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Abstract

A series of lithium-1-azapentadienyl compounds Li[t-Bu�N···CH···C(R)···C(R%)···CHR%%] (1%–5%) has been synthesized by
metallation of imines t-Bu�N�CH�C(R)�C(R%)CH2R%% [R=R%=R%%=H (1); R=Me, R%=R%%=H (2); R=R%%=H, R%=Me (3);
R=R%=H, R%%=Me (4); R=R%%=Me, R%=H (5)] with lithium di-iso-propyl amide in a mixture of hexane–THF at low
temperature. Preference for the exo W-shaped isomer is proposed for compounds 1%–4%, based on their chemical derivation
products with electrophiles, such as EMe3Cl (E=Si, Ge, Sn). Compound 5% shows both W- [5%(W)] and U-shaped [5%(U)]
structures in a 7:1 ratio. Ab initio calculations predict that the 5%(W) compound is more favorable than the 5%(U) by 4.7 kcal
mol−1. We have been examining the regio- and stereoselective azapentadienyl compounds using organometallic electrophiles such
as EMe3

+ (E=Si, Ge, Sn). The reactions of the preferential EE isomers 1%–3% with the electrophiles generally give the addition at
the terminal (C5) carbon of the azapentadienyl moiety, affording the corresponding complexes t-Bu�N�CH�CH�CH�CH2�EMe3

[E=Si (6), Ge (7), Sn (8)]; t-Bu�N�CH�C(Me)�CHCH2�EMe3 [E=Si (9), Ge (10), Sn (11)] and the corresponding EE and ZE
isomers: t-Bu�N�CH�CH�C(Me)�CH2�EMe3 [E�Si (12), (12%); Ge (13), (13%); Sn (14), (14%)], respectively. Complex 4% reacts highly
regioselectively with SiMe3Cl affording the EE isomer t-Bu�N�CH�CH�CH�(Me)CH�SiMe3 (15), but diminished regioselectivity
is observed with the corresponding Ge and Sn analogues. In contrast, attack at the central (C3) carbon is observed for 5%, giving
t-Bu�N�CH�(Me)C(EMe3)�CH�CH�CH3 [E=Si, (18); Ge, (19)]; although the regioselectivity remains for Si and Ge derivatives,
a thermodynamic rearrangement occurs for the Sn complex t-Bu�N�CH�C(Me)�CH(Me)CH�SnMe3 (20%), showing the addition
of �SnMe3 fragment at the terminal carbon. The kinetic and thermodynamic products were established through 1H-, 13C- and
119Sn-NMR data, along with thermal isomerization studies. Based on the computed values of density-functional theory, condensed
Fukui functions derived from ab initio electronic structure calculations were computed. These are shown to be useful reactivity
indexes (better than conventional atomic charges) to rationalize the observed 1%–5% chemical derivation products with elec-
trophiles. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

As an extension of pentadienyl anion chemistry, the
reactions and structures of azapentadienyl anions have
attracted attention in both organic and inorganic chem-
istry. Pentadienyl anions [1–3] have been shown to be

useful reagents in the preparation of interesting acyclic
complexes such as open metallocenes [4–11], half-open
metallocenes [7,12–14] and other half-sandwich [15–23]
transition-metal complexes. Also they are valuable pre-
cursors for pentadienylsilanes and stannanes, which are
capable of converting ketones or aldehydes to dienyl
alcohols [24,25]. The use of silylated and tin pentadi-
enyl complexes is of increasing importance in synthetic
chemistry since they are useful intermediates in organic
synthesis, either as reagents for selective transforma-
tions or as intermediates for the creation of car-
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bon�carbon bonds. In the latter case, the high selectiv-
ity of the tin�carbon bond cleavage involved in direct
reactions, transmetallations, or transition-metal-cata-
lyzed couplings is well established [26]. The scope of the
pentadienyl derivatives has now been extended consid-
erably. In contrast, to the best of our knowledge, only
few reports involving the analogous chemistry for aza-
pentadienyl derivatives from silicon [27–30] and related
compounds [31–35] have been published, and there are
no examples of related species including germanium
and tin. Then, it is of great interest to investigate the
related chemistry of the azapentadienyl derivatives, and
to explore the potential in transmetallation reactions in
order to afford new azapentadienyl-transition metal
complexes. Interesting results in this regard have been
published recently [22]. The most systematic studies on
experimental and theoretical chemistry of azapentadi-
enyl lithium species have been carried out by Wuerth-
wein and co-workers. [36–43].

In this work, we have employed density-functional
theory (DFT) reactivity indexes such as the condensed
Fukui functions, computed from ab initio molecular
electrostatic potential (MEP) charges to study and ra-
tionalize the observed reactivity of the azapentadienyl
anions. Condensed Fukui functions for the electrophilic
attacks ( f j

−) on molecules 1%–5% (see below) were calcu-
lated, and from these, the feasibility towards an elec-
trophilic attack on specific atomic sites, j, was derived.
Implications on the possible gas-phase reactivity for
these molecules are analyzed in terms of Fukui
functions.

2. Results and discussion

The classical method of preparing a,b-unsaturated
imine compounds by the condensation of a,b-unsatu-
rated aldehydes in the presence of a primary amine
such as tert-butylamine gives basically the correspond-
ing EE-isomers t-Bu�N�CH�C(R)�C(R%)CH2R%% [R=
R%=R%%=H (1); R=Me, R%=R%%=H (2);
R=R%%=H, R%=Me (3); R=R%=H, R%%=Me (4);
R=R%%=Me, R%=H (5)]. Compound 1 affords a mix-
ture of EE/ZE isomers in a ratio of 9/1 [40], while
compound 4 shows a 20/1 ratio. The 1H- and 13C-NMR
spectroscopic data of EE isomers 1–5 are presented for
comparative purposes in Tables 1 and 2 according with
the numbering of atoms described in Scheme 1.

