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ABSTRACT: The results are reported of an ab initio study of
the addition of LiAlH, to acetonitrile and malononitrile at the
MP2(full)/6-311+G* level considering the effects of electron
correlation at higher levels up to QCISD(T)/6-311++G-
(2df,2pd) and including ether solvation. All imide
(RCH,CH=N") and enamide (RCH"CH=NH < RCH=
CHNH) adducts feature strong interactions between the
organic anion and both Li* and AlH;. The relative stabilities of
the tautomeric LAH adducts are compared to the tautomer
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preference energies of the LiH adducts and of the hydride adducts of the nitriles. Alane affinities were determined for the lithium
ion pairs formed by LiH addition to the nitriles. The results show that alane binding greatly affects the imide—enamide equilibria
and that alane complexation might even provide a thermodynamic preference for the imide intermediate. While lithium enamides
of malononitrile are much more stable than lithium imides, alane binding dramatically reduces the enamide preference so that
both tautomers are present at equilibrium. Implications are discussed regarding to the propensity for multiple hydride reductions
and with regard to the mechanism of reductive nitrile dimerization. A detailed mechanism is proposed for the formation of 2-
aminonicotinonitrile (2ANN) in the LAH reduction of malononitrile.

B INTRODUCTION

The reduction of nitriles"” by lithium aluminum hydride
(LAH) was first investigated in the 1950s by Amundsen® and
by Soffer and Katz. > Typically, a small excess of LAH was
reacted with the nitrile to afford primary amines after aqueous
workup (Scheme 1). The reaction was thought to involve two
hydride additions that result in aggregates first of the imide
anion (ie, R'HC=N") and then of amide dianion (ie.,
R'CH,N?"). Imines and aldehydes are side products formed
by hydrolysis of the imide aggregate. Soffer and Katz studied a
variety of nitriles RCN (R = C;H, (n-butyro), C;Hy; (n-
capro), CH,Ph (phenylaceto), Ph (benzo), MePh (o-toluo))
and also observed large amounts of diamine dimers in the
reduction of primary nitriles (Scheme 1).

In 1969, Sieveking and Liittke reported that the LAH
reduction of malononitrile, H,C(CN), produces enamino
nitriles.® Equimolar amounts of malononitrile and LAH were
reacted at room temperature and subsequently washed with
water and NaOH to yield a mixture of cis- and trans-3-
aminoacrylonitrile (3AAN) as the major product in about 90%
yield and the byproduct 2-aminonicotinonitrile (2ANN) in
about 7% vyield (Scheme 2). The formation of 2ANN was
confirmed by its independent synthesis in 75—79% by
treatment of 2-chloronicotinonitrile with ammonia.” In 1974,
Brown and Ienega®’ also prepared and characterized 3AAN by
LAH reduction of malononitrile and, in addition, reported the
alternative synthesis of 3AAN by heating isoxazole with
ethanolic ammonia in 31% yield. In 2005, another alternative
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for the synthesis of 3AAN was reported by Guillemin et al
via NH; addition to cyanoacetylene, HC=C—-C=N, in
chloroform or gas phase. The Guillemin synthesis affords
3AAN in 80% overall yield with a (Z)/(E) ratio of 1:1, and the
(2)/(E) ratio increases to 20 after distillation (AG,,, = 1.8
kca11/1rr11201) in agreement with computed isomer preferen-
ces.””’

We came across this nitrile reduction chemistry because of
our interest in the chemistry of 3AAN.">'* In particular, we
were wondering what might cause the greatly different
outcomes in the LAH reductions of alkyl nitriles and
malononitrile. Alkyl nitriles are reduced all the way to amines
(two hydride additions) or diamines (three hydride additions
and one carbanion addition). On the other hand, all products
of the LAH reduction of malononitrile are products of just one
hydride addition. In particular, the formation of 2ANN
formally requires one hydride addition, one C—C bond
formation, one C—N bond formation, and one N-loss. The
formation of diamine dimers shows that enamide formation is
possible for primary alkyl nitriles and, hence, the increased
acidity of malononitrile alone does not explain the different
product palettes.

Here we report the results of an ab initio study of the
addition of LAH (1, lithium aluminum hydride) to acetonitrile
2 and malononitrile 6. The study of the LAH reduction of 2
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Scheme 1. LAH Reduction of Nitriles Leads to Amines and Diamine Dimers”
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“Yields are provided for diamines formed by direct addition (DA) and reverse addition (RA) in THF and ether.

Scheme 2. LAH Reduction of Malononitrile Leads to 3-
Aminoacrylonitrile (3AAN) and 2-Aminonicotinonitrile
(2ANN)
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includes isomers of imide 3 and of coordination isomers 4
(alane at N) and 5 (alane at C) of the enamide tautomer. The
study of LAH reduction of 6 considered the respective isomers
of imide 7 and isomers of the coordination isomers 8 and 9 of
the enamide tautomer. All adducts feature strong interactions
between the organic anion and both Li" and AlH; as well as
interactions between the Lewis acids (i.e., Li*---HAIH,). To
assess the strengths of alane binding in the LAH adducts, alane
affinities were determined for the lithium ion pairs formed by
LiH addition to acetonitrile (imide 19, enamide 20) and
malononitrile (imide 21, enamide 22). The results show that
alane binding dramatically affects the imide-enamide equilibria.
While lithium enamides are much more stable than lithium
imides, alane binding greatly reduces the tautomer preference
so that both tautomers are present at equilibrium and
complexation might even favor the imide intermediate.
Implications are discussed with regard to the propensity for
multiple hydride reductions of a nitrile and with regard to the
mechanism of reductive nitrile dimerization. A detailed
mechanism is proposed for the formation of 2ANN in the
LAH reduction of malononitrile and it is hoped that this
mechanism might lead to improved syntheses of 2-amino-
nicotinonitrile’ and syntheses of other pyridines.'®
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B COMPUTATIONAL METHODS

Second-order Moller—Plesset perturbation theory (MP2) was
employed for the potential energy surface analysis'’ "> in conjunction
with the 6-311+G* basis set,”’ MP2(full)/6-311+G*, to locate and
characterize stationary structures. Correlated electronic structure
methods are required to account for dispersion and, in particular,
for the adequate description of dative bonding. Single point energies
were computed for selected systems with the QCISD(full,T)
method?® and the extended basis set™ 6-311++G(2df,2dp). Multilevel
methods®* such as Gn®® and CBS?® approximate such high levels with
complex series of lower level computations and the results are
thought to match experiment to about 1—2 kcal/mol. Solvation can
be modeled by continuous*”*® and discrete solvent models,”® and we
employed the recently developed solvation model density (SMD)
method,***' a density-based, self-consistent reaction field theory of
bulk electrostatics (SCRF), to assess solvation effects on selected
isomer preference energies. The SMD method accounts for long-
range electrostatic polarization (bulk solvent) and also for short-range
effects associated with cavitation, dispersion, and solvent structural
effects (CDS). Computations were performed with Gaussian09> in
conjunction with Gaussview 5** on an SGI Altix BX2 SMP system
with 64 Itanium2 processors and a Dell EM64T cluster system with
512 processors.

