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Experimental IR, and computational ab initio and DFT B3LYP studies on spectral
and structural changes, caused by the conversion of methyl cyanoacetate into
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Spectral and structural changes, caused by the conversion of methyl cyanoacetate molecule into carbanion, have
been studied applying a combined IRS experimental/ab initio, DFT computational approach. A good agreement has
been found between experimental and scaled B3LYP/6-31++G" vibrational frequencies; the relationship between the
corresponding band intensities has been only qualitative. In agreement between theory and experiment, the conversion
of methyl cyanoacetate into carbanion causes strong decreases in the cyano and carbonyl stretching frequencies (with
109 and 127 cm™, respectively), a dramatic integrated intensity increase (51.3 fold) of the cyano stretching band and
other essential IRS changes. According to both steric and electronic structure computations, the carbonyl group is
conjugated with the carbanionic center more strongly than the cyano group. Except the methyl group hydrogen atoms,

the whole carbanion is planar.
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INTRODUCTION

Methyl cyanoacetate NC—-CH,—COOCH; was
first prepared by Walden in the twenties of 20"
century; the detailed description of this synthesis
was reported in 1934 in the patent of I. G. Farbenin-
dustrie [1]. Methyl cyanoacetate is used nowadays
as precursor in industrial synthesis of pharmaceu-
ticals, herbicides and fungicides, cyanoacrylic poly-
mers, dies for leather and polyesters, etc. [2, 3] (and
references therein).

Vibrational spectra of methyl cyanoacetate have
repeatedly been studied [2-10]; a part of these
studies has been related to real and possible con-
formers of the molecule [2-5, 6, 9, 10]. This problem
has also been approached by computational methods:
PCILO [8], ab initio HF/4-21G [9], HF/6-31 G [2],
MP2/6-31 G, DFT B3LYP 6-31G’ [3], VDZ and
MP2/6-31++G™" [10]. All the used methods have
predicted both little energy differences between the
conformers and low energy barriers of the corres-
ponding conformational conversions.

The vibrational spectra or structure of the carb-
anion of methyl cyannoacetate have not been
studied either experimentally or theoretically, so the
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aim of the present studies is: (a) to obtain data for
the carbanion and (b) to compare them with those
for the molecule. This comparison will make it
possible to determine spectral and structural changes
accompanying the conversion of methyl cyano-
acetate molecule into carbanion, using both experi-
mental and computational methods.

EXPERIMENTAL

Methyl cyanoacetate (Aldrich, spectroscopic
purity grade) was used without any additional
purification. Its carbanion was prepared by adding
dimethyl sulfoxide (DMSO/ DMSO-dg) solutions of
the parent compound to excess of dry CD;O Na"
under argon, and collecting the clear carbanion solu-
tion with a syringe-filter. We prepared the sample of
CD;O Na' itself by reacting CD;0D (Fluka, 99 at.%
enrichment) with Na and evapo-rating the excess of
methanol in vacuo. The methyl cyanoacetate reacted
with CD;ONa' to form the carbanion in
DMSO/DMSO-dg promptly (within 1-2 min) and
practically completely: no bands of the parent
compound were seen in the spectra after metalation.
The IR spectra were recorded on a Bruker IFS 113v
and Tensor 27 Standard System FTIR spectro-
photometers in a CaF, cell of 0.129 mm path length,
at a resolution of 1 cm ™' and 64 scans.

