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ABSTRACT: Mechanisms of alkylation by PhnCH,Cl or CH,l in THF and of deuteriation by DCI (4 N in D,0) in THF or
THEF—toluene of lithiated phenylacetonitrile monoanions and dianions obtained with LHMDS, LDA, or n-BulLi are studied by
vibrational and NMR spectroscopy and quantum chemistry calculations. Dialkylation of the three dilithio dianions generated with
n-BuLi (2.0—2.7 equiv, THF—hexane) depends on their structure: N-lithio (PhCCNLi) Li* and (C,N)-dilithio PhCLiCNLi
dianions afford PACR,CN (R = PhCH,, CHj;) from the intermediate N-lithio monoalkylated monoanion PhCRCNLi 10; C-
lithio dianion (PhCLiCN) Li* leads to a carbenoid species, the C-lithio monoalkylated nitrile PhCLiRCN 11, which either
eliminates carbene Ph—C—R and different LiCN species or isomerizes to PhCRCNLI in the presence of LiX (X = CI, I).
Dialkylation or dideuteriation of monoanions (monomers, dimers, and heterodimers [PhCHCNLi-LiR'], R’ = (SiMe;),N, (i-
Pr),N) obtained with LHMDS or LDA (2.4 equiv, THF) proceeds via a sequential mechanism involving monometalation-
monoalkylation (or monodeuteriation) reactions. Some carbene and (LiCNLi)* are also observed, and explained by another
mechanism implying the C-lithio monoalkylated monoanion PhCLiRCN 9 in the presence of LiX. These results show the
ambiphilic behavior of PhACLiRCN as a carbenoid (11) or a carbanion (9) and the importance of LiX formed in situ in the first
alkylation step.

B INTRODUCTION BuLi, while only a very small amount of dianion is observed
with LDA and no dianion is detected with LHMDS. While the
mechanism of alkylation of monoanions of PhCH,CN has been
well documented, that of its dianions has not yet been studied.

Carbanions o to nitrile are useful reagents for C—C bond
formation in organic synthesis. The structure of these anionic
species (monoanions and dianions) may play an important role

in the selectivity of alkylation or deuteriation reactions. In a The species obtained from reaction of phenylacetonitrile
previous paper,l we have shown that a heterodimer 6 (M = Li) PhCH,CN 1 with more than 2 equiv of a lithiated base were
is formed with an excess of base (LHMDS, LDA, or n-BuLi) deuteriated by D,0, alkylated by different alkyl halides, acylated
added to PhCH,CN 1 in THF, THF—hexane, or THF— by diethyl carbonate, or benzoylated with methyl benzoate.”™*
toluene in different amounts depending on the pKy_and on the

base concentration. When a large excess of base is used, Received: April 29, 2012

dianionic species are obtained almost quantitatively with n- Published: June 28, 2012
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Scheme 2. Boche’s Deprotonation/Alkylation or Deuteriation Cycle for the Formation of a-Carbon Disubstituted Nitriles’
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Treatment with oxalic acid bis(imidoyl) chlorides® or Scheme 3
epibromohydrin®~® led to new cyclization reactions affording, PhCH,CN + RLi > PhCHCNLi + R'H 1]
respectively, 2-alkylidene-3-iminoindoles and functionalized
cyclopropanes. PhCHCNLi + RX —— PhCHRCN + LiX [2]
. 2 . .
In }971, .Kalser et al.” concluded that a gem—dl.alkah salt PhCHRCN + PhCHCNLI PHCH,CN + PhCRCNLi o]
PhCLi,CN is formed by means of n-BuLi excess in THF—
hexane from the results of deuteriations and alkylations which PhCHRCN + RLi ——» PhCRCNLi + RH 4]

take place only at the benzylic carbon atom (Scheme 1a). Thus,
they put aside the other possible mechanism that consists of
sequential monometalations—monodeuteriations (or monoal-
kylations) involving only the monoanions (Scheme 1b).

Later on, Crowley et al.” and Boche et al.'"®"" did not observe
dianion formation. Thus, they gave up Scheme la and
developed Scheme 1b on the basis of *C NMR and X-ray
structure analysis. They proposed a new scheme (Scheme 2) in
which a heterodimer (“Quadac”, i.e,, “Quasi dianion complex”)
6 is on the way to the dialkylated PhCR,CN 3 or dideuteriated
PhCD,CN § for LHMDS and #n-BuLi® or LDA,"® when 2 equiv
of base are used. The existence of a relatively stable complex
[PhCHR(D)CN-MR'] 7 between the monoalkylated or
monodeuteriated phenylacetonitrile (PhCHRCN 2 or
PhCHDCN 4, respectively) and the base R'M was also proved
by X-ray crystal analysis and ab initio calculations."' This
complex leads through a new deprotonation and a dimerization
to the monoanion dimer 8,"> which is finally transformed into
PhCR,CN 3 or PhCD,CN 5. This reaction pathway was
supported by the theoretical study of the deprotonation of
nitriles."

Mono- versus dialkylation of phenylacetonitrile monoanions
by benzyl or methyl halides (RX) was reported.”'*"> These
reactions are poorly selective and give rise generally to mixtures
of mono- and dialkylated products according to eqs 1-5
(Scheme 3).

To shed some light on the alkylation and deuteriation
mechanisms in THF with n-BuLi, LHMDS, and LDA, we have
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PhCRCNLi + RX —— PhCR,CN + LiX [51

performed alkylations by benzyl chloride (PhCH,Cl) and
methyl iodide (CH5I) in THF and deuteriation in THF or
THF—toluene with DCl (4 N in D,0O) of the lithiated
monoanions and dianions of phenylacetonitrile. We have also
identified by IR spectroscopy and calculated by quantum
chemistry methods some species that are observed or may be
formed during the different steps of the alkylation reactions.

B RESULTS AND DISCUSSION

1. Alkylation and Deuteriation of Monoanions and
Dianions. Table 1 gathers the results of alkylation of
PhCH,CN anions generated with less than 1.2 equiv (entries
1-3, 6—12, 23, and 24) or more than 2 equiv (entries 4, 5, 13—
22, 25, and 26) of base (LHMDS, n-BuLi, or LDA) by
PhCH,CI or CH,l in THF. The percentage of alkylation at the
benzylic position is expressed by R = 1/2 (% PhCHRCN) + %
PhCR,CN. The rates of the products (PhCH,CN 1,
PhCHRCN 2, and PhCR,CN 3) are determined either from
integration of "H NMR spectra of the crude reaction mixture
after hydrolysis and extraction or from IR determination of the
concentration of each product in solution before treatment. A
fairly good agreement is observed between the two
spectroscopic methods. IR spectrometry allows us to verify
that all of the starting phenylacetonitrile anions are transformed
into the three possible products 1, 2, or 3. Since all the initial
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Table 1. Mono- vs Dialkylation of Mono- and Dianions Derived from PhCH,CN 1 in THF

entry spectroscopic method used for analysis base (equiv)
1 NMR LHMDS (1.0)
2 NMR LHMDS (1.2)
3 IR LHMDS (1.2)
4 NMR LHMDS (2.4)
s IR LHMDS (2.4)
6 NMR n-BuLi (1.0)
7 NMR n-BuLi (1.0)
8 IR n-BuLi (1.1)
9 NMR n-BuLi (1.1)
107 NMR n-BuLi (1.1)
11 IR n-BuLi (1.1)
12 NMR n-BuLi (1.2)
13 NMR n-BuLi (2.0)
14 IR n-BuLi (2.0)
15 NMR n-BuLi (2.2)
16 IR n-BuLi (2.2)
17 NMR n-BuLi (2.4)
18 IR n-BuLi (2.4)
19 NMR n-BuLi (2.4)
20 IR n-BuLi (2.4)
21 NMR n-BuLi (2.7)
22 IR n-BuLi (2.7)
23 NMR LDA (12)
24 IR LDA (1.2)
25 NMR LDA (2.4)
26 IR LDA (2.4)