2.1. Preparation of the azapentadienyl anions

Lithium azapentadienyl compounds Li[t-
Bu�N···CH···C(R)···C(R%)···CHR%%] [R=R%=R%%=H
(1%); R=Me, R%=R%%=H (2%); R=R%%=H, R%=Me
(3%); R=R%=H, R%%=Me (4%); R=R%%=Me, R%=H
(5%)] were prepared by metallation of imines 1–5 with

lithium di-iso-propyl amide in a mixture of hexane–
THF at low temperature, affording yellow or orange
solutions as described in Section 4. Compound 1% has
been reported previously as an almost exclusively EE
(exo W-shaped) isomer [40] and we found the same
conformation for compounds 2%, 3% and 4%, according to
their corresponding chemical derivation products 9–16
(Scheme 1).

NMR studies of anion 3% show only the presence of
the EE isomer in THF-d8 solution; this fact allows us to
discern the presence of a tautomeric equilibrium be-
tween S- and W-conformers, which could be antici-
pated from the mixture of the EE/EZ isomers observed
after addition of the corresponding electrophile EMe3

(E=Si, Ge, Sn).
Compound 5% has two methyl substituents on C3 and

C5, respectively, showing that both W- [5%(W)] and
U-shaped [5%(U)] structures were present in a 7/1 ratio
(Scheme 2). The U conformer is not unexpected due to
the presence of methyl substituents; similar results have
been observed for pentadienyl lithium compounds
[44,45] and an example of U-shaped lithium azapenta-
dienyl with phenyl groups on N, C2 and C4 atoms has
already been published [31]. The high 7/1 ratio agrees
with our ab initio calculation (vide infra) in which the
W structure is lower in energy than the corresponding
U from 4.7 kcal mol−1.

2.2. Azapentadienyl deri6ati6es from Group 14

Analytical data for azapentadienyl complexes 6–20
are described in Table 3. The reactions of the pre-
ferential EE isomers 1%–3% with electrophiles EMe3-
Cl (E=Si, Ge, Sn) generally give addition at the
terminal (C5) carbon of the azapentadienyl moiety
affording t-Bu�N�CH�CH�CH�CH2�EMe3 com-
plexes [E=Si (6) [28,30], Ge (7), Sn (8)]; t-
Bu�N�CH�C(Me)�CHCH2�EMe3 [E=Si (9), Ge (10),
Sn (11)] and the corresponding EE and ZE isomers:
t-Bu�N�CH�CH�C(Me)�CH2�EMe3 [E=Si (12) [27],
(12%); Ge (13), (13%); Sn (14), (14%)], respectively. Com-
pounds 6 and 8 show evidence of another barely de-
tectable isomer (B5%). However, strong overlapping
with the major EE isomers does not allow their identifi-
cation. The minor Sn isomer shows a singlet in the
119Sn-NMR at 5.82 ppm, as well as signals in 1H-NMR
at 2.02 (d, 8.6 Hz), 8.29 (d, 8.6 Hz) and 0.07 ppm for
the Sn�CH2, N�CH and SnMe3 hydrogens, respec-
tively, which suggest tentatively the formation of the
ZE isomer. Complex 4% reacts highly regioselectively
with the Me3SiCl affording the EE isomer t-
Bu�N�CH�CH�CH�(Me)CH�SiMe3 (15), but regiose-
lectivity is diminished for the corresponding Ge 16 and
Sn 17 analogues (vide infra). The reaction with tin gives
a mixture of three possible regioisomers. In contrast,
attack at the central (C3) carbon is observed for 5%
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Table 1
1H-NMR data a of azapentadienes (1–5), lithium azapentadienyls (3%, 5%, 5%%) and azapentadienyl derivatives of silicon, germanium and tin (EE)
(6–19, 20%) and (EZ) (12%–14%)

C3 (R) C4 (R%) C5 (Me) or (EMe3)C2 (H) C5 (R%%)t-Bu

6.32 ddq 5.77 dq 1.59 dd1 (EE) 1.17 s 7.78 d
J=15.18, 8.58, 1.32 J=15.18, 6.60 J=6.60, 1.32J=8.58
1.95 s, br 5.66 m 1.57 dd2 (EE) 1.20 s 7.79 s

J=6.93, 1.24
6.15 m 1.68 d 1.63 s3 (EE) 1.20 s 8.18 d

J=1.32J=9.24
5.32 d 1.92 s 4.13 s3% (W) 4.38 s1.24 s b 7.42 d
J=12.57J=13.20
4.66 d 1.75 s 3.42 d 3.70 d1.05 s c 7.22 d
J=12.81 J=2.56J=12.45 J=3.29
6.35 ddt 5.93 dt 1.96 m4 (EE) 0.88 t1.20 s 7.82 d
J=15.83, 8.57, 1.32 J=15.83, 6.60 J=7.26

7.82 s1.22 s 1.98 s, br 5.63 t 2.02 m 0.86 t5 (EE)
J=6.92 J=7.42

1.47 s 5.92 d 1.66 dd5% (W) 4.03 dq1.04 s 6.77 s
J=14.60 J=6.43, 1.24 J=14.60, 6.19