© 2008 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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COMPUTATIONS

The ab initio force field computations (full opti-
mization) of the studied species were performed
using the GAMESS software [11] at the Hartree-
Fock HE/6-31++G™" level. The GAUSSIAN 98 pro-
gram package [12] was used for the same procedure
within the same basis set, but applying the Density
Functional Theory (DFT). This theory was the
groundwork of a series of cost-effective methods to
approximate electron correlation effects [13]. We
applied the B3LYP functional, which combined
Becke’s three-parameter nonlocal exchange with the
correlation functional of Lee, Yang and Parr [14,
15], adopting a 6-31++G~ basis set without any
symmetry restrictions. For every structure, the
stationary points found on the molecular potentional
energy supersurfaces (PEHS) were characterized
using the standard harmonic vibrational analysis.
The absence of any irrational frequencies or nega-
tive eigenvalues in the second-derivative matrix
confirmed that the stationary points corresponded to
global minima on PEHS [13]. The use of 6-31++G ™
basis sets both in ab initio and in DFT computations
has recently resulted in better or equally good struc-
tural predictions, compared with other basis sets
both for molecules and for anions [16-20] (and
references therein). No scaling in the ab initio.or
density functional theory force fields was done. A
standard least-squares program was used to calcu-
late the single-parameter linear regression indices.

RESULTS AND DISCUSSION
Conformational and energy analysis

The most stable conformations of the studied
species are shown in Fig. 1. In these cases “s-cis”
and “s-trans” indicate the co-position of the CN and
CO groups. The energies of the studied species can
be seen in Table 1. In a qualitative agreement with
the results of earlier computations (see Introduc-
tion), the molecular conformer 1 is slightly more
stable, by 1.10 kJ'mol ', than 2. It is known [2, 4]
that only the thermodynamically most stable 1 exists
in the crystalline state; in the gas and liquid phase
the methyl cyanoacetate exists as mixture of the two
main conformers of similar energies 1 and 2 [2].
Reva et al. [10] have recently found on the basis of
IR spectra of methyl cyanoacetate, isolated in low
temperature inert gas matrices, that the results of the
conformational cooling depend on:

1) the nature of the matrix gas host;
ii) the relative energies AE and the corresponding
barriers;

iii) the dipole moments of the conformers;

iv) the temperature. For example, an increase in the
temperature from 20 to 40 K results in a radical
change of the conformational ratio [10].

According to our calculations (Table 1), the carb-

anion 3 is only by 0.57 kJ-mol ' more stable than 4.

The deprotonation energy of a given Broensted acid

can be defined [18, 20] (and references therein) as

EP = E™ (anion) — E™ (molecule) (for the most
stable conformers of these species). Georgieva and

Velcheva have recently found that E™’s correlate

fairly well with pKa values of Broensted acids,

containing cyano or carbonyl groups, in DMSO

solvent, according to Eqn. 1 [18]:

pKa (DMSO) =0.11507 E° (B3LYP/6-31++G ") —
—150.04 (1)

Table 1. Total energies £ (in hartree) and differences
between them AE (in kJ-mol™") of the species studied.

No. Species E (native)  E (corrected)® AE™°
g Molecule 40 642650 —360.553883 0
s-trans 1
,  Moleeule 56 6an134 360553463 1.10
s-cis 2
3 o Carbanion = 500605170 360.019854  1402.09
CH s-trans 3
4 Cabanion 100604768 _360.019637  1402.66
CH s-cis 4
Carbanion
CH- . .q —360.012041 -359.938965 1614.47
2 8-cis 5
Carbanion
CH- , -360.011197 -359.938174 1616.54
2 s-trans 6

* With corrections for zero-point vibrational energies (ZPVE).
" AE=E,—E,. °Deprotonated in the methylene group.
4 Deprotonated in the methyl group.

So, having in mind E" of 1 and 3 in Table 1,
we can estimate pKa (DMSO) of methyl cyano-
acetate to be near 11.3. Hence, this compound
should be a moderately strong carbon acid, like
dicyanomethane, 5,5-dimethylcyclohexane-1,3-dione
and a-phenylsulfonyl acetophenone, whose pKa
(DMSOQO) are 11.0, 11.2 and 11.4, respectively [21].
It was clear a priori that deprotonation in the methyl
group of methyl cyanoacetate should be very
disadvantageous. However, the data in Table 1 make
it possible to estimate how much compound 5 is less
stable than 3. So, according to our calculations, 5 is
by 213.37 kJ'mol ' less stable than 3, i.e. (having in
mind Eqn. 1) the deprotonation of methyl cyano-
acetate in the methyl group should correspond to a
very weak C—H acid, with pKa (DMSO) equal to
35.7. This hypothetic C—H “acid” should have a pKa
by 24.4 units higher (or an acidity by 24.4 orders of
magnitude lower) than that of methyl cyanoacetate.
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Correlation analysis