Cartesian coordinates of all optimized structures are provided as
Supporting Information, selected structural parameters are collected
in Table 1, and molecular models are shown in the figures. Total
energies (E,,), vibrational zero point energies (VZPE), thermal
energies (TE), molecular entropies (S), the numbers of imaginary
frequencies (NI), and the lowest vibrational frequencies v, and v, are
given in Table S1 of the Supporting Information. In Table 2 are listed
pertinent relative and reaction energies (in kcal/mol) and four
thermodynamic values are provided for each parameter, and these are
AE, AH, = AE + AVZPE, AH,y; = AE + ATE + A(pV), and AG,yg
= AH,o + 298.15AS. We are interested in condensed-phase
chemistry, and A(pV) is assumed to be negligible.

dx.doi.org/10.1021/j0302527k | J. Org. Chem. 2013, 78, 1113-1126
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Table 1. Selected Structural Parameters”

d(CN) d(CC) d(N--Li) d(N---Al)
(E)-3 1.275 1.504 1.896 1.958
(2)-3 1.276 1.505 1.896 1.957
(E)-4 1.382 1.362 2.060 1.936
(2)-4 1.377 1.366 2.029 1.967
(E)-5 1.309 1.448 2.029
(2)-5 1.308 1.444 1.924
(E)-7 1.259 1.550 1.980 1.940
(E)-7b 1.269 1.524 1.910 1.974
(2)-7 1.270 1.529 1.908 1.964
(EZ)-8 1.361 1.379 2263 1.945
(z,2)-8 1.377 1.366 2.114 2.016
(EE)-8 1.388 1.357 1.985 1.981
(Z,E)-8 1.361 1.378 2.070 1.974
(E2)-9 1.308 1.447 1.967
(z,2)-9 1.298 1.463 2.016
(EE)-9 1.303 1.459 2.040
(z2)-9 1.294 1481 1.987
19 1.262 1.518 1.724
(2)-20 1.349 1.392 1.848
(E)-20a 1.353 1.393 1.970
(E)-20b 1.379 1.358 1.781
(2)-21 1.245 1.622 1.863
21b 1.285 1.54S 1.737
(z,2)-22 1.336 1.398 1.904
(EZ2)-22a 1.331 1418 2.070
(E2)-22b 1.354 1.376 1.802
(Z,E)-22 1.334 1.406 1.866
(EE)-22a 1.339 1.405 2.008
(E,E)-22b 1.357 1371 1.803

d(C--Li) d(C--Al) d(NeyLi) n

2.537
2.281
3.227

359.18
359.00
342.97
334.89

2.082
2.097
2.167

2137
2.056

358.77
359.74
360.00
359.97
345.25
342.92
342.76
330.54

2.330
2.167
2.194
2.123
2.090

2.128
2.169

356.05

356.18

360.00
2.090

1.985
2.345

360.00
359.95
360.00
356.44
357.19
360.00

2.267

2.158
2.226

“Bond distances in angstroms. ®I1 is the sum of bond angles at the terminal azaallyl-C in degrees.

Scheme 3. Topologies of Products of LAH Addition to
Nitrile RC=N
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Energies computed with the solvation model SMD and based on
the MP2 optimized structures, SMD(MP2/6-311+G*)//MP2/6-
3114G* (s SMD) also are listed in Table S1 (Supporting
Information), and imide preference energies AG' = AE’ + (AG —
AE) are reported in Table 3, where AE’ is evaluated with the SMD
energies. Energies computed up to the level QCISD(fullT)/6-311+
+G(2df2pd) and based on the MP2-optimized structures are
collected in the Supporting Information, and imide preference
energies AG” = AE” + (AG — AE) are reported in Table 3,
where AE” is evaluated with the QCISD(full,T)/6-311++G-
(2df2pd)//MP2(full)/6-311+G* (: = QCI) energies. Finally, the
imide preference energies AG" = AE"" + (AG — AE) in column
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QCI-SMD of Table 3 are based on the QCI energies AE” and include
solvation corrections AE"" = AE” + (AE' — AE).

B RESULTS AND DISCUSSION

Nomenclature to Discuss LAH Additions. Mechanistic
discussions of LAH reductions of nitriles frequently consider
the reaction of AIH,” with nitrile (i.e., Scheme 1), and the
product of hydride transfer is an imide which binds to or
aggregates with alane AIH;. We include the counterion Li"
explicitly in all structures as is indicated in Scheme 3. The
imide-N is a o-bidentate Lewis base site (LBS), and we draw
dashed bonds in the Lewis structure A between the donor-N
and the two Lewis acids AlH; and Li". The aggregation gives
rise to isomers about the CN bond and the (E)-isomer is
shown in Scheme 3.

The imides can be converted to enamides by 1,3-H-shift.
The azaallyl systems are important in discussions of
oligomerization reactions because they feature both N- and
C-nucleophilic sites. The tautomerization converts the o-
bidentate Lewis base imide-N into the o-monodentate Lewis
base azaallyl-N, and hence, AlH; and Li" now compete for this
0-LBS and the possibility for coordination isomers must be
considered. It is one option to keep the N -coordination of the
alane and for lithium cation to engage in 7-coordination. It is a
second option to keep the N,-coordination of the lithium
cation and for alane to engage in m-coordination. It is this
second option that one might overlook when considering the
LAH reduction of a nitrile without explicit consideration of the
counterion.

dx.doi.org/10.1021/j0302527k | J. Org. Chem. 2013, 78, 1113-1126
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Table 2. Relative and Reaction Energies Computed