1.58 s 6.42 d 1.74 d5%% (U) 4.35 dq1.02 s 6.72 s
J=14.85 J=14.60, 6.43

6.29 ddd 6.05 dt 1.50 dd6 (EE) −0.06 s1.18 s 7.88 d
J=15.17, 7.92, 1.32 J=15.17, 8.58 J=8.58, 1.32J=7.92

7.91 d1.25 s 6.39 dd 6.06 dt 1.60 d 0.08 s7 (EE)
J=15.18, 8.58 J=15.18, 8.58 J=8.58J=8.58
6.36 dd 6.16 dt 1.71 d8 (EE) 0.02 s1.24 s 7.90 d
J=14.92, 9.24 J=15.17, 9.90 J=9.90J=8.75 J=51.46 d, 54.10 e

J=48.82 d,e

1.97 s 5.85 t 1.61 d7.88 s −0.02 s1.25 s9 (EE)
J=8.57 J=8.57

2.02 s, br10 (EE) 5.90 dt1.26 s 1.71 d 0.11 s7.91 s
J=9.15, 1.24 J=8.91

1.99 d 6.98 dt 1.84 d11 (EE) 0.05 s1.25 s 7.88 s
J=1.32 J=9.23, 1.32 J=9.24 J=51.46 d, 54.10 e

J=15.2 d,e J=54.43 d,e

6.13 dq 1.72 d 1.44 d8.26 d −0.10 s1.22 s12 (EE)
J=8.91 J=1.48 J=0.74J=8.91
J=1.24
6.16 dq 1.61 d 1.70 s, br12% (EZ) −0.05 s1.23 s 8.15 d
J=1.23 J=1.48J=8.91
6.15 dq 1.72 d 1.61 d13 (EE) 0.06 s1.24 s 8.27 d
J=9.15, 1.10 J=1.10 J=0.73J=8.79
�6.15 d 1.67 d 1.86 s, br13% (EZ) 0.111.25 s 8.15 d
J=9.15 J=1.10J=8.79
6.10 dd 1.70 d 1.70 s, br14 (EE) −0.01 s1.20 s 8.21 d
J=8.91, 0.99 J=1.24 J=68.28 d,eJ=8.91 J=50.97 d, 53.20 e

1.20 s 8.09 d 5.91 dd 1.61 d 2.02 s,br 0.04 s14% (EZ)
J=8.16, 1.24 J=1.24 J=65.15 d, 70.27 eJ=8.16 J=50.97 d, 53.20 e

6.44 ddd 6.13 dd 1.56 quint15 f (EE) 1.02 d1.27 s 7.97 d
J=15.17, 8.57, 1.32 J=15.17, 7.26 J=7.26J=8.58 J=7.26
6.36 ddd 6.13 dd 1.76 quint16 f (EE) 1.04 d1.23 s 7.92 d
J=15.74, 8.42, 1.10 J=15.74, 8.06 J=6.96J=8.42 J=6.96
1.31 s 5.95 dq 5.25 dq18 f (EE) 1.69 d1.17 s 7.64 s

J=15.84, 1.32 J=15.83, 6.60 J=6.60
1.19 s 7.68 s 1.39 s 6.02 dq 5.26 dq 1.63 dd19 f (EE)

J=15.56, 1.65 J=15.56, 6.41 J=6.41, 1.65
1.96 d 5.81 dd 2.38 dq20% f (EE) 1.23 d1.22 s 7.85 s
J=1.24 J=11.38, 0.74 J=11.38, 6.92 J=6.92
J=16.80 d,e J=19.30 d,e J=49.48 d, 51.71 e J=65.8 d, 69.0 e

a Numbering of atoms as described in Scheme 1. In C6D6.
b In C6D6.
c In THF-d8.
d 2J(117Sn–1H).
e 2J(119Sn–1H).
f Corresponding signals for EMe3 are singlets at −0.08, 0.03, 0.04, 0.17 and −0.01 (J=49.48d, J=51.71e Hz) ppm for compounds 15, 16, 18,

19 and 20%, respectively.
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Table 2
13C-NMR data a of azapentadienes (1–5), lithium azapentadienyls (3%, 5%, 5%%) and azapentadienyl derivatives of silicon, germanium and tin (EE)
(6–19, 20%) and (EZ) (12%–14%)

t-Bu C2 C3 C4t-Bu C5 R EMe3

56.7 155.8 134.31 137.629.8 18.0
56.3 158.72 134.130.0 138.5 13.9 11.4
56.9 152.4 127.7 143.130.0 26.33 b

53.2 150.5 91.8 144.73% 96.132.2 21.0
51.9 150.1 89.6 145.531.6 88.03% c 20.1
56.7 156.0 132.0 144.3 19.64 d 29.9
55.9 159.0 137.0 141.629.4 10.95 d 13.0

31.75% (W) d 51.5 151.4 89.5 139.8 93.1 11.3
31.85% (U) d 51.3 149.0 86.9 129.9 100.7 19.0

56.6 156.0 131.8 140.430.0 24.26 −2.0
30.07 56.6 155.9 131.1 141.3 23.2 −2.5

56.4 156.0 128.9 143.230.1 17.98 −10.0
56.2 158.6 135.7 136.99 20.830.2 11.9 −1.5
56.2 158.6 135.1 137.930.2 20.210 11.8 −2.1