Comparison of B3LYP/6-31++G" vibrational
frequencies, calculated for the conformer 1 with those
measured experimentally in DMSO/DMSO-d¢ sol-
vent gave the following linear correlation (Eqn. 2):

Viepy = 0.92771V(exp) + 722 (cm’) (2)

Correlation coefficient R = 0.99986, Standard
deviation S. D. = 13.82 cm '; Number of data points
n=15.
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According to Jaffe’s classification [22], this
correlation is excellent, as 0.99 < R < 1.00. We shall
use Eqn. 2 for correlational scaling of the theoretical
vibrational frequencies of the species studied in this
work. As it was stated in Alcolea’s review article
[23] (and references therein), use of scaling
equations instead of scale factors gave better results,
especially in the low-frequency region. Correla-
tional scaling is still used nowadays [3, 17, 20, 24—
29] (and references therein).
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Fig. 1. DFT/B3LYP 6-31++G** conformers of the molecule and carbanions of methylcyanoacetate. * Deprotonated in
the methylene group. ° Deprotonated in the methyl group.
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Spectral analysis

Table 2 contains IRS data for the methyl cyano-
acetate molecule. A good agreement between expe-
rimental and scaled theoretical frequencies can be
seen there. The mean absolute deviation

n
m.a.d.= n_lz

is 8.7 cm', a little bit lower (i.e. better value) than
the interval of 9—20 cm ', typical for the DFT calcu-
lations for molecules containing cyano or carbonyl
groups [20, 28-31] (and references therein). The
approximate description of the vibrations in Table 2

i i
Viheor — vexp

is not far from those of the authors [2, 4]. The cyano
stretching band shows no peculiarity: high v _y
frequency and low A-_y intensity, as the cyano
group is not conjugated. As it can be expected, the
stretching vibration of the carbonyl group is repre-
sented by a very strong band (see also Fig. 2). The
various CH; and CH, bendings are listed below in
Table 2 (Nos, 8-12, 14). A moderate band at 1211
cm ' corresponds to the v&,. vibration in methyl
cyanoacetate molecule. There are cases where this
band is comparable in intensity to the v._, one
[32].

Table 2. Theoretical (B3LYP 6-31++G (d,p) and experimental (solvent DMSO/DMSO-dy) IRS frequencies (cm ') and

integrated intensities (km'mol ) of methyl cyanoacetate.

B3LYP 6-31++G (d, p)
No

Experimental data *

v vP A Approximate description © v A
1 3186 3028 9.7 Ve, 3039 2.0
2 3154 2998 13.9 2678 3012¢ 4.0
3 3104 2952 0.4 Ve, 2955 11.4
4 3071 2921 249 vew, 2932¢ 4.8
5 3065 2916 3.5 ver, 2897 1.8
6 2375 2275 5.6 Veoy 2256 3.0
7 1825 1766 236.8 Veoo 1749 151.2
8 1500 1464 11.0 s - -
9 1489 1453 9.8 i, 1448 vw
10 1475 1441 13.9 s 1439 12.2
11 1446 1413 19.8 cH, 1403 7.9
12 1364 1338 103.7 Ten, s Veee s e, 1343 34.2
1268 1 m
13 1226 1209 291.2 VEoc s Sg,‘f,gz, 8¢, - 1211 55.0
14 1225 1209 32 62?,3’; 1211 55.0
15 1200 1185 115.6 Tew,» Veocs ngfi 1183 443
168 1174 1161 0.9 8¢, e -

* Measured after having decomposed the complex bands into components; relative intensity: m, moderate; vw, very weak.
9, in-plane bending;

correlation equation 2. © Vibrational modes: v, stretching;

® Scaled, according to
T, torsion. Superscripts: s, symmetrical, as, asymmetrical,

sc, scissoring; rock, rocking; wag, wagging; tw, twisting. ¢ Solvent CDCl;. © We did not detect this band. "The origin of this band is not clear.