[ N

(o

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

45
46
47
48
49
S0
S1
S2
S3
54
SS
56
57
S8
59
60

parameter
isomer pref, E.y, (2)-3 vs (E)-3
isomer pref, E,, (Z)-4 vs (E)-4
isomer pref, E,, (2)-5 vs (E)-5
isomer pref, E,y, (2)-5 vs (Z2)-4
tautomer pref, E,, (Z2)-4 vs (E)-3

tautomer pref, E,y, (2)-5 vs (E)-3
addition, E,, 1 + 2 — (E)-3
addition, E,,, 1 + 2 — (Z)-4
addition, E,, 1 + 2 = (2)-§

conf pref, Eq, (E)-7b vs (E)-7
isomer pref, E,, (Z)-7 vs (E)-7
isomer pref, E,, (E,Z)-8 vs (E,E)-8
isomer pref, E,,, (Z,2)-8 vs (Z,E)-8
isomer pref, E,;, (Z,2)-8 vs (EZ)-8
isomer pref, E,, (E,Z)-9 vs (E,E)-9
isomer pref, E,,, (Z,2)-9 vs (Z,E)-9
isomer pref, E,, (Z,E)-9 vs (E,Z)-9
isomer pref, E,,, (Z,2)-9 vs (Z,Z)-8
tautomer pref, E,, (Z,2)-8 vs (E)-7
tautomer pref, E,o, (Z,2)-9 vs (E)-7
addition, E,,, 1 + 6 — (E)-7
addition, E,,, 1 + 6 — (Z,2)-8
addition, E,,,, 1 + 6 = (Z,2)-9
aggreg E, .., AlH; + Li" — Li"AlH;
isomer pref, E,, C;,-1b vs C,,-1a
act energy, E,, C-1c vs C,-1a
Ecpp, LiH + AlH; — LAH

dimer, Eg,,, 2 LiH — (LiH),
dimer, Eg,,, 2 AlH; — (AlH;),
Epcnp (LiH), + (AlH;), — (LAH),
dimer, Ey,,, 2 LAH — (LAH),
(LiH), + 0.5 (AlH,), — 17

17 + 0.5 (AlH;), — (LAH),
(AlH,), + 0.5 (LiH), — 18

18 + 0.5 (LiH), — (LAH),

E,, (E)-20b vs (E)-20a

(E)-20b vs (2)-20

taut pref, E, (Z)-20 vs 19

conf pref, E,, 21b vs (Z)-21

E,. (EZ)-22b vs (E,Z)-22a

E,, (EE)-22b vs (E,E)-22a
(E,Z)-22b vs (Z,2)-22

(Z,E)-22 vs (EE)-22b

(Z,E)-22 vs (2,2)-22

(E,Z)-22b vs (E,E)-22b

taut Pref, E,o, (Z,2)-22 vs (Z)-21
anti-24b vs syn-24b

(anti,Z)-26 vs (syn,Z)-26
(anti,E)-26 vs (syn,E)-26

taut pref, E,, syn-24b vs 23

taut pref, E, (syn,Z)-26 vs 25
(Z2)-20 > syn-24b + Li*

(2,2)-22 - (syn,2)-26 + Li*

2 + LiH — (2)-20

2+ 1 - (Z)-20 + AlH,

2+ 1 > (2)20 + 0.5-(AlH,),

2+ 14 —> (2)-20 + 18
2+14 > (2)4+1

2+ 14 > (2)-4 + 0514

6 + LiH — (Z,2)-22

at the MP2(full)/6-311+G* Level

AE

0.25
—6.63
=5.50

7.53
-2.01

5.52
—33.64
—35.65
—28.12

10.48
9.94
—4.66
—7.55
—8.21
1.48
-9.21
—15.45
6.60
—5.32

1.28
—51.50
—56.83
—=50.22
—20.76

0.61

1.98
—51.14
—49.08
—33.77
—62.23
—42.79
—32.87
—29.36
—27.46
—34.78

—1.41
10.89
—8.46
9.15
—0.41
—6.70
23.01
=7.15
17.73
—1.87
—23.85

225

4.57

1.51

—8.22
—25.50
173.22
167.14
—33.38
17.76
0.88
25.94

7.14
—14.25
—70.37
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AH,
0.31
—5.89
—5.94
7.29
—0.84

6.45
—29.13
—29.97
—22.68

10.70
10.11
—4.84
=741
—7.41
0.92
=9.19
—15.42
6.45
—3.83

2.62
—47.17
—51.00
—44.55
—19.18

0.63

1.68
—46.79
—48.55
—29.26
—58.64
—39.86
-31.12
—27.52
—25.84
—32.80

—-1.74
10.41
—7.52
9.53
—0.64
—6.62
22.44
—6.73
17.50
-1.79
—23.85

2.04

4.35

1.46

—7.63
—23.52
169.87
164.49
—26.73
20.06
S5.44
28.85

9.89
—10.04
—63.27

AHZQB

0.28
—6.18
=5.50

7.50
-1.49
—1.3§

6.01

—29.12
—30.62
—23.11
10.85
10.22
=5.00
—7.53
—7.68

131
—9.26

—15.43

6.37
—4.25

2.12

—47.20
—=51.45
—45.08
—19.38
0.55
1.33
—47.63
—46.43
—30.04
—58.90
—40.11
-31.21
—27.69
—25.79
—33.11
—-1.33
10.62
—8.13

9.83
—0.26
—6.34
22.89
=7.11

17.64
—1.85
—22.45

2.12

4.38

146
—7.64

—2391
170.53
165.02

—27.83

19.80

4.78
28.50

9.50

—10.56

—64.30

A G298

0.21
=537
—6.66

6.78

0.55
—0.14

7.33

-17.91
—17.36
—10.58

991

9.40
—4.05
=7.17
—6.98

0.25
—8.61

—15.13

6.79
—2.88

391

—34.92
—37.83
—31.04
—13.43
1.56
2.05
—39.17
—38.33
—20.82
—46.94
—27.75
—25.71
—21.23
—20.55
—26.39
—2.42

9.39
—6.48

8.34
—1.61
=7.19
21.34
—6.01

17.21
—1.89
-21.71

1.96

4.34

147
—7.44

—22.57
161.88
156.17

—16.98

22.19
11.78
28.58
10.38
—-3.49
—=52.94
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Table 2. continued

parameter
61 6+ 1— (Z,2)-22 + AlH,4
62 6+ 1 - (2,2)-22 + 0.5-(AlH,),
63 6+ 14 > (2,2)-22 + 18
64 6+ 14— (22)8+1
65 6+ 14 > (2,2)-8 + 0514
66 (2)-4 - (Z2)-20 + 0.5 (AlH;),
67 (E)-3 - 19 + 0.5 (AlH;),
68 (2,2)-8 - (2,2)-22 + 0.5 (AlH,),
69 (E)-7 = (2)-21 + 0.5 (AlH,),

AE

—19.22
—36.11
—11.05
—14.03
—3543

36.53
42.98
20.72
39.25

AH, AH,q AGygs
—16.47 —16.67 —13.77
-31.10 —31.69 —24.18

—7.69 -9.97 —7.39
—11.14 —11.34 —10.08
-31.07 -31.40 —23.96

35.41 35.40 29.15

42.08 42.04 36.17

19.90 19.77 13.65

38.20 37.97 32.48

2All values in kcal/mol. ®Two digits are given for numerical accuracy at any given theoretical level.