11 30.2 56.1 158.4 133.0 135.9 15.0 11.6 −9.5
56.8 152.3 125.7 145.630.1 31.712 19.5 −1.2
56.8 152.9 124.9 145.612%(EZ) 27.330.1 24.7 −0.9
56.3 152.4 125.0 146.529.5 30.813 18.4 −2.6
56.0 152.9 124.2 146.713%(EZ) 26.229.4 23.5 −2.2
56.6 152.3 123.4 147.830.2 26.714 19.1 −9.0
56.8 152.5 127.3 148.114%(EZ) 26.930.2 19.9 −9.4
56.6 156.1 129.4 146.729.2 26.715 13.3 −3.4
56.6 156.1 128.5 147.4 28.416 14.030.0 −4.1
56.5 161.2 39.7 134.530.1 121.018 d 17.2 −3.6
57.0 162.4 42.3 135.7 121.1 17.319 d −4.130.5
56.2 158.2 131.4 146.9 23.2 12.330.2 −10.620% d

a Numbering of atoms as described in Scheme 1. In C6D6.
b R%=Me, d=18.4 (3).
c In THF-d8.
d R%%=Me, d=25.8 (4); d=21.2 (5); d=18.5 [5%(W)]; d=18.7 [5%(U)]; d=18.7 (18); d=18.8 (19); d=17.5 (20%).

giving t-Bu�N�CH�(Me)C(EMe3)�CH�CH�CH3 [E=
Si, 18; Ge, 19]; although the regioselectivity remained
for Si and Ge derivatives, a thermodynamic rearrange-
ment occurs for the Sn complex t-Bu�N�CH�
C(Me)�CH(Me)�CH�SnMe3 (20%), resulting in transfer
of the �SnMe3 fragment to the terminal carbon (vide
infra).

Turning attention to the alkene geometry, reactions
of EMe3Cl (E=Si, Ge, Sn) with 1%, 2% and 5% proceed
stereoselectively to give the EE isomers, while com-
pound 3% showed kinetic (EE) 12, 13, 14 and thermody-
namic products (EZ) 12%, 13%, 14% in a different EE/EZ
ratio according to the electrophile �EMe3 [E=Si (5.5/
1); Ge (15 /1); Sn (0.5/1)] (Scheme 3).

Compound 4% shows a mixture of geometrical iso-
mers for Ge and Sn derivatives, but while in the case of
Ge there is a clear predominance of t-
Bu�N�CH�CH�CH�(Me)CH�GeMe3 (16) over other
minor products, the presence of eight different tin
isomers reflects a complete lack of regio- and stereose-
lectivity according to 1H- and 119Sn-NMR (vide infra).
On the other hand, the crude reaction products of all
tin derivatives, except 8 and mixture 17, shows approx-
imately 10% of butadienamine t-BuNHCH�

CHCH�CH2 (21) which could not be removed by distil-
lation. Germanium derivatives 7, 16 and 19 also show
about 3% of the same by-product. Complete character-
ization was carried out for the unsubstituted butadien-

Scheme 1.
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Scheme 2.

Scheme 3.amine through 1H-, 13C-NMR, as well as from two-di-
mension COSY and HETCOR experiments. The amine
21 is also observed as a by-product in the transmetalla-
tion reactions between 8 and (Cp*RuCl)4 [22].

It has been established that reactions of SiMe3Cl with
pentadienides give products under kinetic control be-
cause their regio- and stereoselectivities are highly geo-
metrically and sterically dependent [44,46]. According
to the reactivity of the lithium azapentadienyl complex
1%, kinetic control is also predominant. However, the
presence of a tentatively assigned ZE isomer for the Sn
complex 8 (vide supra) suggests a geometric rearrange-
ment giving the corresponding thermodynamic product
ZE. Complex 2% shows exclusive formation of EE prod-
ucts 9–11 suggesting kinetic control, while complex 3%
reacts with EClMe3 differently, giving EE and EZ
stereoisomers as already described in Scheme 3. How-
ever, the anionic lithium complex 3% is exclusively EE.
Then, in order to discriminate changes in the experi-
mental procedure, a sample of 3% was prepared and
divided in three different portions, adding to each one
the corresponding electrophile EMe3Cl (E=Si, Ge,
Sn). Under the same conditions, the crude reaction

products show through 1H-NMR spectroscopy the
same EE/EZ ratio as described previously (vide supra).
It has been demonstrated that upon modification of the
temperature of addition of the electrophiles, the ratio of
EE/EZ isomers remains practically the same for Si
(5.5/1 at −116°C and 5/1 at −78°C), while a dramatic
change is observed for Sn (1/2 at −116°C and 5/1 at
−78°C). These results suggest that with SiMe3 the
reaction have predominantly kinetic control, with a
slight tendency to rearrange to the corresponding ther-
modynamic EZ product. With SnMe3 the reaction
shows clearly an increase of the EE isomer at −78°C
which reflects the preference of kinetic control, while at
−116°C the thermodynamic EZ product predominates.
This observation is in agreement with previous reac-
tions on pentadienyl derivatives [47]. In a previous
study of this reaction, the exclusive formation of the
kinetic EE product 12 was established at −15°C [27].
The lower temperature favors a low rate of consump-
tion of the anionic azapentadienyl, which may promote
the conversion of the kinetic product to the thermody-

Table 3
Analytical data of azapentadienyl derivatives of Group 14

Compound Boiling point (°C/Torr) Molecular formulaElemental analysis or HRMS aYield (%)

ExperimentalTheoretical

H NC H N C

7.09 66.64 11.51 7.03 C11H23NSi796 66.9351/0.04 11.74
45/0.057 68 239.1073 239.1078 (72Ge) b C11H23NGe

