Tetrehedros Yol 34 pp T 10 783 Pevgamon Press 1978 Prsted m Great Brine

INFRARED SPECTRA AND STRUCTURE
OF CARBANIONS—XIII*

A STUDY OF THE CARBANIONS GENERATED
FROM ACETONITRILE, ACETONITRILE-D,
AND ACETONITRILE-"N
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Abstract—The study of the IR spectra) data for metaliated acetonitrile (counter jons Li°, Na*, K* in solvents
tetrabydrofuran, THF, and hesamethylphospbotriamide, HMPT) and its Dy- and N. derivatives together with
CNDOI? and normal coordinate calculations showed that the mesomeric ion H;CxsC3BN has a favoured planar
structure and the carbon-metal bond has a pronounced ionic character.

Metallation of acetonitrile gives a highly reactive inter-
mediate with a carbanionic structure capable of undergo-
ing miscellancous chemical transformations.' This
carbanion being one of the smallest cyano containing has
incited a number of papers dealing mainly with its spec-
tral properties and aiming at the elucidation of the elec-
tronic structure of metallated MeCN and the nature of its
bonding with the counter ion.>

Some of these studies have promoted the concept of
the simultaneous presence of a number of prototropic
and metallotropic forms in the solutions of alkali metal
derivatives of acetonitrile,™™ and others assume a
polymer associated nature of lithium-acetonitrile.* The
hypothesis of Krliger’ on the existence of tautomeric
species of acetonitrile-lithium is currently accepted in
the literature™ (Scheme 1).

M-CHC w N2M-CH = C = NHs#M-C=C-NH,
4}) 2) 3
(@ H-CmC-NH-MzH,C =C=N-M(5)

Scheme 1. (M = Li, Na)

We have demonstrated® that, most probably, the
mesomeric carbanion species of lithium-acetonitrile exist
as ton pair structures and that a considerable amount of
the infrared data used to confirm the existence of metal-
lotropic and prototropic species are in fact pertinent to
products of further transformations of metallated
acetonitrile.

The high reactivity of metallated acetontrile and its
tendency to dimerize cause senous difficuities in the
investigation of its spectra.* We were restricted to study
the frequency region between 1900 and 2600cm™'
because of the necessity to use metallating agents and
solvents themselves showing intense and complex IR
absorption outside this region. It is useful therefore to
consider the available IR data concerning the effects of
counter ions and isotope substitutions together with the
results obtained by quantum chemical and normal coor-
dinate calculations for a confident interpretation.

*Part XI: Tetrahedron 33, 2993 (1977}
Part XIL: J. Organometal. Chem. 141, 123 (197T).

RESULTS AND DESCUSSION

The IR spectra of metallated acetonitrile and its Dy-
and "’N- isotopic derivatives were recorded in the region
1900-2600 cm™' in solvents THF and HMPT with coun-
terions Li*, Na® and K® (see Experimental). The
stretching absorption band of metallated acetonitrile, as
given in Table 1, appears in the rather narrow region
2050-2072cm ' and is practically independent of the
substantial differences between the solvating ability of
the two solvents and the nature of the counter ions.
These small frequency shifts indicate that we deal with
practically the same anionic structure in all cases and the
stretching vibrational frequency is influenced by the
solvents and counterions to the extent usual for
carbanions.**'? It has been recently demonstrated™”
that the replacement of K™ for Li* causes an enhance-
ment of wen in carbapions of substituted aryl- and
alkyl-acetontriles by about 10cm ™', The replacement of
the solvent THF for HMPT also causes an enhancement
of the same frequencies of the order of 10cm™'. These
data, as well as the extremely high intensity of the nitnike
absorption band (A~6x10* 1. g-ion™'. cm™?, observed
for the strongly conjugated carbanions of substituted
benzylcyanides too™'? support the assumption of an
ionic character of the bond formed between the alkali
metal cation and the acetonitrile carbanion. One should,
therefore, consider as possible the mesomeric anions 6-8
below instead of the metallotropic species in Scheme 1.