Table 3. Imide Preferences of LAH, LiH, and Hydride Adducts of Acetonitrile and Malononitrile at the MP2(full)/6-311+G*
Level, Considering the Effects of Electron Correlation at the QCI Level, and Including SMD Solvation Corrections for Diethyl

Ether
MP2 SMD QCI QCLSMD
adduct nitrile parameter AG,o5 AG,o' AG,e5" AG,o5"
LAH AN (2)-4 vs (E)-3 0.55 223 —0.08 1.60
LAH MN (2,2)-8 vs (E)-7 -2.88 ~1.00 —3.74 -1.86
LiH AN (2)-20 vs 19 —6.48 -2.53 -7.52 -3.57
LiH MN (2,2)-22 vs (2)-21 2171 —1848 -23.13 ~19.90
HA AN syn-24b vs 23 —744 —4.61 -9.01 —6.18
HA MN (syn,2)-26 vs 25 -22.57 ~20.63 -2521 —2327

“All values in kcal/mol. “Two digits are given for numerical accuracy at any given theoretical level. “See Computational Methods for a definition of

theoretical levels.

We use different numbers for coordination isomers. The
azaallyl anion gives rise to geometrical isomers with regard to
the CN bond and it may also give rise to geometrical isomers
about the CC bond if R # H. If both geometrical descriptors
are needed, then the first descriptor will apply to the CN bond.
We will encounter structures in which the placement of the
Lewis acid at the azaallyl-N is neither trans nor cis relative to
the CHR group. However, it is always easy to describe the
position of the H-atom at N as being either cis or trans relative
to the CHR group, respectively, and the CN configuration will
then be designated as (E) or (Z), respectively.

Major structural parameters are listed in Table 1 for all the
ion pairs discussed and these include the parameter II, the sum
of bond angles at the terminal azaallyl-C. The parameter IT is
useful to distinguish between 7-coordination (IT &~ 180°) and
o-coordination (330° < IT < 345°).

LAH Addition to Acetonitrile. The addition of LiAlH, 1
to acetonitrile, 2 may yield (E)-3 or (Z)-3 (Figure 1). The
isomers of 3 are basically imides in which the anionic imide-N
is stabilized by the Lewis acids AlH; and Li*. Adduct (E)-3
formally is the product of cis addition of AIH,™ to nitrile and
Li* coordinates both to N (1.896 A) and an alane-H (1.776
A). Adduct (Z)-3 can be seen as the product of cis addition of
LiH to nitrile. As with (E)-3, lithium coordinates both to N
(1.896 A) and an alane-H (1.774 A) in (Z)-3.

Structures 4 and 5 are enamide tautomers of 3. Alane
coordinates the 6-LBS at N and Li* engages in z-coordination
in 4, and this is as expected for an azaallyl. However, the
respective structures with Li* coordinating the 6-LBS at N and
alane engaged in 7-coordination do not correspond to minima.
The structures (E)-S (IT = 343°) and (Z)-$ (II = 335°) show
that alane prefers o-donation by the enamide’s CH,-carbon
over m-donation and that the maintenance of direct contact
between the two Lewis acids is important. We did search for a

1117

9
(£)-3 23
hal™ |

%,J 1 J T
J‘/ J/‘ 9

9

(E)-4 2)-4

> 9
9 fl
(E)-5 2)-5

Figure 1. Molecular models of the optimized structures of possible
products of LAH addition to acetonitrile. Here and in other figures,
the blue frame highlights the best imide species and the red frame
shows the best enamide species.
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Figure 2. Molecular models of the optimized structures of possible products of LAH addition to malononitrile.

structure of (E)-5 with Li* coordinating the N -lone pair and
alane engaging in 77-coordination, and all these attempts led to
the (E)-S structure shown in Figure 1.

The CC bonds in 3 are about 1.50 A and as expected for a
C(sp*)—C(sp?) bond.** The CN bonds in 3 are about 1.28 A
and close to imine bonds.*> The d(CN) and d(CC) values in
the tautomers 4 and S clearly show that resonance form A
dominates in 4 whereas the carbanion form B dominates in S.

There is only a small preference for (E)-3 over (Z)-3 (Table
2, entry 1); both Lewis acids can interact with the imide-N and
also with each other. On the other hand, there are very
pronounced preferences for the (Z)-isomers of 4 and 5 (Table
2, entries 2 and 3) since only the (Z)-isomers can optimize the
interactions between the Lewis acids and the enamide while
maintaining the direct contact between the two Lewis acids.
The coordination isomer (Z)-4 is much preferred over (Z)-S.
Most important is the relative stability of the best enamide
(Z)-4 compared to the most stable imide (E)-3, and we find a
small preference of AG,gg = 0.55 kcal/mol for the imide
aggregate (E)-3 (Table 2, entry S). Note that the overall
binding of (Z)-4 is stronger than in (E)-3, and it is only for
the entropy term that the stability reverses. We also computed
the thermochemistry for the temperature of dry ice (—78 °C)
and found a small preference of AG g5 = 0.14 kcal/mol for the
enamide aggregate (Z)-4 (Table 2, entry Sb).

LAH Addition to Malononitrile. The addition of LiAIH,
1 to malononitrile 6 may yield (E)-7 or (Z)-7 (Figure 2).
Structures (E)-3 and (E)-7 are similar in the manner in which
Li* and AlH; coordinate the imide-N and interact with each
other. The characteristic new feature in (E)-7 concerns the
coordination of the remaining nitrile group by Li*. The angles
£(C—C-C) = 106.6° and £(C—C=N) = 168.5° help to
allow for a short contact between the nitrile-N and Li* (2.167
A). A scan of the potential energy surface of (E)-7 as a
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function of the dihedral angle y = 2(N=C—CH,CN) led to
the local minimum (E)-7b (y = 121.7°), which is about 10
kcal/mol less stable than (E)-7.