C11H23NSn4.668.1345.624.868 8.0445.876657/0.02
6.62 67.65 10.75 6.45 C12H25NSi879 68.1738/0.05 11.91

52/0.05 78 56.31 9.8410 5.47 56.23 9.92 5.38 C12H25NGe
C12H25NSn299.1004 (117Sn) b299.100511 7155/0.05

70/0.02 82 68.17 11.9112+12% 6.62 67.98 11.65 6.61 C12H25NSi
5.47 56.39 9.97 5.29 C12H25NGe8113+13% 56.3160/0.02 9.84

67/0.02 7614+14% 299.1008 299.1005 (117Sn) b C12H25NSn
m.p. 45 78 68.17 11.9115 6.62 65.37 11.27 6.26 C12H25NSi
m.p. 44 5216 253.1229 255.1222 (72Ge)b C12H25NGe

8.3447.7157 C12H25NSn4.868.1247.7160/0.03 4.6317 c

42/0.0318 69.25 12.0776 6.21 69.55 12.19 6.05 C13H27NSi
55/0.0419 52 267.1382 267.1386 (72Ge) b C13H27NGe

C13H27NSn313.1161 (117Sn) b313.11676020% 72/0.04

a High-resolution mass spectrometry. Electron impact, 70 eV.
b Corresponding isotope used.
c Complex mixture of eight isomers.
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namic one [44]. The same effect is observed in the reac-
tion of azapentadienyl 3% with the organic elec-trophile
(CH3)2C�C�CH2�CH2�Cl which gives a mixture of
three isomers at −78°C, but only one product at
−15°C [27].

Complex 4% reacts with EMe3Cl (E=Si, Ge, Sn) giv-
ing different products depending on E; while E=Si, Ge
afford compounds 15 and 16, respectively, E=Sn gives
a complex mixture of regio- and stereoisomers. This
mixture is designated as 17 and according to 119Sn-
NMR involves eight different products. The reaction
with GeMe3Cl shows 16 in the crude reaction products,
as the main product, along with a small amount of an
analogous mixture of products, as observed for reaction
with SnMe3Cl. The Si derivative gives the cleanest reac-
tion, showing only traces of some by-products; however,
several unsuccessful attempts to separate them by distil-
lation prevented the isolation of compound 15 com-
pletely pure. Complex 4% showed no stereospecificity,
which suggests geometrical rearrangements from the
corresponding EE isomers to other stereoisomers. This
is in contrast with the electrophilic attack towards 1%, 2%
and 3% in which there is evidence of kinetic control, in
agreement with results obtained for analogous lithium
pentadienyls [45,48,49]. This rearrangement could be fa-
vored in the presence of still unreacted lithium azapen-
tadienyl and these results show first kinetic control,
followed by a rearrangement, which finally affords the
thermodynamic product. However, there is no clear evi-
dence of a predominant species, there always being
present a complex mixture of 17. The elemental analysis
corresponds to the molecular formula C12H25NSn. This
mixture crystallizes as a white solid, which melts at
15°C. The reaction was carried out under different ex-
perimental conditions, involving modifying the time of
addition of the electrophile, gradual increase of temper-
ature, recrystallizations and simultaneous reactions,
with similar results each time. However, by increasing
the temperature at which the reactants were mixed, go-
ing from −116 to −15°C, different relative intensities
of 1H-NMR signals of the product were observed indi-
cating different EE/EZ ratios of isomers in the mix-
tures. Finally, by reversing the order of mixing the
reactants, that is, adding the anion 4% to the electrophile

SnMe3Cl, it is observed that a complex mixture is once
again obtained. This result suggests that the azapentadi-
enyl 4% suffers simultaneous attack at its three nucleo-
philic centers by the SnMe3Cl electrophile.

As previously mentioned, complex 5% in the presence
of EMe3Cl (E=Si and Ge) give the corresponding
products 18 and 19 from attack at C3, while SnMe3Cl
gives product 20% from attack at C5 (Scheme 4). How-
ever, if the reaction is carried out in THF–hexane in a
1/1 ratio, instead of 2/1 (see Section 4), the product ap-
pears almost exclusively as the regioisomer 20, which
can be slowly transformed to the corresponding com-
pound 20% during the purification process through distil-
lation; in fact, after two distillations the transformation
is complete. This suggests that 20 is the kinetic product
and 20% the thermodynamic one. As expected, in a more
polar medium such as THF, unreacted azapentadienyl
5% finds a better way to carry out the conversion of 20 to
20%, the latter one being the only one observed. The reac-
tion between 5% and SnMe3Cl is not very clean and even
though 20% is the major species present, a significant
amount of the a,b-unsaturated imine 5 is observed in a
4/1 molar ratio, respectively, along with some SnMe3Cl.
Compound 20% did not show any stereoisomers. There is
also evidence of the presence of free a,b-unsaturated
imine with the germanium compound 19.

2.3. Comparati6e studies of the chemistry of Si, Ge and
Sn

The 1H- and 13C-NMR assignments were carried out
using heteronuclear correlations. Differential NOE, spe-
cifically CYCLENOE [50], was very useful in the spec-
tral assignments for complexes 1–20. Steric interactions
between the different methyl substituents and particu-
larly the bulky tert-butyl and EMe3 groups reduced sig-
nificantly the possibilities as far as stereochemistry is
concerned.

Data for compounds 1–16 and 18–20 are in Tables 1
and 2. 119,117Sn–13C coupling constants from 13C-NMR
spectra were quite useful in the corresponding tin as-
signments and they are described in Table 4.