RX (equiv)
PhCH,CI (1.2)
PhCH,CI (1.2)
PhCH,CI (1.2)
PhCH,CI (2.4)
PhCH,CI (2.4)
PhCH,CI (1.2)
CH,I (1.2)
PhCH,CI (1.1)
PhCH,CI (1.2)
PhCH,CI (1.2)
CH,I (1.2)
PhCH,CI (1.2)
PhCH,CI (2.4)
PhCH,CI (2.4)
PhCH,CI (2.4)
PhCH,CI (2.4)
PhCH,CI (2.4)
PhCH,CI (2.4)
CH,I (2.4)
CH,I (2.4)
PhCH,CI (2.4)
PhCH,CI (2.4)
PhCH,CI (1.2)
PhCH,CI (1.2)
PhCH,CI (2.4)
PhCH,CI (2.4)

R® (%)
50
58
53

100
100
51
S1
49
N
54
57
61
81
80
92
86
100
100
100
100
100
920
52
57
66
65

products?
1 (%) 2 (%) 3 (%) yield® (%)
23 S5 22
17 S1 32 84
24 46 30 100
0 0 100 88
0 0 100 88
24 S1 25 92
16 67 17
25 53 22 100
20 S1 29 88
21 NU 29 92
15 57 28 100
15 49 36 84
N 28 67
6 29 65 79
1 15 84
4 21 75 82
0 0 100
0 0 100 70
0 0 100
0 0 100 56
0 0 100
10 0 90 75
22 52 26 81
20 46 34 98
9 NU 41
13 44 43 90

“Percentage of alkylation at the benzylic carbon atom. *Product percentages after hydrolysis when determined by 'H NMR and before hydrolysis
when determined by IR spectroscopy. “Reaction yield in products including PACH,CN 1 formed according to equilibrium 3 (Scheme 3). 30 equiv

of HMDS added.

Table 2. Mono- vs Dideuteriation of Mono- and Dianions Derived from PhCH,CN 1

entry solvent (v/v) base (equiv) D? (%) products’
1 THF LHMDS 1.1 67 4~5>1
2 THF—toluene 30/70 1.1 48° 4~1>5
3 THF 2.4 95 $>4
4 THE—toluene 30/70 2.2 72 S>4>1
S THF LDA 1.1 37 4~1>§
6 THF—toluene 30/70 1.1 52 4~1-§
7 THF 2.2 57 4>5>1
8 THF—toluene 30/70 2.2 63 4~5 > 1
9 THF—hexane? 82/18 n-BuLi 1.1 SS 4>5>1
10 THF—hexane? 65/35 22 88 5> 4
11 THF—hexane? 62/38 24 87 5> 4
12 THF—hexane? 57/43 27 96 5> 4°

“Percentage of deuteriation at the benzylic carbon atom from 'H NMR spectroscopy in CD,Cl,—CCl, (50/50 v/v). YPhCHDCN 4: 6 = 23.1 ppm
(t, Jep = 20.8 Hz); PhCD,CN 5: § = 22.9 ppm (quint, Jcp = 20.8 Hz). “From *C NMR spectroscopy in CDCl,. 9Hexane comes from the n-BuLi

commercial solution (1.6 M). “Presence of some degradation products.

PhCH,CN 1 is transformed into monoanions or dianions
before alkylation or deuteriation, the observed PhCH,CN 1 is
considered as a product. The reaction yield is also determined.
The results of deuteriation of the mono- and dianionic
species formed from PhCH,CN 1 with different equivalents of
base in THF and THF—toluene solutions are reported in Table
2. Three species may be observed by 'H and *C NMR
spectroscopy: dideuteriated PhCD,CN 5, monodeuteriated
PhCHDCN 4, and PhCH,CN 1. The percentage of
deuteriation D is calculated in the same way as R.
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1.1. Alkylation and Deuteriation of Monoanions.
1.1.1. With 1.0—1.2 equiv of LHMDS, LDA, or n-BuLi. As we
have shown previously,1 with 1.1 equiv of LHMDS, LDA, and
n-BuLi, only monoanions (monomers and dimers) of
PhCHCNLI are present in the solution (equilibrium 6, R =

—_—

2PhCRCNLi —=
R = H, CH;, PhCH, or D

LLic
PhCRCN\L_/NCRCPh [6]
1

dx.doi.org/10.1021/j0300758g | J. Org. Chem. 2012, 77, 6431—6442



The Journal of Organic Chemistry

H). As expected, with 1.0 equiv of LHMDS or n-BuLi and 1.2
equiv of PhCH,Cl (Table 1, entries 1 and 6), R ~ 50%.
Moreover, the same proportion (~24%) of PA\CH,CN 1 and of
dialkylated compound PhCR,CN 3 (R = PhCH,) is obtained
with ~53% of monoalkylated product PhCHRCN 2. Indeed,
PhCHRCN 2 may be deprotonated by PARCHCNLI (equili-
brium 3, Scheme 3), leading to PhCH,CN 1 and to the
monoanion PhACRCNLi. Then PhCRCNLi is alkylated through
reaction 5 (Scheme 3) to give PhACR,CN 3. A similar behavior
has already been observed in alkylation reactions of
lithioacetonitrile LiCH,CN.*®

When CHS,I is used as alkylating agent (Table 1, entry 7),
less PhCH,CN 1 and PhCR,CN 3 (~17%) and more
PhCHRCN 2 are observed (67%). Thus, equilibrium 3 is less
displaced to the right than with PhCH,CI. This is due to the
lower acidity of PhCH(CH;)CN relative to PhCH(PhCH,)-
CN. The first alkylation reaction 2 may also be faster and the
second alkylation reaction S slower with CHj;l than with
PhCH,CI because of the greater steric hindrance at the benzylic
carbon atom in PhCRCNLi when R = CH; compared to R =
PhCH,.