Structures (Z)-3 and (Z)-7 show very similar Li* and AlH,
coordination of the imide-N and there are no additional
interactions with the remaining nitrile. We searched for
structures in which the nitrile was placed closer to the alane
and all these searches returned to (Z)-7. To be sure, the
potential energy surface of (Z)-7 was scanned as a function of
the dihedral angle £(N=CCH,CN), and no additional
minimum was found.

Optimization after H/CN replacement in (E)-4 resulted in
the structures (E,Z)-8 and (E,E)-8, and Li* abandons its 7-
coordination of the enamide in these structures. Instead, in
(E,Z)-8 the C—C—N—Al skeleton is twisted by 7 = 136.4°
such that Li* can coordinate the nitrile-N (2.137 A) while
maintaining its close contact to the amide-N (2.263 A) and
AlH; (1.772 A). The additional nitrile reduces the
nucleophilicity of the azaallyl-C and in (E,E)-8 the Li*
coordinates only the amide-N. Several attempts were made
to locate a structure with a z-coordinating Li" but all these
tries resulted in (E,E)-8. Optimization after H/CN-replace-
ment in (Z)-4 resulted in (Z,Z)-8 and (ZE)-8. The
coordination modes of (Z,E)-8 are much like in (Z)-4. On
the other hand, the C—C—N—AI skeleton is twisted by 7 =
74.5° in (Z,Z)-8 so that Li* can coordinate both the amide-N
(2.114 A) and the nitrile-N (2.056 A)!

Optimization after H/CN-replacement in (E)-5 resulted in
(E,Z2)9 and (E,E)-9, and all of these structures share a
common mode of coordination of the enamide by the
AlH;-Li"* moiety. Optimization after H/CN-replacement in
(Z)-5 resulted in the structures (Z,2)-9 and (Z,E)-9. A major
structural effect of the additional nitrile group occurs in (Z,Z)-
9; the HN—C—C—C skeleton is twisted by 7 = 27.2° such that

dx.doi.org/10.1021/j0302527k | J. Org. Chem. 2013, 78, 1113-1126



The Journal of Organic Chemistry

Li* can coordinate the nitrile-N (2.194 A) while maintaining
its close contact to the enamide-N (2.016 A) and one alane-H
(1.812 A).

The presence of the nitrile group in 7 causes a huge
preference for (E)-7 over (Z)-7; AG,gg = 9.40 kcal/mol (Table
2, entry 11). Sets of three relative energies are provided for the
isomers of 8 (Table 2, entries 12 - 14) and 9 (entries 15—17).
The preferences for the CN-(Z)-isomers are AG,44(8) = —=7.0
kcal/mol (entry 14) and AG,(9) = —15.1 keal/mol (entry
17) and they are enhanced in the malononitrile species
compared to the acetonitrile derivatives. As with the
acetonitrile systems, there exists a strong preference for 8
over 9 (cf. entries 4 and 18).

Most importantly, there is a clear preference of AGyyg = 2.9
kcal/mol for the enamide aggregate (Z,Z)-8 (Table 2, entry
19) over the most stable imide aggregate (E)-7. This result
shows that there is a thermodynamic driving force for
tautomerization after the first hydride addition to malononitrile
and this driving force exists even at room temperature.

Interactions of Li* with Neutral and Charged AlH,
Species. All of the products of LAH addition to acetonitrile
and malononitrile retain one or two Li*--H—AIH, contacts.
We considered the complex 10 between Li* and AlHj, to learn
about this interaction. Complex 10 is C,,-symmetric (Figure 3)
with two Li*--H—Al contacts (1.982 A), and it is bound by
about 13.4 kcal/mol (Table 1, entry 24). The complex 1 (or
1a) between Li* and AlH,” also is C,,-symmetric (Figure 3)
with two Li*---H—Al contacts (1.756 A). The C,,-symmetric
structure 1b (Figure 3) with three Li*---H—Al contacts (1.921
A) corresponds to a local minimum, and it is 1.6 kcal/mol less

/( ) ’—G<: o '_<: Pond
g >’ 9’
1a, Cay

1c, Cs 1b, Gy,
o
9 &9
10
d 12
& ' &
J”\J/ d -9
J/ J 13

.. /”J
14A L 17A
J*O/j P 2 -
\ ") - <_J .~4 \
‘/ (1 .| 9
14B 9 17B

Figure 3. Molecular models of the optimized structures of the Li"
adduct of AlH;, AIH; monomer and dimer, and LiAlH, monomer and
dimer.
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stable than la. The C-symmetric transition-state structure lc
for the isomerization also was located, 1c (Figure 3), and it is
2.1 kcal/mol above 1a.

The reaction energy for the complex hydride formation LiH
+ AlH; — LiAlH, is exothermic by about Ecyp = —39.2 keal/
mol, and hence, it is essentially impossible to completely
separate LiH and AlH; after they have been mixed. It is for this
reason that we are considering the reaction of nitriles with
LAH rather than with LiH or AlHj;. This remains true if one
considers larger aggregates, i.e., the reaction (LiH), + (AlH;),
— (LiAlH,), is exergonic by about —46.9 kcal/mol (entry 30,
Table 2), although the aggregate formations are less
exothermic on a “per LAH” basis. The structure of the
dimer (LiAlH,),, 14 essentially preserves (LiH), in its core, i.e.
one could think of 14 as (LiH),-2(AlH;). We also computed
the adducts 17, (LiH),(AIH;) and 18, (LiH)(AlH;),, and the
energies of the stepwise formations of the LAH dimer 14
(entries 32—35).

Considering the strength of the Li*---HAIH, interaction
together with the strength of the dative bondin% between the
parent amide anion and AlH; (71.1 kcal/mol),*® one would
assume that the AIH; moiety is strongly bound in an LAH-
adduct of a nitrile. We studied the potential energy surface of
the LiH adducts of acetonitrile and malononitrile to determine
their alane affinities.

LiH Addition to Acetonitrile and Malononitrile. The
structure 19 is the primary product of the addition of LiH to
acetonitrile (Figure 4), and it features a near-linear (C—N—Li)

9
9 ’,

-
-

N d
9 9
19 (E)-20b

@220

(E)-20a

Figure 4. Molecular models of the optimized structures of possible
products of LiH addition to acetonitrile.

skeleton, £(C—N—Li) = 179.4° with a short lithium contact
(1.724 A). This structure results by optimization of initial
structures that correspond to syn and anti addition,
respectively. The enamide tautomers (Z)-20 and (E)-20 of
19 are the anti and syn isomers of the lithium enolate®”*® of
acetaldehyde imine, respectively.*”*® N -Coordination in (E)-
20b is much preferred over z-coordination in (E)-20a (entry
36) and the isomer (Z)-20 with its lithium z-coordination is
greatly preferred over (E)-20b (entry 37).