The electronegativity of the corresponding E atom in
compounds 6–8, 9–11 is reflected by the corresponding
proton chemical shift for the CH2-E fragment, in which
the trend observed was SnBGe�Si. The typical trans
couplings (J=15 Hz) between hydrogens H3 and H4
suggest the E geometry for this part of the molecule.
13C-NMR spectra of complexes 9–11 show that the
methyl groups on C3 are shifted to lower frequencies
(d=�12 ppm) as a result of the g effect due to the
presence of the CH2�EMe3 fragment in a cis position.
The CH2 resonance is also shifted to low frequency, and
as expected, this shift is absent in compounds 6–8. The
stereochemistry was confirmed by NOE experiments
(vide infra).Scheme 4.
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Table 4
Coupling constants data a from 13C- and 119Sn-NMR of compounds 8, 11, 14, 14% and 20%

C3 C4Compound C5C2 EMe3
119Sn-NMR b

3J(119,117Sn–13C) 2J(119,117Sn–13C) 1J(119,117Sn–13C)4J(119,117Sn–13C) 1J(119,117Sn–13C)

46.3 50.78 256.7 c22 314.0 c d=2.17
268.8 b 326.4 b 1J=328.6

1J %=269.9
2J=47.0

47.2 52.8 256.7 c11 309.5 c23.1 d=4.19
269.9 b 324.0 b 1J=324.8

1J %=266.1
2J=50.8

44.1 50.8 262.2 c14 309.6 c17.6 d=5.24
274.3 b 325.6 b 1J=324.7

1J %=273.9
40.9 50.6 257.8 c19.8 309.6 c14% d=8.66

269.9 b 325.6 b 1J=324.7
1J %=269.9

45.0 47.4 299.6 c20% 293.2 c22.9 d=14.75
312.8 b 306.4 b 1J=309.0

a In C6D6, SnMe4 (d=0 ppm).
b Coupling constants in Hertz, 119Sn–13C.
c Coupling constants in Hertz, 117Sn–13C.

The highest difference among 1H-NMR spectra of
the EE isomers for the Group 14 derivatives is observed
for H5 in compound 5%; in 18 and 19 the hydrogen H5
is olefinic and appears as a doublet of quartets at
d=5.26 ppm with a trans coupling of 16 Hz with H4;
for compound 20% it is a doublet of quartets at d=2.38
ppm and 11.38 Hz, suggesting that C5 has sp3 charac-
ter. In an analogous manner, 13C-NMR shows the most
notable difference for C3 and C5 in 18 and 19, which
correspond to sp3 and sp2 carbons, respectively, while
for 20% the opposite trend is observed.

Identical 119Sn-NMR spectra are observed for the
crude reaction products of the complex mixture 17
before and after it has been distilled. There are five
signals between 0 and 5 ppm and three signals between
45 and 55 ppm, along with a singlet at 112 ppm from
SnMe3Cl, which cannot be removed by distillation. The
high-frequency signals are attributed to species with a
N�SnMe3 fragment [51] while those at low frequency
correspond to C�SnMe3 species. As each regioisomer
could have four stereoisomers, 12 different isomers
should be expected. Considering ZZ as the most steri-
cally crowded isomer, we may have the regioisomers
metallated on the nitrogen atom, and the three less
bulky stereoisomers EE, EZ, ZE at higher frequencies
(45–55 ppm), while the corresponding five signals at
low frequencies may be attributed to EE, EZ and ZE
stereoisomers of each regioisomer, EE being the most
likely. As the NMR approach to the assignment of the
multicomponent mixture 17 led to ambiguous conclu-
sions, we attempted unsuccessfully to study the inter-
conversion by thermal isomerization, because we

observed only decomposition products. Then, it is inter-
esting to compare that while SiMe3 reacts with 4%, regio-
and stereoselectively, the SnMe3 fragment afforded a
lack of selectivity and GeMe3 displayed an intermediate
behavior, more related to SiMe3 than SnMe3. The
1H-NMR of the crude reaction product 16 showed
around 30% of a complex mixture analogue to 17. This
fact suggests that Ge has intermediate behavior be-
tween those of Si and Sn.

The absolute tin�carbon coupling constant data for
compounds 8, 11, 14, 14% and 20% reflect the sub-
stituents% influence and the azapentadienyl geometry.
Some interesting aspects are that the substitution of a
methyl group on C3 showed a small effect on the
corresponding 119,117Sn–13C coupling in compounds 11
and 20%, as compared with the non-substituted com-
pound 8. Alternatively, a methyl group substituted on
C4, as that one observed for compounds 14 and 14%,
was found to reduce their coupling considerably. The
corresponding 119,117Sn coupling constants for C3 do
not show a defined trend, giving evidence of the sensi-
tivity of this carbon atom to substitution or change in
geometry (Table 4).

The presence of a methyl group in C5 for compound
20%, which is absent in compounds 8, 11, 14 and 14%,
affords a different coupling pattern. In the case of
compound 20% the SnMe3 fragment shows smaller
1J(119Sn–13C) and 1J(117Sn–13C) values, while higher
values are observed for the corresponding HC�Sn frag-
ment (C5) with respect to compounds 8, 11, 14 and 14%,
the values for these last compounds being quite similar.
A comparison of 20% with the analogous compound 11,
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which does not have the methyl group on C5, allows
one to establish the influence of the methyl groups on
the electronic density of the Sn�C bonds. C2 and the
methyl group on C3 are located four bonds from the tin
atom and show 4J(119,117Sn�13C) of 22.9 and 12.1 Hz,
respectively, giving evidence of the higher electronic
interaction between the iminic carbon C2 and the tin
atom due to the conjugation of the a,b-unsaturated
system in the substituted compound 20%. A similar
pattern is observed for the olefinic carbon C4 with
respect to the methyl group substituted on C5.