With a slight excess (1.1—1.2 equiv) of LHMDS or n-BuLi
(Table 1, entries 2, 3, 9, and 12), a slightly higher percentage of
alkylation is reached (R ~ 57%), the proportion of PhACR,CN 3
increases (~32%), and that of PACH,CN 1 decreases (~19%).
The slight excess of base contributes to the deprotonation of
PhCHRCN 2 according to reaction 4 (Scheme 3) and to the
formation of PhCR,CN 3 according to reaction S. Thus, the
deprotonation of PhCHRCN 2 by the base through reaction 4
becomes faster than its deprotonation by PhCHCNLI via
equilibrium 3.

The results with 1.2 equiv of LDA (Table 1, entries 23 and
24) are comparable to those with 1.2 equiv of LHMDS (Table
1, entries 2 and 3).

In our previous paper," we have shown that the amine R'H
(R" = (i-Pr),N or (SiMe;),N) formed through reaction 1
(Scheme 3) shifts the monomer—dimer equilibrium 6 toward
the dimer through a solvation entropic effect. When 3.0 equiv
of amine HMDS is added to PhACHCNLI formed with 1.1 equiv
of n-BuLi, an important shift of the equilibrium toward the
dimer is observed. However, the selectivity of the alkylation is
the same with or without HMDS (Table 1, entries 10 and 9,
respectively). Other experiments, not reported in Table 1, have
been performed in order to increase the dimer concentration in
the medium either by raising the initial concentration of
PhCH,CN 1 (from 0.25 to 0.5 M) with LHMDS (1.2 equiv) or
by replacing THF by toluene with n-BuLi (1.2 equiv). In all
cases, the alkylation selectivity remains unchanged.

A yield of ~100% (Table 1) is determined by IR studies in all
cases. This indicates a total transformation of PhnCHCNLI into
products. The yields obtained by "H NMR vary from 81 to 92%
because of loss of products during extraction.

The deuterium incorporation depends on the solvent, the
nature of the base used, as already indicated for the C,
deuteriation of endocyclic enolates,"”” and on the amount of
base.

With 1.1 equiv of base in THF or in THF—hexane (hexane is
present in the n-BuLi commercial solution; see the Exper-
imental Section) (Table 2, entries 1, 5, and 9), some
dideuteriation is observed at the benzylic carbon atom. The
percentage of deuteriation D is higher with LHMDS (67%),
lower with LDA (D = 37%), or equal with n-BuLi (D = 55%)
when compared to alkylation (R ~ 55%) (Table 1). As
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alkylation, the deuteriation is described by reactions 2—5
(Scheme 3, R = D), but for LHMDS and LDA, supplementary
mechanisms are involved.

The over-incorporation of deuterium observed with LHMDS
is explained by a proton abstraction mechanism related to the
hydrolysis of bis trimethylsilylamine (SiMe;),NH in acidic
medium, which gives trimethylsilanol SiMe;OH and
NH,CL'*" (SiMe;),NH is initially present inside the solvation
shell of PhnCHCNLi monomers and dimers. Deuteriation of
PhCHCNLI solvated by the amine leads to the formation of an
intermediate species LiCl solvated by PhCHDCN 4 and
(SiMe;),NH. In acidic medium (DCI/D,0O), the amine within
this complex may abstract rapidly a proton from PhCHDCN 4
to form PhCD,CN §, together with SiMe;OD and SiMe;NH,.

The influence of the initial concentration of PhCH,CN on
this process is demonstrated in Figure 1. The variations of D

100

0.2 0.3 0.4
Initial PhCHZCN concentration / M

0.5

Figure 1. Variations of the percentage (%) of deuterium incorporation
D at the benzylic carbon atom obtained by 'H NMR, of the
proportions (%) of PhCH,CN 1 (CH,) and PhCD,CN § (CD,)
determined by IR and Raman spectrometry, respectively, as a function
of the initial PhCH,CN 1 concentration (0.12, 0.25, 0.37, and 0.5 M)
with 1.1 equiv of LHMDS in THF.

determined by '"H NMR spectroscopy, and the proportions of
PhCH,CN 1 and PhCD,CN $§ obtained by IR and Raman
spectrometry, respectively, for increasing initial concentrations
of PhCH,CN 1 from 0.12 to 0.5 M with 1.1 equiv of LHMDS
in THF are shown. D and the amount of PhCD,CN § formed
at the expense of PhCH,CN 1 increase with the initial
concentration of PhCH,CN. The over-incorporation of D is
thus directly related to the concentration of PhCHCNLI,
generated from PhCH,CN (reaction 1, Scheme 3). The
increase of its concentration corresponds to an equal increase
of the amine (SiMe,;),NH concentration in the medium and
consequently to an increase of the proportion of the
intermediate species LiCl solvated by both PACHDCN 4 and
(SiMe,),NH.

In THF—toluene (30/70 v/v) (Table 2, entry 2), D is
slightly lower than what is expected from base proton
abstraction (48% instead of 55%). Thus, the hydrolysis of
(SiMe;),NH is less efficient or does not take place at all
because of the low solubility of D,0O in this medium.

With 1.1 equiv of LDA in THF (Table 2, entry $),
deuteriation is less efficient than alkylation (D = 37% instead of
R ~ 55%). With this base, the monomers and dimers of
PhCHCNLI are solvated by the free amine (i-Pr),NH." During
the deuteriation reaction in acidic medium, the formation of

dx.doi.org/10.1021/j0300758g | J. Org. Chem. 2012, 77, 6431—6442
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deuteriated ammonium salt ((i-Pr),NHD*CI") may be
responsible for some proton internal return**~>* which
prevents a good deuterium incorporation, while alkylation is
not affected by the presence of the amine (Table 1, entries 23
and 24). In THF—toluene (Table 2, entry 6), D increases to
52%. Thus, in this solvent, the proton internal return is much
less efficient.

1.1.2. With 2.2—2.4 equiv of LHMDS or LDA. With 2.4
equiv of LHMDS or LDA,' heterodimers [PhCHCNLi-LiR']
(R’ = (SiMe;),N or (i-Pr),N) 6 are present in the solution
(equilibrium 7) in addition to monomers and dimers of

PhCHCNLi + R'Li [7]

JLi
PhCHCN <[ >R
Li

R' = (-Pr),N, (SiMe3),N

PhCHCNTLI (equilibrium 6, R = H). Traces of dianions are also
observed with LDA." The concentration of the heterodimer 6 is
much more important with LDA than with LHMDS. This is
consistent with the greater stability calculated by B3LYP/6-
31+G* method for [PhCHCNLi-LDA] compared to
[PhCHCNLi-LHMDS] (association energies of —52 and —48
kcal mol™, respectively), in agreement with less sophisticated
calculations of Carlier et al.**

With 2.4 equiv of LHMDS and 2.4 equiv of PhCH,Cl (Table
1, entries 4 and S), the percentage of alkylation R is of 100%,
and only PhCR,CN 3 is formed with a yield of ~88%. A very
good incorporation of deuterium (D = 95%) is also obtained in
THF (Table 2, entry 3). D decreases to 72% in THF—toluene
(Table 2, entry 4). It is to be noted that a smaller amount of
LHMDS was used in this solvent (2.2 equiv) than in THF (2.4
equiv) and that more heterodimer 6 is present.