¢ Followed by 14 lower-frequency vibrations.
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Fig. 2. Theoretical (bottom) and experimental (top) IR
spectra of methyl cyanoacetate and its carbanion (solvent
DMSO, counter ion Na', shaded).

We can see in Table 3 IRS data for the carbanion
of methyl cyanoacetate. Like in the previous case,
the agreement between experimental and scaled
theoretical IRS frequencies is good. The main
absolute deviation between them is only 8.1 cm,
lower than the corresponding interval of 9-25 cm™',
typical for DFT calculations of frequencies for
anions containing cyano or carbonyl groups [20, 28—
31] (and references therein).

In agreement between theory and experiment, the
conversion of methyl cyanoacetate into carbanion
results in the following IR spectral changes (cf.
Tables 2, 3 and Fig. 2).

e Strong decrease in Vv,_,: predicted 136 cm’,

measured 109 cm ™.

e Dramatic intensification of the corresponding IR
band: calculated 79.0 fold measured 51.3 fold.

e Strong decrease in the v._, frequency: pre-

dicted 119 cm™, measured 127 cm .

e Increase in the intensity of the corresponding IR
band: predicted 3.0 fold, measured 2.0 fold.

e Decrease in the v/, frequency: calculated 91

cm !, measured 56 cm ', as well as other IR
spectral variations.
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STRUCTURAL ANALYSIS

We did not found in the literature any experi-
mental data on the steric structure of either methyl
cyanoacetate or its carbanion. According to our
calculations the conversion of the molecule into
carbanion causes essential steric structure variations
(Table 4), which take place at the carbanionic center
and next to it. This rule is also valid for bond angles
(Table 4).

Table 4. Selected B3LYP/6-31++G (d,p) bond lengths R
(A), bond angles A (degrees) and dihedral angles D
(degrees) of methyl cyanoacetate and its carbanion.

Indices * Molecule Carbanion A’
R (1,2) 1.16 1.18 0.02
R (2.3) 1.46 1.40 ~0.06
R (3.4) 1.53 1.41 —0.12
R (4,5) 121 1.24 0.03
R (4,6) 1.35 1.42 0.07
R (6,7) 1.45 1.42 ~0.03

A (1,2,3) 177.6 177.0 —0.6

A (2,3,4) 113.6 123.1 9.5

A (34,5 126.0 130.7 4.7

A (5,4,6) 125.0 118.6 —6.4

A (4,6,7) 115.8 114.7 11

D3 (2,4.8) 121.8 180.0 58.2
D.4(3.5,6) 180.0 180.0 0
D4(5,6,7) 0.0 0.1 0.1

* Atom numbering according to Scheme 1.
® A = Index (anion) — Index (molecule) (A or degrees).

For example, |AR(C-CO)| is twice larger than
[AR(C-CN)| |AR(C=0)|, is also larger than
|AR(C=N)|, so it seems that the carbonyl group is
more strongly conjugated with the carbanionic
center than the cyano group. The largest bond angle
deviation AA corresponds to C3, to indicate the
transformation of the tetrahedral CH2 group of the
molecule into a trigonal —CH group in the carb-
anion. The analysis of the dihedral angle changes
shows that except for the methyl group hydrogen
atoms, the whole carbanion is planar (Table 4, cf.
Scheme 1).

y /H1° y /Hwo
\\\2 s—Cl \\\ s —CI
“ /O B\ % < ° :‘; 1
o—ch ht H ot 12H
NN N\
H8 [o}3 H8 S
1 3

Scheme 1. Atom numbering of methyl cyanoacetate
molecule 1 and its carbanion 3 within our both HF/and
B3LYP/ 6-31++G"" calculations.
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Table 3. Theoretical (B3LYP++G(d,p)) and experimental (solvent DMSO/DMSO-d,, counter ion Na") IRS frequencies
(v in cm ') and integrated intensities (A in km-mol ') of methyl cyanoacetate carbanion.