Structure (Z)-21 is the primary product of LiH addition to
malononitrile (Figure S), and it features short contacts
between Li* and the imide-N (1.863 A) and the nitrile-N
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Figure S. Molecular models of the optimized structures of possible products of LiH addition to malononitrile.
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Figure 6. Molecular models of the optimized structures of possible products of hydride addition to acetonitrile and malononitrile.

(2.090 A). The putative product (E)-21 of cis-addition of LiH
to 6, does not exist as a local minimum and searches for (E)-
21 inadvertently led to (Z)-21. Searches for potential CC-

1120

conformers of either (Z)-21 or (E)-21 resulted in the same
local minimum 21b; a gauche structure with £(C—C—C—N)
= 123.5° and a near-linear lithium imide fragment with 2(C—
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N-Li) = 175.3°. Structure 21b is analogous to 19, but it is
much less stable than (Z)-21 (entry 39). By far, the most
stable lithium ion pair of the cyanoenamide tautomer is (Z,Z)-
22 with a lithium coordination similar to (Z)-20 (Figure ).
The second best isomer of 22 is (Z,E)-22, and this structure
features z-coordination in analogy to (Z)-20. The (E,Z) and
(E,E) isomers of 22 can be realized with 6- or z-coordination,
and o-coordination is preferred in both of these isomers
(entries 40 and 41).

There is a preference of 6.5 kcal/mol for enamide (Z)-20
over imide 19 (entry 38) in the lithium ion pair, while there is
a preference of AG,gg = 0.6 kcal/mol for imide (E)-3 over the
enamide (Z)-4 of the LAH adducts. For the malononitrile
derivatives, the enamide is preferred in the LiH and LAH
adducts but the overwhelming preference in the lithium ion
pair is reduced to a few kcal/mol in the LAH adduct: The
relative stability of (Z,Z)-22 with respect to (Z)-21 is AGyeg =
—21.7 kecal/mol (entry 46), and it is much more pronounced
than the respective value of AG,gg = —2.9 kcal/mol for the
LAH adduct (entry 19, (Z,Z)-8 vs (E)-7).

Hydride Addition to Acetonitrile and Malononitrile.
Measurements of the CH acidities of acetonitrile and
malononitrile in DMSO give pK, values of 31.3 and 11.4,
respectively,* ~** and this very large acidity difference should
be reflected in the imide-enamide equilibria resulting from
hydride addition to nitriles. To assess the latter, one would
need to know the NH and CH acidities of the imines HN=
CRCH,X (R = H, X = H, CN). The NH acidities of imines
are pK, ~ 31.* The CH acidities of imines are not well-
known, but an estimate is provided by the related carbonyls
O=CPhCH,X (X = H, CN) with their pK, values of 24.7 (X
= H)* and 102 (X = CN).*¥” One would thus expect a strong
thermodynamic preference for the enamide over the imide and
this preference should be about AAG 20.5 kcal/mol
stronger for the cyano-substituted system because ApK, ~ 18.
We computed the structures of the imides and enamides that
result by hydride addition to acetonitrile and malononitrile,
respectively, and these are shown in Figure 6. While the planar
structures anti- and syn-24a formally are transition-state
structures for CH,-inversion in anti- and syn-24b in their
respective extremely low-barrier double-well potentials, the
structures of all isomers of 26 are planar. The anions show a
syn-preference, and it is especially pronounced in the (Z)-26
because of the intramolecular hydrogen bonding between the
imine-NH and the nitrile function (Table 2, entries 47—49).

For the free anions the computations show clear preferences
for the enamide over the imide of AG,ps = —7.4 kcal/mol
(Table 2, entry 50) and AG,ys = —22.6 kcal/mol (entry 51)
for acetonitrile and for malononitrile, respectively. The
enamide preferences of the free anions are within 1 kcal/mol
of the enamide preferences of the respective lithium ion pairs
resulting from LiH addition to acetonitrile (AGyg = —6.5
kcal/mol, entry 38) and malononitrile (AG,ys = —21.7 keal/
mo), entry 46). Lithium ion pair formation stabilizes both the
imide and the enamide very much (entries 52 and $3), but
lithium ion pair formation alone does not shift the imide—
enamide equilibria in a significant fashion.

LiH vs LAH Addition and Alane Affinities. Several
reaction energies listed in Table 2 are relevant to the hydride
addition to acetonitrile (entries 54—S59) and malononitrile
(entries 60—65) using the substrates LiH, LAH, and LAH
dimer (14), respectively, and considering various aggregation
states of the inorganic products.

~
~
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One important comparison concerns the LiH and LAH
additions to each nitrile by way of the reactions “nitrile” + 14
— “best LiH-adduct” + 18 and “nitrile” + 0.5-14 — “best LAH
adduct”. Specifically, for acetonitrile we compare the reactions
2 + 14 — (Z)-20 + 18 (entry 57) and 2 + 0.5-14 — (Z)-4
(entry 61, the reaction of 2 and 14 to (Z)-4 and LAH and
considering subsequent dimerization of LAH), and for
malononitrile, we compare the reactions 6 + 14 — (Z,Z)-22
+ 18 (entry 63) and 6 + 0.5-14 — (Z,Z)-8 (entry 6S). This
comparison yields three important results: First, there is a
strong thermodynamic preference for LAH addition for both
nitriles. Second, for acetonitrile only the LAH addition is
exergonic. Third, the preference for LAH addition is nearly
twice as large for acetonitrile (ca. 32 kcal/mol) than for
malononitrile (ca. 16 kcal/mol).

Perhaps the best way to quantify the alane affinity of 20 is
by way of the reaction (Z)-4 — (Z)-20 + 0.5 (AlH,),; the
reaction free energy of the alane dissociation from (Z)-4 equals
the alane affinity of (Z)-20. The computed alane affinity is
AGyeg = 29.2 kcal/mol (entry 66). Considering the alane
affinity of Li* (vide infra), more than half of the alane affinity
of 20 is due to dative bonding between enamide and alane.
The alane affinity of 19 is somewhat higher (entry 67) and one
would expect an imide to be a better Lewis donor compared to
an enamide. We determined the alane affinities of (Z,Z)-22
and (Z)-21 in analogy (entries 68 and 69) and found the
computed alane affinity of (Z,Z)-22 to be only AG, = 13.7
kcal/mol (entry 68), whereas the alane affinity of (Z)-21
(entry 69) is not too different from that of its analog 19. The
low alane affinity of (Z,Z)-22 is very similar to the binding
energy of a Li'--HAIH, interaction and, hence, whatever
benefit there is due to dative bonding between enamide and
alane, it is offset by the weakening of the 1,5-N,N-coordination
of the enamide by Li’, a weakening that apparently cannot be
avoided as alane approaches the enamide-N.