With 2.4 equiv of LDA (Table 1, entries 25 and 26), R
decreases to ~66%, and the three products PhCR,CN 3 (~
42%), PhACHRCN 2 (~ 47%), and PhACH,CN 1 (~ 11%) are
observed with a yield of 90% similar to the one with LHMDS.
The deuterium incorporation in THF (Table 2, entry 7) is a
little lower (D = $7%) than the percentage of alkylation, as only
2.2 equiv of LDA are employed in deuteriation. In THF—
toluene, a slightly better result is obtained (D = 63%) (Table 2,
entry 8) due to the lower efficiency of the proton internal
return in this medium.

1.2. Alkylation and Deuteriation of Dianions. Dianions are
prepared with 2.0—2.7 equiv of n-BuLi. As we have shown
previously (Figure S in ref 1), their proportion increases
progressively with the amounts of n-BuLi (from 2.0 to 2.7
equiv) added to a THF solution of PhCH,CN 1. The results of
alkylation by an excess of PhACH,Cl or CH,I (2.4 equiv) are
given in Table 1 (entries 13—22) and Figures 2 and 3 and those
of deuteriation in Table 2 (entries 10—12).

With 2.0 and 22 equiv of n-Buli, some monoanions
(monomers, dimers, and heterodimers 6) are still present in the
solution besides dianions. Monoalkylated 2 (15-29%),
dialkylated 3 (65—84%), and only a small amount of
PhCH,CN 1 (1—6%) are formed with a yield of ~80%
(Table 1, entries 13—16). With 2.2 equiv of n-BuLi, the
percentage of deuteriation (D = 88%) (Table 2, entry 10) is
similar to the percentage of alkylation by PACH,Cl (R ~ 89%)
(Table 1, entries 15 and 16). Dideuteriated product § is
generated in larger amounts than monodeuteriated product 4.

With 2.4 and 2.7 equiv of n-BuLi, the percentage of
alkykation is ~100% (Table 1, entries 17—21). Only dialkylated
PhCR,CN 3 is observed. However, the yield in dialkylated
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Figure 2. Evolution of the IR spectra (¢(CN) region) of an initial 0.25
M solution of PhCH,CN 1 (1.0 equiv) in THF—hexane [(a) 67.5/
32.5 v/v; (b) 65/35 v/v; (c) 62.5/37.5 v/v; (d) 5§7.5/42.5 v/v] with
increasing amounts of n-BuLi after alkylation by PhCH,CI (2.4 equiv)
and before hydrolysis. Wavenumbers in parentheses correspond to
shoulders. Cell thickness: 0.021 cm.

2132
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Figure 3. IR spectra (1(CN) region) of an initial 0.25 M solution of
PhCH,CN 1 (1.0 equiv) with n-BuLi (2.4 equiv) in THF—hexane
(62.5/37.5 v/v) after alkylation by (a) PhCH,CI (2.4 equiv) and (b)
CH,l (2.4 equiv) and before hydrolysis. The wavenumber in
parentheses corresponds to a shoulder. Cell thickness: 0.021 cm.

product 3 falls to 70% for R = PhCH, and to 56% for R = CH,
with 2.4 equiv of n-BuLi (Table 1, entries 18 and 20), indicating
the formation of other species which have been characterized
by IR spectrometry (Figures 2 and 3). The percentage of
deuteriation is of 87 and 96%, respectively (Table 2, entries 11
and 12).

Figure 2 shows the IR spectra of the anionic solutions
prepared with increasing amounts of n-BuLi after alkylation by
2.4 equiv of PhCH,Cl and before hydrolysis of the reaction
products (Table 1, entries 14, 16, 18, and 22). PhCR,CN 3 is
related to the (CN) band at 2238 cm™' and PhCHRCN 2 to
the shoulder at 2241 cm™'. The traces of PhCH,CN 1,

dx.doi.org/10.1021/j0300758g | J. Org. Chem. 2012, 77, 6431—6442
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determined from analysis of the spectra, corresponds to a
component at 2251 cm ™' contributing to the absorption on the
high frequency side of the shoulder at 2241 cm™". Three new
bands at 2127, 2177, and 2192 cm™! and a shoulder at 2137
cm™! also appear, with much larger absorption coefficients than
that of the CN nitrile group. These bands are assigned to
lithium cyanide LiCN associated with lithium or chloride ions,
or with lithium chloride LiCl (equilibria 8—12, Scheme 4).

Scheme 4

LiCN + Li* =——=  (LiCNLi" [8]
LiICN + X~ —=  (XLiCN) 91
LiCN + LiX [LiCNeLiX] [10]
(LiCNLi))" + X~ =——=  [LiCN°LiX] [11]
(XLiCN)” + Li* =——=  [LiCN°LiX] [12]
X=ClI

The IR spectra of the anionic solutions prepared with 2.4
equiv of n-BuLi after alkylation by 2.4 equiv of PhCH,CI and
CHj,l and before hydrolysis of the reaction products (Table 1,
entries 18 and 20) are compared in Figure 3. In the v(CN)
spectral region around 2250 cm™’, only the band at 2238 cm™,
assigned to PhCR,CN 3, is observed. With CH;], the bands of
the lithium cyanide species are observed at 2132, 2177, and
2192 cm™! and are more intense than with PhCH,CL

The species corresponding to the bands observed in Figures
2 and 3 have been accurately identified through comparison
with the calculated (CN) wavenumbers of the lithium cyanide
LiCN and isocyanide CNLi species and of their complexes with
Li*, CI7, I" ions, or LiCl or Lil molecules, which are listed in
Table S1 in the Supporting Information. Thus, the most intense
band of Figure 2 at 2127 cm™" and calculated at 2127 cm™ is
related to the anionic lithium cyanide complex (CILiCN)~. The
band observed at 2177 cm™' and calculated at 2184 cm™' is
assigned to the cationic lithium cyanide complex (LiCNLi)*, in
good agreement with the experimental results of Huang et al.*®
They characterized by IR spectrometry cyanocuprates and
described the IR spectrum of a dilute solution of LiCN in THF.
This spectrum is dominated by two peaks at 2174 and 2178
cm™" and also contains a relatively weak band at 2068 cm™. Tt
is interpreted as “arising from a mixture of linear (or zig-zag Li-
solvated) CNLi oligomers Li(NC—Li),—NC, with 2068 cm™*
end group isocyanides (LINC) and several similar but not
identical internal cyanides (LiCNLi)* in the 2174—2178 cm™
region”. In our spectra (Figures 2 and 3), the formation of
(LiICNLi)* species correspond to monomeric ones as compared
to those observed by Huang et al,*® which are more or less
aggregated. The (LiCNLi)" entity was observed by X-ray
crystallographgr of cyanocuprates [R,CuLi-LiCN] and [LiCN-
(pyridine)z].2 =22 The shoulder observed at 2137 cm™ (Figure
2) and calculated at 2156 cm™" corresponds to lithium cyanide
LiCN. This species is calculated to be less stable by ~3 kcal
mol ™" than lithium isocyanide CNL, in accordance with Snyder
et al.*® The lithium isocyanide CNLi calculated at 2073 cm™"
corresponds to the band observed at 2070 cm™ in DMF>"**
and at 2068 cm™' in THE,™ ie, at a significantly lower
frequency than lithium cyanide LiCN. Free CN™ is
characterized by a calculated wavenumber of 2054 cm™' in
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good agreement with the experimental value of 2054 cm™

(Table S1, Supporting Information) obtained for As(Ph),CN
in DMF and NaCN in DMF in the presence of 18-crown-6.>'
The band observed at 2192 cm™ (Figure 2) and calculated at
2193 cm™' is attributed to the linear complex [LiCN-LiCl].