N B3LYP++G(d,p) Experimental data *
0.
v v® A Approximate description ° v A
1 3203 3043 8.5 V- —d -
2 3093 2942 57.7 vf‘ciq3 2945 vw
3 3065 2916 66.8 Ve, 2907 vw
4 3010 2865 120.8 véH3 2840 VW
5 2228 2139 442.6 Veen 2147 153.8
6 1698 1647 706.8 Veoo 1622 299.1
7 1509 1472 6.5 vf‘ciq3 1469 6.2
8 1472 1438 89.7 SCH3 1440 m
9 1472 1438 3.93 Ch, 1440 m
N
10 1425 1394 143.7 CHy > O oy 1389 242
1239° w
11 1197 1183 14.9 Tewy» Oy Veoc 1185 4.1
12 1169 1157 0.3 Tem, = -
13 1149 1139 117.7 Ter,» Veoe Oy 1135 478
f as
14 1127 1118 3229 veocs Sy Teny s Veee s 1127 30.7

* Measured after having decomposed the complex bands into components; relative intensity: m, moderate; vw, very weak.

® Scaled, according to

correlation equation 2 (Table 2). © Vibrational modes: v, stretching; 8, in-plane bending; 1, torsion. Superscripts: s, symmetrical; as, asymmetrical.
¢ These bands were not detected in the experimental spectrum. © The origin of this band is not clear. ‘Followed by 13 lower-frequency vibrations.

We shall demonstrate the changes in the elec-
tronic structure of methyl cyanoacetate molecule,
caused by its conversion into carbanion, on the basis
of data on bond orders and net electric charges. The
bond order variations (Table 5) are.in agreement
with the corresponding bond length changes (shorter
bonds — higher bond orders, cf. Table 4). The
largest (in absolute values) bond order changes
(Table 5, values in bold) take place again at and next
to the carbanionic center. The changes |AP(3,4)| and
|AP(4,5)| are larger than |AP(2,3)] and |AP(1,2)],
respectively. So, we can say as above that according
to the computations, the carbonyl group is con-
jugated with the carbanionic center more strongly
than the cyano one.

The net electric charges g; of fragments of the
molecule and carbanion of methyl cyanoacetate are
shown in Scheme 2. The electric charge changes
Agi = gi(anion) — gi(molecule) are usually quite
informative to demonstrate the distribution of the
new charge (carbanionic, azanionic, etc.) between
individual fragments of anions [19, 33] (and
references therein). According to the calculations
(cf. Scheme 2), the anionic charge in the studied

carbanion is distributed, as follows: 0.22, 0.26 and
0.13 e are delocalized over the cyano, carbonyl and
methoxy groups, respectively, and 0.39 e of it
remain localized in the carbanionic center. Ag(C=0)
is larger than Ag(C=N) i. e. the carbonyl group
seems again to be better conjugated with the
carbanionic center than the cyano one.

Table 5. Ab initio HF 6-31++G(d,p) bond orders P of
methyl cyanoacetate molecule and carbanion.

Bonds * Molecule Carbanion APP®
C'=N? 2.89 2.82 -0.07
gt 0.94 0.96 0.02
-y’ 0.94 - —c
0%’ 0.77 0.87 0.1
¢’ 0.91 1.13 0.22
4_0° 0.99 0.82 -0.17
c-ct 0.95 1.34 0.39
C'=0° 1.84 1.62 -0.22
Cc’-g'° 0.97 0.98 0.01
c’-H" 0.96 0.97 0.01
C’-H? 0.96 0.97 0.01
* Atom numbering according to Scheme 2. ° AP = Puion — Prolccule-

The largest |AP| values are given in bold. ¢ There is no C*~H’ bond in
the carbanion.
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-0.01 -0.20 -0.23 -0.33
/ /
N N
Yoy Yo
\c——C/ Ch éc———c/ W
NN\ /7 N\
H. _° —H. _C
-0.04 0.25 -0.43 -0.01
1 3

Scheme 2. Natural Bond Orbital (NBO) net electric

charges ¢; over fragments of the most stable conformers

of methyl cyanoacetate molecule 1 and carbanion 3.