Effects of Higher Level Electron Correlation and
Solvation on Imide—Enamide Equilibria. In Table 3 are
summarized the pertinent imide preference energies AG of the
LAH, LiH, and hydride adducts of acetonitrile and
malononitrile computed at the level of optimization (MP2-
(full) /6-311+G*) together with the imide preference energies
computed with the inclusion of the effects of electron
correlation at the QCI level, with the inclusion of the effects
of ether solvation at the SMD level, and with accounting for
both higher level electron correlation and ether solvation at the
QCI-SMD level. Solvation benefits the imide (AG' > AG)
while better electron correlation methods favor the enamide
imide (AG” < AG), and the combined effects result in modest
increases of the imide preference energies (AG'” > AG).
Importantly, the data in Table 3 show that all the important
patterns of the MP2 level data persist. In particular, the data
corroborate that most of the intrinsic enamide preference of
the free anions is retained in their lithium ion pairs and that
the complexation by a second Lewis acid is required to make
the imide competitive or even preferred. While lithium
enamides are more stable than lithium imides, the enamide
preference is greatly reduced in the presence of alane binding
so that both tautomers are present at equilibrium. In fact, the
computations suggest a small preference for the imide of the
LAH adduct of acetonitrile over the enamide. The high alane
affinities show that the proper understanding of the LAH
reduction requires the consideration of models that include
alane and simpler models can lead to wrong conclusions.
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The Journal of Organic Chemistry

Scheme 4. Formation of 3AAN by LAH Addition to Malononitrile and Hypothetical Products of Potential Second Hydride
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Imide—Enamide Equilibria and Propensity for Further
Hydride Reduction. The hydride reduction chemistry of
malononitrile stops at the stage of 7 and/or 8 and products of
multiple hydride reduction are not observed. Our results
suggest that the imide—enamide equilibria are responsible for
the different propensity for second hydride addition of alkyl
nitriles as compared to malononitrile.

Consider the second LAH reduction at the same nitrile
group. Soffer postulated the formation of amide aggregates 1
and/or 2 by second hydride addition to the imide produced by
the first hydride addition (Scheme 1). Our study shows that
the LAH adduct of acetonitrile prefers the imide isomer and
(E)-3 is available as substrate for the second hydride addition.
On the other hand, LAH addition to malononitrile affords the
enamide (Z,Z)-8 and the concentration of imide (E)-7 is too
low to sustain a significant rate of reaction for the second
hydride addition.

Now consider the putative second LAH reduction of the
intact nitrile group in the product of the first LAH addition to
malononitrile (Scheme 4, bottom half). Scheme 4 shows paths
for the addition of an anion to an anion for simplicity, and one
must keep in mind that the second addition could be the
reaction of neutral LAH with an overall neutral lithium ion
pair of an imide or enamide. The major obstacle to the second
hydride reduction again concerns the imide-enamide equili-
brium and the lack of nitrile activity in the enamide (Z,Z)-8.
Acrylonitriles are substrates for Michael additions**™° and the
negative charge of the azallyl system further reduces the
nitrile’s electrophilicity.

Implications for the Mechanism of Reductive Nitrile
Dimerization. The thermodynamic preference for the
enamide over the imide tautomer (ie, 8 vs 7) or its easy
accessibility (i.e., 4 vs 3) provide for a reasonable mechanistic
proposal for the formation of dimeric products. The
dimerization begins with the addition of the C-nucleophilic
enamide to a nitrile and affords a 1,3-imide-imine. Simple
nitriles afford 1,3-imide-imine which can undergo further
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reductions and afford diamines (Scheme 1) while the
respective dimer of malononitrile leads to pyridine formation.
Possible mechanisms for the formation of 2-aminonicotinoni-
trile 2ANN are outlined in Scheme 5. Three regions are
highlighted that describe the carbanion addition leading to
intermediate C4 (blue), the mechanistic options after direct
amide addition in C4 (red), and mechanistic options after
amide addition in C13 (green) after C4 — C13 rearrangement.

Addition of enamide 8 to malononitrile forms the dicyano-
substituted imide—imine C1. Intermediate C1 contains four
isolated unsaturated functional groups and can stabilize itself to
the fully conjugated anion C4 with two hydrogen transfer
reactions (HTR). There are two paths depending as to
whether the imide-enamide tautomerization involves a hydro-
gen from the CH, (Type 1) or the CH group (Type 2),
respectively, but all paths converge to C4 after subsequent
imine—enamine tautomerization.

The shortest path to pyridine formation involves intra-
molecular addition of an amide to a nitrile via the sequence C4
2CS5 - C6 — C7 2 C8. Protonation of C7 or C8 on
workup would provide 4,6-diaminonicotinonitrile (46DANN).
To affect N-loss, we propose nucleophilic aromatic substitution
(SyAr) of the amino group by hydride.>' ~>* Intermediates C9
and C10 would result by ispo-SyAr(H™, NH,") reaction of C7
or C8, respectively, and workup of C9 and C10 would afford
6-aminonicotinonitrile (6ANN) and/or 4-aminonicotinonitrile
(4ANN). Since none of these products have been observed
experimentally, the shortest route apparently is not taken and
one wonders about better, more stable alternatives to C4 and
its rotamer CS.

If the 1,3-dinitrile C4 (or its rotamer CS) could rearrange to
the 1,1-dinitrile C12 (or its rotamer C13), then one would
expect C13 to lead to 2,4-diaminonicotinonitrile (24DANN)
and/or 2-aminonicotinonitrile (2ANN) and/or 4-aminonicoti-
nonitrile (4ANN) in analogy to the paths discussed for CS.
The rearrangement C4 — CI12 can be described as a 1,3-
formiminyl—nitrile exchange at an allyl anion via the bis-

dx.doi.org/10.1021/j0302527k | J. Org. Chem. 2013, 78, 1113-1126
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Scheme 5. Carbanion Attack Mechanism for the Formation of 2,4-Diaminonicotinonitrile (24DANN), 4,6-
Diaminonicotinonitrile (46DANN), 2-Aminonicotinonitrile (2ANN), 4-Aminonicotinonitrile (4ANN), and 6-

Aminonicotinonitrile (6ANN)
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keteneimine species C11 (Scheme 6) and requires only the
exchange of the oxidation stages of the two functional groups. The
rearrangement involves the successive transfer of two H-atoms,
namely symproportionation of C4 (—CH=NH, —C=N) to
intermediate C11 with equal oxidation states (two =C=NH)
and subsequent disproportionation to product C12 (—C=N,
—CH=NH). Both steps involve proton transfers from a
formiminyl-CH group to a ketenimide (i.e., C4B to C11B and

CI12B to C11C).