In Figure 3, the 2132, 2177, and 2192 cm™" bands
correspond to the anionic lithium cyanide (ILiCN)7,
(LiCNLi)*, and the linear complex [LiCN-Lil], respectively.

The lithium cyanide species are formed in larger concen-
trations with CH;I than with PhCH,CI. This is in line with the
much lower yield in dialkylated 3 obtained with CH,I (56%)
(Table 1, entry 20) than with PhCH,CI (70%) (Table 1, entry
18), indicating that the alkylation of dianions leads to a side
reaction.

In order to get insight into the alkylation mechanism, we
have examined by IR spectrometry the distribution of products
obtained from a solution of dianions prepared from 1.0 equiv of
PhCH,CN 1 and 2.4 equiv of n-BuLi in THF after alkylation by
only 1 equiv of PhCH,Cl or CH,l (Figures 4a and 4b,
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Figure 4. IR spectra (1(CN) region) of an initial 0.25 M anionic
species solution formed with PhACH,CN 1 (1.0 equiv) and n-BuLi (2.4
equiv) in THF—hexane 70/30 v/v after alkylation by only 1.0 equiv of
(a) PhCH,CI and (b) CH,I before hydrolysis. Cell thickness: 0.0043
cm.

respectively). The decomposition of the IR spectra into their
components is also shown in parts a and b of Figure 4. Without
alkylating agent, the initial spectra of dianions solution is
dominated by bands at 1890 and 1930 cm™" attributed to the
two main dilithio dianionic species (Figure S in ref 1) and
corresponding respectively to calculated bridged (C-lithio)
(PhCLiCN)~ (Figure 3D in ref 1) and linear (N-lithio)
(PhCCNLi)~ dianions (Figure 3C in ref 1). With PhCH,CI or
CHj, (Figure 4), these bands have almost disappeared and only
traces of C,N-dilithio PhCLiCNLi are observed around 1915
cm™'; the intense bands correspond to lithiated monoanions
PhCRCNLi (R = H, CH;, or PhCH,) and their complexes with
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Scheme 5. Alkylation Mechanism of Dilithiated Dianions
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LiCl or Lil in the 2040—2100 cm™ region,33 and to lithium
cyanide species above 2120 cm™" (Figures 2 and 3).

With PhCH,CI (Figure 4a), a very small band is also
observed at 2238 cm™' indicating the formation of the
dialkylated compound PhC(PhCH,),CN 3. Other bands
observed at 2192, 2176, 2138, and 2130 cm™' are related to
the lithium cyanide species. The bands at 2090 and 2057 cm ™
are due to the v(CN) vibration of the N-lithio PhCHCNLi
monoanion and to the asymmetric (CN) vibration of its
dimer, respectively.®> Two other bands at 2086 and 2049 cm™
are also observed, indicating the formation of the N-lithio
monoalkylated monoanion PhC(PhCH,)CNLi (2086 cm™)
and of its dimer (2049 cm™').>* The most intense band at 2067
cm™! characterizes the formation of a heterodimer
[PhCHCNLi-LiCl] between PhCHCNLi monoanion and
LiCl and also that of another heterodimer [PhC(PhCH,)-
CNLi-LiCl] between the alkylated mononanion and LiClL*
After hydrolysis of the solutions, we have determined by 'H
NMR the percentage of the different products formed: 36% of
PhCH,CN 1, 44% of PhCH(PhCH,)CN 2 and 20% of
PhC(PhCH,),CN 3.

With CH,I (Figure 4b), no band is observed at 2238 cm™,
indicating that dialkylated product PhC(CH,),CN 3 is not
formed. The lithium cyanide bands at 2192, 2177, and 2132
cm™ are more intense than with PhCH,Cl, as mentioned
above (Figure 3). The bands of the N-lithio monoanion
PhCHCNLi at 2090 cm™ and of its dimer at 2057 cm™ are
observed with a smaller intensity than with PhCH,Cl. The
V(CN) vibration of the N-lithio monoalkylated monoanion
PhC(CH;)CNLi and the asymmetric (CN) of its dimer are
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respectively observed at 2085 and 2044 cm™'.** The intense
band at 2071 cm™' is attributed to both heterodimers
[PhCHCNLI-Lil] and [PhC(CH;)CNLi-Lil] by analogy with
the heterodimers formed with LiCl (Figure 42).>* '"H NMR
study of the solution after hydrolysis gives 32% of PhCH,CN 1
and 68% of PhCH(CH,)CN 2.

The comparison of the IR and NMR results with PhCH,Cl
and CH;l (1 equiv) allows the following remarks: (i) a
noticeable quantity of N-lithio monoanion PhCHCNLI is
present in the medium with both alkylating agents. PhCHCNLI
monoanion comes either from monoanionic species which were
not transformed into dianions, or from dianionic species which,
in the absence of sufficient amounts of PhCH,Cl or CH;I, may
abstract a proton from THEF to form it."**** (ii) formation of
dialkylated compound PhCR,CN 3 takes place only with
PhCH,Cl and not with CH;]; (iii) only complexes of N-lithio
monoanions with either LiCl or Lil are observed; (iv) with
both alkylating agents RX, the elimination of lithium cyanide
species in larger amounts with CH,l than with PhCH,CI is
observed.

2. Alkylation and Deuteriation Mechanism of Mono-
anions and Dianions. 2.1. Alkylation Mechanism of
Dianions (Scheme 5). From the above results, we propose
the following mechanism for the alkylation by RX (PhCH,Cl or
CH,l) of dilithiated dianionic species in THF—hexane. The
species calculated without solvent” at 1883 and 1914 cm™ and,
respectively, observed at 1890 and 1915 cm™' contain a Li
bridged atom between C; and C,. If solvation is taken into
account, theses species are probably C—Li ones, as already
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Scheme 6. Alkylation and Deuteriation Mechanism of Monoanions
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demonstrated by calculations of different THF solvates of
PhCLiIHCN monoanion.”*

The N-lithio dianion (PhCCNLi)Li* and the (C,N)-dilithio
one PhCLIiCNLi' (which may be present in small amounts)
give, through a first alkylation step, the N-lithio monoalkykated
monoanion 10, which is in equilibrium with the C-lithio
monoalkylated monoanion 9 (equilibrium 13, Scheme S$).
Then, through a second alkylation step, these monoanions lead
to PhCR,CN 3.