[[CHCwNes H,CaCsN"| M” ¢
[HC m C-NH ™ «+CH=C=NH), M~ mn
{"C=C-NH;.M* )

Scheme 2. (M = Li, Na)

The isotopi shift of the observed intense absorption
band due to the replacement of "N by *N (Table 1) is
2Zcm™'. Thus, an assignment of this absorption to the
amino-acetylenide anion 8 would be erroneous because
the normal coordinate treatment of the triatomic frag--
ment N-CaC gives a value smaller than Scm™' (general
valence fofce fleld, force constants taken from Ref. 13).On
the other hand, the amino acetylenide species should be
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Table 1.
l'cuo‘
neutral Carbanions
molecules with different counter ions
& isotopic renlem™)
Compound  Solveat  Shiftsiem™) Li* Na* K*
249 - 205 -~ 2081 o 2081 -
CHCN - HMPT e — 2m — 261 — 2061 —
2282 — 058 — W0 -~ 0668 —
THF bra} L V- 2062 — 2065sh —
HMPT 287 -8 N0 0 281 i X80 1
CICN 2048 2043 2041
THF 261 -9 2084 2085
i nn b44 X8 2 W9 2w
CHCTN  HMPT  aee 7 20% 22 041 20

regarded as less probable because of the lower elec-
tronegativity of C as compared to N and because of the
localization of the negative charge since no ?ossihiiitics
for conjugation exist. The measured “N-"N isotopic
shift for metallated acetonitrile is only slightly smaller
than the values for neutral nitriles (Table 1'*) and is close
to that of anion radicals of aromatic nitriles.'* This
indicates the prevailing participation of the CaN bond in
the observed normal mode. The metallation, therefore,
does not give rise to drastic changes of bond multi-
plicities in the indictor group C-CaN,

We measured isotopic shifts of 0-1cm ™" in HMPT and
0-8cm™' in THF for the band discussed (Table 1) on
perdeuteration of acetonitrile. The ynamide species 7
however supposes strong mechanical coupling of D-C
and CaC bonds and consequently a large H-D isotopic
shift of the order of the reported 168cm™ for HCN-
DCN™ or 133135 cm™* for CH,CaCH-CH,CaCD. The
small value of the H-D shift indicates that the parti-
cipation of C-H coordinates in the observed normal
mode is insignificant and contradicts to the assignment to
the ynamide 7. Thus, the above considerations clearly
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Fig. L. IR spectra of HMPT solutions of: (a) {....) acetonitrile,

1g-mole.i™"; (~——} acetonitrileithium, $x 10" g-0nl'; (b)

{.....)acetonitrile (52%at. ’N). | g-mole. (. yacetonitrile-
fithium (2% at. PN}, $x 1073 g-ion ™"

indicate that the species showing the observed IR spectrs
1s the carbanion 6.

The absorption bands observed for carbanions with
Li* and Na“ counterions are split in doublets (Table 1).
This property cannot be due to such intramolecular
reasons as, .. Fermi resonance since similar intense
doublets are found in the IR spectrum of "CH.CN,
{Fig. 1). The "N-"N isotopic shift for the two
components of the last compound is equal, therefore the
two species giving rise to these bands should be very
similar and the reason for the appearance of two wen
frequencies for metallated acetonitriles is probably the
different environment of the carbonionic particles. Thus,
the doublet character of the rcn bands could be related
to the presence of “free” carbanions and solvent
separated ion pairs. This assignment is supported by the
fact that the shape of the observed doublets is different
with different counter ions Li”, Na®, K" and at different
concentrations of the counter ions (Figs. 2 and 3). This
enables us to attribute the first of the two observed
bands at 2050-2051 cm™' to the ren of “free” carbanions
and the second one at 2061-2072 cm™’* (depending on the
counter ion) to the ven of the ion pair. The spectrum
presented on Fig. 1 can be assigned as follows:

2072cm™ weldy of solvent separated ion pairs;
2050 cm™ w14y of “free” carbanions;

2050 cm™" pciSy of solvent separated ion pairs;
2028 cm v 15w of “free” carbanions.

It is difficult to suggest a reliable assignment of the
components of the v doublets observed in THF. These
are clearly registered for counter ion Li™ but the shoul-
der at higher frequency disappears eatirely for counter
ion K. In this case the dependence of the shape of the
observed absorption bands on the type of the coun-
terions is weak, but in general the frequencies go higher
in the sequence K*, Na®, Li* as observed previously*™”
for carbanions of secondary nitriles and benzylcyanides.

The above qualitative interpretation of isotope effects
and the comparison of the data obtained by measure-
ments in the two different solvents indicate that the
structure of the anion of acetonitrile is H, CwsCmN, in
complete agreement with our results of CNDO/2 cal-
culations'® for this ion.

