only affected by the sub-
stituent change X (F, Cl) and there is a decrease in bond polarity
when passing from the chlorinated to the fluorinated compounds.
If we observe the behavior of the CO and C O bonds, it may  be
seen that for the four molecules with large � and �2(�) < 0 values,
typically covalent bonds are described. In the case of the methyl-
ated compound compared with the two silyl compounds, the �2(�)
value is more negative for the C O than for the C O bonds. The C O
bond charge density values � for CF3C(O)OCH3 are much higher
than for the CF3C(O)OSi(CH3)3 and CCl3C(O)OSi(CH3)3 compounds.
This agrees with the increased energy of interaction LPO(C O) → �*
C O, with the higher contraction of the C O bond and with the
lower polarity of the CO bond in the methylated than in Si com-
pounds.

This behavior is reflected in the higher wavenumber vibration
stretching modes of both methylated bonds in the molecule in com-
parison with the two silyl compounds. When changing the C by
the Si atom, the oxygen atomic charge decreases markedly in the
O X bond while Si increases with a greater polarity in the Si O
bond, and a lower charge density and a Laplacian increase become
evident.

7. Conclusions

Theoretical methods indicate two possible conformers, both
with staggered SiMe3 groups but with anti and gauche CCOSi dihe-
dral angles, although the former is more stable by 36.9 kJ mol−1.
The most stable conformer has a Cs symmetry [dihedral angle
�(CCOSi) = 180◦], where the CC13 group is staggered with respect
to the Si(CH3)3 group. Using the experimental results of related
molecules, and from the concept of conformational transferability,
the most stable conformation was determined and the structure
of CCl3C(O)OSi(CH3)3 was predicted. Following this conceptual

line, the conformational search was  carried out based on the
vibrational properties of the molecule. The results confirm that
the anti-staggered conformation for Cl3C(O)OSi(CH3)3 and related
molecules is the most stable.

Infrared and Raman spectra were recorded for
CCl3C(O)OSi(CH3)3, and bands assignable to 52 of the expected 54
normal modes of vibration were observed. Only one conformer was
detected in the liquid spectra. Using the observed wavenumbers it
was possible to scale the theoretical force field. The resulting SQM
force field served to calculate the potential-energy distribution
that revealed the physical nature of the molecular vibrations and
the force constants in internal coordinates, which were similar to
the values obtained for related chemical species.

It is interesting to note how the rotation barrier is the same for
the CCl3C(O)OSi(CH3)3 and CF3C(O)OSi(CH3)3 esters with respect
to the COSiC dihedral angle in spite of the substituent change (F, Cl).
This is reflected on the little displacements of the stretching bands
of the modes corresponding to the CH3 groups.

The NBO result indicates that when R is more electropositive
there is an increase in the interaction of lone pairs (LP) from O to the
�* C O, with an increase in the O C O group electron delocaliza-
tion. This behavior is reflected in the higher wavenumber stretching
vibration modes of both methylated bonds in the molecule in com-
parison with the two  silyl compounds.
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