In the first alkylation step, the C-lithio dianion
(PhCLiCN)Li"* generates a carbenoid species, the C-lithio
monoalkylated nitrile 11.°°73° Then this carbenoid species
either eliminates carbene Ph—C—R and lithium cyanide LiCN,
which recombines with X7, Li*, or LiX to give more stable
species (Scheme 4) or isomerizes to the N-lithio monoalkylated
monoanion 10. The o LiCN elimination from the carbenoid 11
may be compared to the a LiX or LiOR’ elimination from
analoguous carbenoid compounds like Li-CHR—X (X = C|, F,
I, Br) or Li-CHR—OR, respectively.***” The complexation of
LiX with the thermolabile carbenoid 11 favors ionization of the
carbon—lithium ¢ bond and formation of the more stable N-
lithio monoalkylated monoanion 10, probably through a cyclic
six-membered transition state. This ionization is more efficient
with LiCl than with Lil, so more 10, and thus more dialkylated
PhCR,CN 3 and less carbene Ph—C—R and LiCN species are
obtained with PhCH,CI than with CH,I (yield of 70% for
PhC(PhCH,),CN and of 56% for PhC(CHj;),CN). This is in
line with Figure 4 which shows that the band at 2238 cm™
characteristic of PhCR,CN is only observed with PhCH,CL
The amount of carbene and LiCN species increases with the
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dilithio dianion concentration from 2.2 to 2.7 equiv of n-BuLi
(Figure 2). Both carbenes are unstable species that decompose
rapidly in the medium.***!

2.2. Alkylation and Deuteriation Mechanism of Mono-
anions. 2.2.1. With 2.2—2.4 equiv of LHMDS or LDA in THF
(Scheme 6). Monomers, dimers and heterodimers 6 are in
equilibrium in the solution (equilibria 6 and 7). Kim and
Streitwieser*” have determined the equilibrium constants and
the kinetics of alkylation by benzyl bromide of [lithium
enolates: LHMDS] heterodimers in THF by UV—vis spectros-
copy. They have shown that heterodimers of lithium enolates
are less reactive in alkylation reactions than monomers. In the
same way, alkylation of monoanions of enolates proceeds
through monomeric species, which are more reactive than
dimeric ones.”™* Thus, with 2.4 equiv of LHMDS and 2.4
equiv of PhCH,CI, a sequential process involving mainly
monomers of PhCHCNLi and PhCRCNLi monoanions as the
more reactive species is proposed to account for the exclusive
formation of PhACR,CN 3 (Table 1, entries 4 and 5). The first
alkylation step (reaction 2) affords the monoalkylated product
PhCHRCN 2. This species is further deprotonated by the
excess of base present in the medium to give the corresponding
lithiated monoalkylated monoanions PhCRCNLi (reaction 4),
as monomers in equilibrium with dimers (equilibrium 6).** In
the second alkylation step (reaction S), these monoanions lead
to PhCR,CN 3. PhCH,CN 1 eventually formed according to
equilibrium 3 (Scheme 3) is also converted to PhCR,CN 3 by
the excess of base through steps 1, 2, 4, and S.

The formation of only PhCR,CN 3 shows that the
heterodimers 6 (R’ = (SiMe;),N), although present in small
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amounts,' dissociate easily either by displacement of equili-
brium 7 toward monomers or by reaction with PhCH,CI
(reaction 14) to give the monoalkylated compound 2 and
further 3.

The same reasoning holds for deuteriation.

With 2.4 equiv of LDA and 2.4 equiv of PhCH,CI, the
heterodimer 6 is more stable and in greater amount than with
LHMDS, which prevents the complete transformation of
PhCH,CN 1 into PhCR,CN 3 (Table 1, entries 25 and 26)
according to the sequential process depicted for LHMDS. Due
to the formation of [PhCHCNLI-LiR'] 6, the concentration of
base available in the medium for deprotonation of PhRCHRCN
2 into its anions (reaction 4) decreases. The heterodimers
[PhCHCNLI-LiR'] 6, as in the case of enolates,*” dissociate
into monomers (equilibrium 7) much more slowly than with
LHMDS, react with PhCH,Cl much more slowly than
monomers to give PACHRCN 2 (reaction 14) or lead to a
stable complex [PhCHRCN-LiR'] 7 between the monoalky-
lated PhACHRCN 2 and LDA (reaction 15), as proposed by
Boche et al.'!

As about 47% of PACHRCN 2 (Table 1, entries 25 and 26)
were not transformed into PhCR,CN 3, the deprotonation
within complex 7 (reaction 16) does not take place. If
deprotonation could operate within heterodimer 6, more
dianions and hence PhCR,CN should be observed, which is
not the case. Some PhCH,CN 1 and PhCR,CN 3 may also
result from deprotonation of the monoalkylated compound
PhCHRCN 2 by PhCHCNLi (equilibrium 3, Scheme 3),
followed by reaction 5. The traces of dianions lead to the
formation of the dialkylated species PhCR,CN 3 according to
Scheme 5.

With 2.0 to 2.2 equiv of n-Buli, some monoanions
(monomers, dimers, and heterodimers 6, R’ n-Bu) are
present in the solution (Table 1, entries 13—16), and less
dialkylated 3 is observed for the same reasons as for LDA.

Smaller yields were generated in THF with 2.4 equiv of
LHMDS or LDA (~89%) (Tablel, entries 5 and 26) than with
1.2 equiv of both bases (~99%) (Table 1, entries 3 and 24).
Only (LiCNLi)*, characterized by a (CN) band observed in
IR before hydrolysis of the reaction products at 2179 cm™" (as
in Figure S), as will be commented below, and calculated at
2177 em™' (Table S1, Supporting Information) is obtained,
indicating that carbene Ph—C—CH,Ph (~ 10%) is simulta-
neously formed. Thus, in THF, another mechanism of
formation of carbene is proposed (R PhCH,) from
monoalkylated monoanion monomers particularly from the
C-lithio monoalkylated anion 9 which is in equilibrium with the
N-lithio monoalkylated anion 10 (equilibrium 13). In THF, the
formation of carbene essentially depends on the concentration
of 9. Effectively, Carlier et al.”* have shown by calculation of
explicit THF solvates of anion 9 with R = H that equilibrium 13
is displaced toward 10 with a free energy of isomerization AG
of —6.8 kcal mol™". This is probably also the case of anion 9
with R = PhCH,, as AG would not differ greatly in this
solvent.> In case of PhCH,Cl, the first alkylation step of
PhCHCNLI leads to the monoalkylated product PnCHRCN 2
and LiCl. This salt formed in situ may complex the C---Li bond
of 9 to form either C--Li--Cl~ or [C--Li-LiCl] complexes with
a complete displacement of equilibrium 13 toward 10 as
calculated already for CH;Cl instead of PhCH,CL>® Only Li*
complexation with the C=N group of 9* somewhat displaces
equilibrium 13 toward the C-lithio monoalkylated monoanion
9. The complexation of 9 with Li" leads to a dilithio complex
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Figure S. IR spectra (1(CN) region) of an initial 0.25 M solution of
PhCH,CN 1 (1.0 equiv) in THF [(a) and (b)] or in THF—hexane
82/18 v/v (c) with (a) LDA (1.2 equiv); (b) LHMDS (1.2 equiv); (c)
n-BuLi (1.1 equiv) after alkylation by PhCH,Cl [(a) and (b) 1.2 equiv;
(c) 1.1 equiv] and before hydrolysis. The wavenumber in parentheses
corresponds to a shoulder. Cell thickness: 0.055 cm.