The total energy of the carbanion of acetonitrile was
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minimized with respect to all geometric parmeters of the
molecule. The following optimum values were found:
Rean— L25SA; Rec—-1.355A; Rew-L1I6A; angle
HCH-118°, The favoured structure of the ion is planar
Cav. The charge distributions (optimized geometries) for
“"CH:CN and CH,CN are compared below:

Qu Q Qc Qw
"CH.CH -007T2 -04i22 0060 -03073
CH\CN 0.0318  -00183 0.0903 -0.1693

It is well known that CNDO/J2 cakulations predict
bond lengths for multiple bonds 0.02-0.03 A longer than
the experimental ones,' whereas the lengths of the
single bonds C-C are predicted 0.61-0.06 A 100 short.
Therefore, we can assume the following bond lengths as
more realistic: Ren—1.20A and Re—1.38 A. This value
for Ron agrees fairly with the correlation wen-Ron
suggested by Ritschi®™” which gives for ven = 2050cm™ ' 2
value of Ren 1.19-1.21 A, This implies that the multi-
plicity of the CisiN bond in the carbanion is substantially
reduced as compared with the parent nitrile. The Wiberg
bond indices'® also agree with this conclusion, as can be
seen below:

w(’ N w{'(‘ w(‘N
CH\CN 28550 L1160 09534
“CHLCN 2495 14398 04N
CHaNHt 20617 -  095%7
tCompletely  optimized  geometry:

Reon = 1279 A, nonempinical cakulations
give L2STA"

The calculations made for the optimization of molecu-
lar geometries provide the possibility to obtain the
harmonic force constants and, consequently, to attempt
to reproduce the vibrational spectra. In fact we used an
iterative procedure to find the Ky stretching force
constant keeping the remaining constants fixed as
follows: Kew=546mdynA™', Kee=6.64 mdynA™'
and Kccon=0.283mdyn. A" A fair agreement be-
tween the experimental and calculated frequencies (sce
below) was found for Ken = 15.19mdyn A"

won CXP.. HMP1 ¥on cak.

"CHLCN 2050 - 2051 2051
"CHCUN 2028-20% 2028
‘CDLN 2058 2085

The value taken for the Kcc stretching force constant
was cakulated as the second derivative of the total
energy at the optimum bond length and scaled by the
factor 2.8.' It is obviously larger than the corresponding
value for MeCN (6.18 mdyn.A™') whereas the value

H
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found for Kew is smaller than that for CH,CN
(18.87 mdyn.A "').™ These resuits support once more the
suggested carbanionic structure é for metallated acetoni-
trile.

We are aware that the vibrational problem considered
here has no unique solution.™ The normal coordinate
treatment of the tricyanomethide anion, for example,
furnished three sets of “most probable™ force constants
differing mainly in the values for the C-C=N fragment.”
A similar result can be obtained in our case 100. A proper
choice of the most probable set of force constants, in our
opinion, should be made on the basis of MO calculations.
We found that the calculated v stretching frequency is
very sensitive to the magnitude of the interaction force
constant Keeon and, vice versa, small changes of the
diagonal constants Kee and Kon require considerable
change of Kcoon in order to reproduce the experimental
frequencies (Table 2). The semiempirical MO cal-
culations however provide a criterion to choose the most
reliable value of Kccown in spite of the fact that the
(stretching) force constants cakulated with the aid of,
¢.§. CNDO/2 are 2-3 times too large as compared to the
values given by normal coordinate treatments. A
reasonable assumption giving the possibility to make »
unique choice of the force fiekd F is that the scaling
factors for the off-diagonal elements calculated by a MO
method should be close to the scaling factors for the
respective diagonal elements of the F-matrix (that is, the
stretching force constants, bending force constants, etc.).
Thus, assuming the scaling faclor acc.cw tqual to the
geometrical  mean™  Viaccacn) OF  accen=
{ace + acn)fl, we can regard the first of the three sets of
force constants in Table 2 as most probable. This choice
is in good agreement with the recently reported™ cor-
relation of Wiberg bond indices with the “experimental”
Kon and Ko force constants in a series of molecules
containing amino-, imino- and nitrile groups.

We used the latter correlation fo estimate the changes
of nitrile force constants on formation of ion pairs with
Li" and Na® (planar carbanion) or covalent metal-
loacetonitriles {sp’-model). By the means of our CNDO/2
calculations we found that these two possible species
have practically the same (gas phase) total energies. In
both cases we used the optimized geometry of the free
carbanion and neutral acetonitrile and optimized only the
C-M distances. The latter values together with the
Wiberg indices Wewn and Wee as well as the net charge
of the metal atom are listed in Table 3. As may be seen,
the metal net charge varies from 0.3 to 0.44 being larger
for the sp®-models. These resuits are comparable with
the CNDO/2 data for metal halides {optimized Me-X
distances) 0.568 for NaF, 0.303 for NaCl, 0.568 for LiF
and 0.428 for LiCl. Thus, we may conclude that the ionkc
character of the carbon-metal bond in LiCHCN and
NaCH,CN is doubtiess. This inference is qualitatively
consistent with the results of the recent nonempirical
calculations on MeLi and other organometallics.™

To decde which of the two energetically equivalent

Table 2.
Keconiacceon Keeiace Kow: gen Yoo o
CNDOJ2 0.770 18.57% 32.265
First set 0218 Q2.8 6501  (2.86) 4758 (.19 1117 2081
Second set 017 (6.0%) 6.69 278 51 Q22 117 w8t
Third set 0.064 (1203) 677 (174 441 (224) 117 281
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Table 3.