1H-NMR shows an increase in the absolute value for
the corresponding 2J(119,117Sn–1H) coupling of the
H2C�Sn or HC�Sn fragments going from the non-sub-
stituted compound 8 to the most substituted species 20%.
It is interesting to observe that while the coupling
constant nJ(119,117Sn–13C) increases with the conjuga-
tion, nJ(119,117Sn–1H) shows an opposite effect.

Compounds 11 and 20% show that their correspond-
ing methyl vinylic protons, five bonds away from the
tin atom, have a coupling constant around 16 Hz, while
the iminic protons do not show appreciable coupling
with tin. The same effect is observed for hydrogens on
b carbons (relative to the Sn atom), which are three
bonds away from tin in compound 20%; the methyl
group has strong couplings, 3J(117Sn–1H)=65.8 Hz
and 3J(119Sn–1H)=69.0 Hz, while the vinylic proton
shows a considerably smaller and not very well resolved
3J(119,117Sn–1H) coupling constant of 19.3 Hz. This
behavior could be due to hyperconjugation and the
hybridization of the corresponding carbon atoms. In
fact, coupling constant values in 119Sn-NMR may be
rationalized according to some Karplus-like correla-
tions [51].

2.4. Thermal isomerization studies

There is evidence of a complex mixture of regio- and
stereoisomers only for 17, while most of other com-
pounds 6–11, 15, 16, 18–20 are found as one predomi-
nant isomer, as a result of kinetic control. According to
these results, we were interested in the study of the
thermal isomerization, in order to know if the azapen-
tadienyl could transform in other regio- and/or
stereoisomers.

The azapentadienyl complexes 6–19 and 20% in C6D6

were sealed in NMR tubes under vacuum. All samples
were heated at 60°C for 4–6 h, and checked by 1H-
NMR. After that, samples were heated at the same
temperature for 3–7 days, and then the temperature
was increased on 20°C until the transformation of the
azapentadienyl complexes commenced. The highest
temperature used was 160°C. However, only com-
pounds 6, 8, and 19 showed interesting changes. The
rest of the compounds did not show isomerization, even

at higher temperatures, at which they decomposed.
Compound 8, which was present predominantly as

an EE isomer, showed after heating at 72°C an increase
of the thermodynamic ZE product, along with the
corresponding free ZE imine. These experimental re-
sults reflect the isomerization and decomposition reac-
tions of 8, respectively. The signals at 2.03 and 8.28
ppm were increasing as a result of the ZE isomer 8,
while a doublet of doublets at 1.64 and a doublet at
8.31 ppm were assigned to the free ZE imine by com-
parison with the EE imine [40]. Similar decomposition
products were observed for compounds 11, 14, 14% and
20%, but in all these cases there was no isomerization of
the corresponding EE imine 2, 3, 5.

Compound 6 shows similar behavior to 8, after heat-
ing for 48 h at 70–80°C. There is a small, but evident,
growth of signals at 8.46 and 1.78 ppm, which are from
the minor ZE isomer, along with signals at 8.30 and
1.67 ppm from the ZE isomer of the free imine, and
additionally, a set of five new signals in the region
between 4.6 and 5.9 ppm is observed that corresponds
to the butadienamine 21, which formally represents the
isomerization of both double bonds in the free imine 1.
Apparently, the higher temperature that is required in
order to isomerize compound 6 afforded the isomeriza-
tion of the ZE isomer of the free imine 1 into com-
pound 21.

The azapentadienyl compound 19 can be seen to
isomerize to the thermodynamic regioisomer 19%. This
experiment confirms that 19 is the kinetic isomer, simi-
lar to the analogous tin compound 20 (vide supra). It is
likely that transformation of 19 to 19% and 20 to 20%
occurs through a 1,3 sigmatropic rearrangement ac-
cording to Scheme 5. This kind of rearrangement has
been previously observed for tin pentadienyl com-
pounds [47]. The isomerization of 19 is very slow,
showing after 4 days at 90°C new signals from the
regioisomer 19%: a doublet at 5.70 ppm (J=11.6 Hz), a
doublet of quartets at 2.52 ppm (J=7.17, 11.6 Hz),
singlets at 8.39 and 2.13 ppm. There is also evidence of
a small amount of free imine 5. After heating the
mixture 19, 19% and 5 at 150°C during 6 weeks, we
observed the formation of 19/19% in a 1/1 ratio, along
with some products of decomposition. On the other
hand, compound 20 is thermally transformed by distil-
lation (72°C) to the thermodynamic product 20%, while
the analogous Si compound 18 does not show transfor-
mation, decomposing at 160°C. As expected, these re-

Scheme 5.
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sults are in agreement with the polarity of the C�E
bond in the series of kinetic products 18, 19 and 20.
Compound 20, with the more polar bond (C�Sn), can
rearrange very fast and cleanly at low temperature,
while 19 (C�Ge bond) can only barely make this trans-
formation, and 18 (C�Si bond) does not change at all,
until the decomposition temperature is reached.

2.5. Mass spectrometry

Analytical evidence of compounds 7, 11, 16, 20% and
a mixture of 14 and 14% was obtained through the
identification of the molecular ions by HRMS, while
compounds 6, 8, 9, 10, 15, 17, 18, 19 and mixtures of
isomers 12, 12% and 13, 13% were studied by low resolu-
tion mass spectrometry (Table 3).