12, which then favors carbene Ph—C—R formation and
(LiCNLi)* a-elimination.

2.2.2. With 1.0-1.2 equiv of LHMDS, LDA, or n-Buli in
THF. As mentioned above, only monoanions are present in the
medium as monomers and dimers (equilibrium 6). Alkylation
of monoanions (reaction 2, Scheme 3) proceeds probably
through monomeric species which are the more reactive ones,
as in the case of alkylation of enolates.**™* With strictly 1.0
equiv of base, the alkylation reaction should lead to the
exclusive formation of PhCHRCN 2 (R = PhCH, or CHj;)
(reaction 2, Scheme 3). In fact, PhnCH,CN 1 and PhCR,CN 3
(R = PhCH, or CHj) are present in relatively important equal
amounts (Table 1, entries 1, 6, and 7), indicating that the
competitive reaction 3 followed by reaction S (Scheme 3) takes
place.

It is interesting to notice that traces of (LiICNLi)" are also
formed during the alkylation of monoanions. Figure S shows
the IR spectra of a solution of PACH,CN 1 (1.0 equiv) with 1.2
equiv of LDA or LHMDS and 1.2 equiv of PhCH,Cl in THF
(Figure Sa and Sb) or with 1.1 equiv of n-BuLi and 1.1 equiv of
PhCH,CI in THF—hexane (82/18 v/v) (Figure Sc) before
hydrolysis of the reaction products. With the three bases, the
v(CN) bands characterizing PhCH,CN 1, PACHRCN 2, and
PhCR,CN 3 are observed through decomposition of the
spectra into components at 2251, 2241, and 2238 cm™,
respectively. A small band at 2179 cm™ is due to only traces of
(LiCNLi)*, since the yields determined by IR spectrometry
before treatment are ~100% (Table 1, entries 3, 8, and 24).
This indicates that the absorption cross-sections of lithium
cyanide species are much larger than those of the neutral
species PhCH,CN 1, PhCH(PhCH,)CN 2, and PhC-
(PhCH,),CN 3. These traces of (LiCNLi)" are formed by a-
elimination from the small amount of C-lithio monoalkylated
monoanion PhCLiRCN 9 absorbing at ~2067 em™13
Compound 9 may be formed either by the small excess of
base or by reaction 3. With 1.1 of equiv of n-BuLi and 1.1 equiv
of PhCH,Cl (Figure Sc), i.e., with a little less of base and
alkylating agent than with LDA and LHMDS (Figures Sa and
Sb), two bands at 2090 and 2065 cm ™" assigned respectively to
the N-lithio monoanion PhCHCNLI and to the heterodimer
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[PhCHCNLI-LiCl]*® are observed, showing that the alkylation
process in THF—hexane (82/18 v/v) is slower than in THF
(LDA or LHMDS) due to the formation of this heterodimer
which alkylates more slowly than monomers and dimers of
PhCHCNLi.*"*

Bl CONCLUSION

Alkylation in THF by PhCH,Cl and CH;I or deuteriation by
DCI (4 N in D,0O) in THF or THF—toluene of PACHCNLIi
monoanions (monomers and dimers) formed with 1.0—1.2
equiv of base (LHMDS, LDA, or n-BuLi) leads to mixtures of
PhCH,CN 1, PhCHRCN 2 (R = PhCH, CH,), or
PhCHDCN 4 and PhCR,CN 3 (R = PhCH,, CH;) or
PhCD,CN S. Deuteriation is perturbed by side reactions in
acidic media due to the presence of the amine formed with
LHMDS or LDA in THF. The importance of these side
reactions decreases in THF—toluene.

With 2.4 equiv of LHMDS in THF, only PhC(PhCH,),CN
3 or almost only PhCD,CN 5 are obtained through a
sequential process (Scheme 6) involving essentially PhCRCNLi
monomers (R = H, PhCH,) or PhCDCNLi. With 2.2—-2.4
equiv of LDA in THF, the sequential process reaches a lower
percentage of dialkylated 3 or dideuteriated 5 products. The
presence of the heterodimer 6 which affords through alkylation
or deuteriation a stable complex 7 is mainly responsible for this
lower percentage of dialkylation or dideuteriation (R = PhCH,:
65%; D: 57%). With both bases LHMDS and LDA, about 10%
of carbene Ph—C—R (R = PhCH,) and (LiCNLi)* (¢(CN),,,
= 2179 em™, v(CN) . = 2177 cm™) are formed from the
intermediate C-lithio monoalkylated monoanion 9. Displace-
ment of equilibrium 13 (Scheme 6) toward 9 is only possible
by complexation of Li* with the CN group.

Alkylation by PhCH,ClI or CHj! of dilithio dianions prepared
with more than 2.2 equiv of n-BuLi in THF—hexane (Scheme
S) gives only PhCR,CN 3 (R = PhCH, or CH;) but with a
lower reaction yield due to formation of carbene Ph—C—R (R
= PhCH,: 70%; CH;: 56%) and LiCN species. Dialkylation of
dilithio dianions depends on their structure. (C,N)-dilithio
dianion PhCLiCNLi (¢(CN),, = 1915 ecm™) and N-lithio
dianion (PhCCNLi)”™ Li* (t(CN),,, = 1930 cm™) afford
PhCR,CN (R = PhCH, or CH;) from the intermediate N-
lithio monoalkylated monoanion PhCRCNLi 10. C-Lithio
dianion (2(CN),y, = 1890 cm™') (PhCLiCN)Li* alkylates first
to C-lithio monoalkylated nitrile 11, which either gives carbene
Ph—C—R and LiCN and complexed LiCN species ((XLiCN)~,
(LiCNLi)*, and [LiCN-LiX], X = CI or I), which are more
stable than LiCN itself, or leads to the N-lithio monoalkylated
anion 10 by isomerization in the presence of LiX. The a LiCN
elimination is more important with CH,l (44%) than with
PhCH,CI (30%) and increases with the dilithiated dianions
concentration (from 2.2 to 2.7 equiv of n-BuLi).

The lithium cyanide LiCN or isocyanide CNLi species and
their complexes with LiCl, Lil, CI7, I", and Li" were
characterized by IR spectrometry. Their v(CN) frequencies
were validated by quantum chemical calculations at B3LYP/6-
31+G* level. The association energies of heterodimers 6
[PhCHCNLi-LiR'] (R’ = (i-Pr),N, (SiMe;),N) were also
computed at the same level.