CONCLUSIONS

We found in this work a good agreement

between experimental and B3LYP/6-31++G" data
on the essential spectral changes, caused by the
conversion of methyl cyanoacetate into the carb-
anion. So, we anticipate that the structural varia-
tions, computed by same method, should also be
adequate.
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EKCITEPUMEHTAJIHU MY U TEOPETUYHU 4B INITIO XD U TOII B3LYP N3CJIEIBAHUA
HA CIIEKTPAJIHUTE U CTPYKTYPHUTE ITPOMEHU, ITPUMNHEHU OT ITPEBPBIIAHETO
HA METHUJIHUAHOALIETATA B KAPBAHMOH

An. JI. [Tomosa'*, IOp. Us. BI/IHCBZ, I1. K. BacuieBa-Bosymxuesa', V. I'. Bunes'

! Unemumym no opeanuuna xumus ¢ yenmuvp no gumoxumus, Bvieapeka akademus na naykume,
ya. ,,Axao. I'. Bonues”, 61. 9, 1113 Coghua
2 Hnuemumym no mponuvecku usciedsanus, yi. , Kynxeiipo “ Ne 86-1, 1300-344 JTuca6on, Iopmyzanus

Iloceemena na axao. Mean FOxHoscku no nosoo Ha 70-ma my 200uiHUHA

Ioctenmna Ha 24 suyapu 2008 ., ITlpepaborena Ha 27 mapt 2008 T.
(Pesrome)

CrekTpaqHHTe W CTPYKTYPHH IPOMEHH, NPUYMHEHH OT IPEBPBIIAHETO Ha METHJILHAaHOoaleTaTa B KapOaHHWOH ca
H3CACIBAHU C rmoMoIra Ha komOuuupan MY excnepumentanet/ab initio, TOII TeopeTryeH MOAX0A. YCTaHOBCHO €
00O CHOTBETCTBHE MEXTy eKCIIEPUMEHTANHITE U cKanupanute B3LYP/6-31++G"" BUOPALHOHHH YeCTOTH; BPb3KaTa
MEXJIy CbOTBETHUTE MHTeH3uBHOCTH Ha MTUC uBHIM e caMo KauecTBeHa. B chriacue Mexay TEOpHs U €KCIEpHUMEHT,
NPEBPBIIAHETO HAa METWILUAaHOAleTaTa B KapOaHMOH BOAM JO0 CHJIHO IOHW)KEHHE Ha YECTOTHTE Ha BAJICHTHHUTE
TPENTeHHs HAa LMAHO- M HAa KapOOHWIHAaTa rpymu (cbe 109 m 127 cm.', chOTBETHO), APACTHUHO MOBHIICHHME HA
MHTErpajHaTa nHTeH3uBHOCT (51.3 mpTH) Ha BUOpalMOHHATA UBHIA HA IMAHOTPYIATa U IPYTH ChIECTBEHH NPOMEHH B
HNYC cnexrsp. B cerimacme ¢ m3unciieHata NPOCTPAHCTBEHAa M €JEKTPOHHA CTPYKTypa, KapOOHMIIHAaTra rpyma e
CIIperHara Mo-3ApaBo ¢ KapOaHWOHHUS LIEHTHP B CpaBHEHHE ¢ nuaHorpynara. C M3KIrOueHHEe Ha BOJOPOAHUTE aTOMH
Ha METHJIOBATa IrPyIa, LHEJUSIT KapOaHHOH € TIaHapeH.
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