CH,CN LiICHLCN NaCHLN  SCHLN
Ksp') - 1.893 2401 -
Re.uqi(sph) - 1.944 2440 -
i 28530 2,748 2701 -

Wean g - 2.5246 24532 2495
{ 11160 11186 1LH8S —_

Weongg - 12124 1.3002 4896
Chargeon | - +0.3051 +0.4242 —
the metal {1 —_ +0.3143 +0.4404 —

i 251 ca. 2198 ca. 2
reaniem 1 —- ca. 2055° ca. 2025* 2051+
SMeasured experimentally.

*Data obtained by using CNDO optimized distances Rew = 1LI9OA and

Recon ™ 1429 A for acetonitrike.

"Data oblained by using CNDO optimized distances Ren = 1.225 A and
Re.con = 1,355 A for the acetonitrile carbanios.

{sccording to our CNDOQJ2 caiculations) forms of metal-
Iated acetonitrile is the one actually observed in our IR
measurements we employed the fact that the changes of
¥en are dependent primarily on the changes of Kew and
Kee™ since Kecow is practically the same for both
models of MCH,CN. Thus, we have

dven dvewn

Bren = T RKen Koo

and may estimate »cn On the basis of the correlations of
Ken and Ko with the Wibet; indices. The data in Table
3 show that both models, sp” and sp’, predict enhance-
ment of wew for lithium as compared to the sodium
derivatives. This result is in qualitative agreement with
the experimental finding. Further, we found that vy for

g : T

AKew + 8Kee

[1e+]
{a)

Absorbonce, %

Q@
2000

cm”
Fig. 2. IR spectra of HMPT solutions of {CDCNP Li®. )
concentrations of both the carbanions and counmter jons 5x
107 g-ond ! (b} the same carbacion concentration, conces-
tration of the counter ion 1.5x 107 g-ion.i ' (threefold excess of
naphthalene-dilitium, cf. Experimental).
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Fig. 3. IR spectra of [CD,CNI2, §x 10 *g-ioni™" in HMPT. (a)
counter ion Li®; (b} counter jon Na*; {¢) counter ion K°.

the sp’-model of MCH,CN should be about 2170-
2195 cm™’, that is, too high as compared to the experi-
ment. The same manipulation for the planar model gives
2025-2055 cm™' which coincides with the experimental
result. The calculations for & model with the metal atom
situated closely to nitrogen atom predict a drastic redis-
tribution of bond electron densities (ketene imide struc-
ture, H,CaCsN"M") and "“*N-"*N isotopic shifts of vcn
which are inconsistent with the experiment.

The strong enhancement of the integrated intensity of
the nitrile absorption on metallation of acetonitrile (~
60x10° vs 1.3x 10’ Lmol™".cm™®) can be satisfactorily
reproduced by means of MO calculations of au/dQ. We
used an approximate scheme,™ considering the C-CsN
fragment as the only part of the molecule participating in
the ven normal mode. Our results 143 DA™ for
CHCN, 3.32 for the sp’model of LICH/CN 4.0 for
"CHLCN and 4.42D. A™" for the sp*-model of LiICH,CN
are qualitatively consistent with the experimental en-
hancement of the integrated intensity of the observed
nitrile absorption of metalloacetonitriles.

The combined consideration of the IR spectra and the
results of CNDO/2 and normal coordinate calculations
demonstrates that the carbon-metal bonding in mono-
alkali metal derivatives of acetonitrile is clearly of ionic
type. The structure of the carbanion is preferably planar
and the alkali counter ion in the contacting fon pair is
situated close to the carbon atom of the methylene

group.
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EXPERDEENTAL
Acetonitrile-’N was prepared according to the following
scheme: 20% aqueous solution of “NH; (52% earichment) was
used:

(CH,CONXO + 2"NH 0q
i MO
CH;CO"NH, + CH,COO"NH, —— 2CH,C"N.

The distillation over PO, gave MeC'’N containing small
amounts of AcCOH and Ac 0. The further punfication was carried
out by another distillation over octylamine. 1.4 ¢ purified MeC"N
was obtained from 1g 'NH,.

The metallation of acetonitrile was carned out by adding the
substrate solas to solns of 10% excess of the dialkali derivative
of naphthalene in the corresponding solvents under pure argon.
The spectra were recorded on an UR-20 (C. Zeiss, Jena) spec.
trophotometer in calcium fluonide cells.
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