All these results show the ambiphilic behavior of the C-lithio
monoalkylated compound PhCLiRCN (R = PhCH, or CH,),
as a carbenoid (11) when obtained from the C-lithio dianion in
THF—hexane (n-BuLi, 2.4 equiv) or a carbanion (9) in THF
when prepared from PhCH,CN and PhCH,Cl (LHMDS or
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LDA, 2.4 equiv) and the importance of LiX (X = Cl or I),
formed in situ in the first alkylation step, in this carbene
formation.

B CALCULATION METHODS

All quantum chemical calculations were performed with the DFT
approach at the B3LYP level, as in our previous papers.*>*’ For the
compounds that do not contain iodine atom, the 6-31+G* basis set
was used. For the systems including I, the LanL2DZ basis set was
employed. Indeed, for very large nuclei, the internal electrons are
treated via effective core potentials (ECPs). This procedure includes
some relativistic effects, important in these atoms. © In the LanL2DZ
basis set, the first row atoms (H, Li, C, N) are treated with the D95
basis,>" and the atoms from Na to Bi (including Cl and I) are treated
with the Los Alamos ECP plus a double-¢ (DZ) basis.>*~>* For the
compounds containing a Cl atom, the calculations were performed
with both basis sets for comparison. Complete geometry optimizations
without any constraint were carried out employing the analytical
gradient procedure contained in the Gaussian 09 program.”> The
optimization is complete when the default convergence criteria used
by the program are met.

The force constants in Cartesian coordinates were computed at fully
optimized geometries by analytical differentiation techniques imple-
mented within the Gaussian 09 program. They were used to determine
the harmonic vibrational wavenumbers. The absence of imaginary
wavenumber (negative value) for any optimized structure ensures that
the stationary points found during the optimization procedure
correspond to minima on the potential energy surface.

For the heterodimers [PhCHCNLi-LiR'] 6 (R’ = (i-Pr),N,
(SiMe;),N), the association energy was computed as the difference
between the energy of the optimized heterodimer 6 and the sum of the
energies of the optimized isolated PhnCHCNLI and LiR’ molecules.

B3LYP/6-31+G* vibrational wavenumbers being usually slightly
overestimated relative to the experimental values, they were corrected
by applying an empirical scaling factor adjusted to fit the observed
wavenumbers.*>* A scaling factor of ~0.964 obtained for lithium
isocyanide CNLi allowed to scale the computed wavenumbers of all
free and associated cyanide and isocyanide species (except of those
involving iodine). The wavenumbers calculated with the Lanl2DZ
basis set are compared without any scaling procedure to experimental
values.

Solvation effects were not taken into account in the calculations.
Indeed, for strongly delocalized lithiated anions, a small influence of
the solvent on the internal structural parameters of the anion is
expected, as has been observed for the 4-alkylpyridines.*® The solvent
only appreciably affects the anion—cation interactions.

B EXPERIMENTAL SECTION

1. Preparation of Anionic Solutions.’””*® THF was distilled
under argon atmosphere from sodium/benzophenone immediately
before use. Toluene was distilled over CaH,. PhCH,CN 1 and
PhCH,CI were distilled prior to use. CH;I was dried for 24 h over
molecular sieves 4 A. PhCH(PhCH,)CN, PhC(PhCH,),CN, and
PhC(CHj;),CN were purified by liquid chromatography over silica gel.
n-BuLi (1.6 M in hexane) was a fresh commercial solution checked
against salt content.>”

The preparation of the solutions was performed under argon at 20
°C. To 107 mol of PACH,CN 1 dissolved in the required amount of
THF was added 1.0—2.7 equiv of n-BuLi so that the final
concentration of the solution was 0.25 M.

The LHMDS and LDA solutions in THF were prepared from the
corresponding amines, freshly distilled over CaH,, and n-BuLi (1.6 M
in hexane). The hexane and THF were evaporated under argon until a
white powder was obtained. To 1.0—2.4 equiv of dry LHMDS or LDA
dissolved in 4 mL of THF or THF—toluene solvent mixture (30/70 v/
v) was added 10~ mol of PhCH,CN 1.

2. Alkylation Reactions. After 30 min stirring the anionic
solutions when 1.0—1.2 equiv of base was used or 45 min when more
than 2.0 equiv of base was employed, 1.2 or 2.4 equiv, respectively, of
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PCH,CI or CHjl dissolved in 1 mL of THF was added dropwise. The
solution was stirred for 2 h 30 min and hydrolyzed by 1.2—2.0 mL of
HCI 10%. After 30 min stirring, the solution was extracted twice with
ether and washed to neutrality with a NaCl saturated solution. The
organic layers were evaporated, and the residue was examined by
NMR in CDCl; solution.

3. Deuteriation. The anionic solutions were stirred during 30 min
and were then deuteriated by dropwise addition of 1—2 mL of a DCI
solution (4 N in D,0) diluted by the same amount of THF. After 30
min of stirring at 20 °C, the solution was extracted twice by 20 mL of
ether. The organic layer was dried over anhydrous MgSO,. The
solvents were removed under reduced pressure to afford oil with about
90% yield, which was examined by NMR. We have verified that in this
acidic medium no exchange between the benzylic protons and
deuterium atoms in the absence of base occurs, by stirring PhCH,CN
1 (0.25 M) in THF during 2 h in the presence of an aliquot DCI (4 N)
in D,O solution at 20 °C. The starting material PhCH,CN 1 was
recovered unchanged.

4. NMR Spectra. The 'H and '*C NMR spectra of the products
were recorded on a spectrometer operating at 200 or 250 and 62.9
MHz, respectively.

5. IR Spectra. IR spectra were measured on a Bruker 1720
spectrometer. The spectra resolution was 4 cm™'. Cells with CaF,
windows were used, and their thickness was 0.0043 cm for anion
solutions and 0.021 or 0.055 cm for solutions after alkylation and
before hydrolysis of the reaction products. The filling of the cells was
performed under argon in glove bag. The solvent bands were
subtracted from the spectra.

After using Origin software, selected parts of the IR spectra were
fitted using Gaussian and Lorentzian functions in order to characterize
the IR bands of the different species present in the solutions (anions
and products PhCH,CN 1, PACHRCN 2, and PhCR,CN 3). The
determination of the integrated molar absorption coefficients of 1, 2,
and 3 by quantitative analysis allowed us to estimate the concentration
of these products formed in the solutions after alkylation.

B ASSOCIATED CONTENT

© Supporting Information

Calculated v(CN) wavenumbers of the lithium cyanide LiCN
and isocyanide CNLi species and of their complexes with Li,
Cl7, I ions, LiCl, or Lil molecules (Table S1). Cartesian
coordinates and energetic characteristics of all these species
(Tables S2—S21). Cartesian coordinates and energetic
characteristics of PhCHCNLi, LHMDS, LDA, and of the
heterodimers [PhCHCNLi-LHMDS] and [PhCHCNLi-LDA]-
(Tables $22—S26). This material is available free of charge via
the Internet at http://pubs.acs.org.
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