Experimental evidence exists in support of the cyclization
C13 — Cl14 (Scheme 7). Ege, Frey, and Schuck™® synthesized
4-dimethylaminobuta-1,3-diene-1,1-dinitrile by coupling of an
alkylidenmalodinitrile with (CH;),N—CHCI, and its reaction
with ammonia leads to 2ANN. Acker and Hamprecht®® also
synthesized the dialkylaminobutadiene-1,1-dinitrile by coupling
of malononitrile with [R,N=CHCH,CHCI(OR)]*CI". These

processes are likely to proceed through the intermediate 4-
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Scheme 6. Rearrangement Reaction C4 to C12 (R, = CN, R, = NH,, R, = H) Exchanges the Oxidation Stages of Two
Functional Groups and Can Be Described as a 1,3-Formiminyl—Nitrile Exchange at an Allyl Anion (i.e, C4A — C12A, Allyl

Moiety Shaded Green)
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aminobuta-1,3-dien-1,1-dinitrile, and the cyclization C13 —
C14 involves the 2-amino derivative of the latter.

We also considered plausible reaction paths that begin with
an amide-N attack on malononitrile (Scheme SSB, Supporting
Information), and that may lead to the formations o 24DANN,
2ANN, and 4ANN. All of these pyridine formations require
one carbanion addition to a nitrile and one amide addition to
another nitrile, and only one of these can be an intramolecular
reaction. Considering the strong complexation of the enamide
at nitrogen (i.e., 8), it seems reasonable to assume a significant
advantage for intermolecular carbanion addition to a
malononitrile over initial amide-N attack.

B CONCLUSIONS

The free anions generated by hydride addition to acetonitrile
or malononitrile show clear preferences for the enamide over
the imide. Lithium ion pair formation stabilizes both
tautomers, the localized imide is stabilized slightly more than
the enamide, and the enamide preference is somewhat reduced
but persists. The alane-complexed lithium ion pairs result in a
small imide preference for the LAH adduct of acetonitrile and
a dramatically reduced enamide preference for the LAH adduct
of malononitrile.

The imide-N in RCH,CH=N" is a o-bidentate Lewis base
site (SBLBS), and the imide tautomer of the LAH adduct of
any nitrile greatly benefits from lithium ion pair formation and
N—AIH; dative bonding and this aggregation can happen
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equally well in (E)-3 (R = H) and (E)-7 (R = CN). Hence,
the very large reduction of the imide-enamide gap of the
malononitrile derivative must reflect less effective aggregation
in the enamide. The enamide-NH in the delocalized anion
RCH=CHNH" is a o-monodentate Lewis base site (SMLBS)
which can be occupied either by AlH; or Li'. Alane greatly
prefers dative bonding with a 6-LBS to z-coordination while
lithium ion pairing mostly depends on the distance between
the charge centers. Hence, it makes perfect sense that (Z)-4 is
the best enamide tautomer of the LAH adduct of acetonitrile.
The additional nitrile group in 8 introduces the opportunity
for Li* to coordinate to both N-atoms in (Z,Z)-8. Alane is not
capable of such bridging and becomes relegated to adopt a
much less effective coordination mode.

The thermodynamic preference for the enamide over the
imide tautomer (i.e., 8 vs 7) or its easy accessibility (i.e., 4 vs
3) provide for a reasonable mechanistic proposal for the
formation of dimeric products by C—C bond formation by
intermolecular enamide addition a nitrile.

Multiple hydride additions occur in the LAH reduction of
acetonitrile and requires hydride addition to an imide group.
While imide 7 is not the dominant species, this imide is
thermodynamically accessible as a reactive intermediate, and
the complete lack of second hydride addition of 7 must reflect
kinetic factors. On the other hand, the complete absence of
additional hydride addition after formation of C1 is consistent
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with the expected isomerization of C1 to fully conjugated C4
(Scheme 5).

We proposed a mechanism for the conversion of C4 to
2ANN (Scheme S) that involves the rearrangement of 1,3-
dinitrile C4 to 1,1-dinitrile C12, C—N bond formation by
intramolecular amide addition to nitrile, NH, loss by
nucleophilic aromatic substitution by hydride, and protonation
on workup. The proposed mechanism is supported by the
known formation of 2ANN from 4-amino-butadien-1,1-
dinitrile and by precedent for ispo-SyAr(H™, NH, ™) chemistry.
The rearrangement of 1,3-dinitrile C4 to 1,1-dinitrile C12 is
necessitated by the experimentally observed regiochemistry of
aminonicotinonitrile formation and the 1,3-formiminyl-nitrile
exchange can easily by achieved by double proton transfer
(Scheme 6).

In the broader context, our results emphasize that imide-
enamide equilibria can be shifted over a wide range by
aggregation with several Lewis acids. The aggregation by one
cation (ion pair formation) and one neutral Lewis acid (i.e.,
the alane) provides for very effective stabilization of the imide
(two sp*LBS). Enamide-NH aggregation with Lewis acids
always will be less effective: Either the number of o-LBS sites
at the enamide-NH is reduced (one sp>-LBS in a delocalized
enamide) or the enamide-NH remains o-bidentate but with o-
LBS sites of diminished quality (two sp®>-LBS in a more or less
localized vinyl-amide). The same issues are relevant to and
might inform other hydride reductions of nitriles including the
nitrile reduction with alkaline metal-free aluminum hydrides
(i.e, DIBAL), the hydroboration of nitriles with boranes®® and
borohydrides,”” boride-mediated nitrile reduction,*®* catalytic
hydroboration of nitriles,”" and catalytic hydrosilyation of
nitriles.®"

B ASSOCIATED CONTENT

© Supporting Information

Table of total energies and thermodynamic data computed at
the MP2(full)/6-311+G* level, higher level energies up to
QCISD(full, T)/6-311++G(2df,2pd)//MP2(full) /6-311+G*,
Scheme S5B outlining the formation of pyridines after initial
amide-N addition to malononitrile, and Cartesian coordinates
of stationary structures. This information is available free of
charge via the Internet at http://pubs.acs.org.
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