In general, the most intense fragments observed are:
[M�Me]+, [M�NCMe3]+, [M�CMe3]+, [EMe3]+,
[CMe3]+, [NCMe]+ and [EMe]+.There are three basic
breaking fragments: (a) E�C bond (E=Si, Ge, Sn)
giving two different organometallic fragments [M−
Me]+ and [EMe3]+; the former is not always present,
while the last one is frequently the base peak. Other
common fragments are those such as [M−EMe3]+,
[M−EMe3+H]+; (b) N�C(sp2) bond giving [M−
NCMe3]+ and in all compounds [NCMe]+ is present;
(c) N�C(sp3) bond giving [CMe3]+ in all cases and
[M−CMe3]+ in around half of them. It is also com-
mon to observe [M−CMe3+H]+, sometimes instead
of the [M−CMe3]+ fragment.

For complexes 8, 11, 20% and the mixture of isomers
14 and 14% there is evidence of the dimer Me3Sn�SnMe3

(m/e 330), which gave place to Me4Sn2 (m/e 300) and
Me2Sn2 (m/e 270). For silicon and germanium the
analogous species were not observed.

3. Theoretical calculations and methodology

The observed reactivity of the EE isomers 1%–5% with
electrophiles was rationalized through a theoretical
study described in this section.

3.1. Theoretical methodology

Reactivity indexes derived from the density-func-
tional theory (DFT) of the electronic structure of
molecules [52,53] have been very successfully applied to
describe and rationalize chemical reactivity in a very
broad range of applications. Frontier orbitals (HOMO
and LUMO) of a chemical species are very important
to define its reactivity, as Fukui et al. [54] first recog-
nized. Large HOMO–LUMO gaps are known to
provide great stability and low reactivity to a chemical
species. This observation is a basic ingredient of the
hard and soft acids and bases principle of Pearson [55],

which was first quantified by means of the DFT [56–
58], thus establishing a sound definition of the concepts
of global (as pertaining to the whole chemical species)
or absolute hardness (h) and softness (S) [59–63],
which are inverse to each other. Hardness is propor-
tional to the HOMO–LUMO gap and a large h should
imply stability for the chemical species.

Atomic and molecular global hardnesses have been
computed by different means [64–67] and the concept
of hardness has been used to understand aromaticity in
organic [68,69] and organometallic molecules [70]. The
relative hardness concept was introduced to character-
ize aromatic and anti-aromatic species [71] and the
activation hardness index is useful to predict the orien-
tation of electrophilic aromatic substitution in organic
chemistry [72]. A very important result is the recogni-
tion that there seems to be a rule of nature requiring
that molecules arrange themselves so as to be as hard as
possible [73]. This has been rationalized through the
principle of maximum hardness, which indicates that
the equilibrium state of a chemical system is attained
when h is a maximum (minimum S) [61,74–76].

One can define [77–79] regional or atomic reactivity
indexes as well, such as the condensed or atomic Fukui
functions for the appropriate jth atomic region. For
instance, for an electrophilic attack on the azapentadi-
enyl anions, the respective Fukui function is

f j
− =qj(N)−qj(N−1) (1)

In this equation, qj are the atomic charges (Mulliken
populations, electrostatic derived charges, or others) at
the jth atomic site in the anionic (N), or neutral (N−1)
chemical species. These local reactivity indexes have
been successfully applied to rationalize reactivity in a
number of chemical situations [80–88].

The purpose of this theoretical study is to apply the
DFT indexes to understand the observed reactivity of
the EE isomers 1%–5% when subject to an electrophilic
attack. As far as we are aware, this is the first time this
approach has been applied.

3.2. Theoretical results

3.2.1. Geometry optimization
For each chemical species, we initially obtained a

semi-empirical [89] PM3 geometry that in turn was used
as the initial geometry to obtain a Hartree–Fock with
minimum basis set (HF/STO-3G) optimized geometry.
The geometry obtained was tested to correspond to an
absolute potential minimum through analysis of the
resulting Hessian frequencies. Keeping this geometry,
we thereafter obtained single point energies and charges
at a higher level of theory [89], improving the numerical
basis set, namely to HF/6-31G(d).

Since it is well accepted now that charges obtained
from molecular electrostatic potentials (MEPs) are bet-
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Table 5
Condensed Fukui functions, f j

−, for electrophilic attack at the jth atom, from MEP charges computed at the HF/6-31G(d)//HF/STO-3G level, for
some atoms in the 1%–5% azapentadienide anions a

Compound 2% Compound 3% Compound 4% Compound 5%(U) Compound 5%(W)Atom Compound 1%

−0.31 −0.28N1 −0.28−0.30 −0.40 −0.31
C2 0.13 0.05 0.09 0.10 0.15 0.08

−0.47C3 −0.31 −0.46 −0.44 −0.43 −0.34
0.17 0.22 0.190.24 0.20C4 0.12

−0.42C5 −0.39 −0.39 −0.35 −0.31 −0.29

a Atom labeling is described in Scheme 1.

ter than the Mulliken populations [90], we consistently
employed MEP charges to estimate the condensed reac-
tivity indexes. The charges computed in this way for the
anion (N) and neutral (N−1) species were used to
compute the electrophilic f j

− reactivity indexes.
All calculations were performed and visualized with

the SPARTAN 5.1 program package [91]. The total ener-
gies, electrostatic charges and other molecular proper-
ties of the neutral and anionic compounds were
calculated with the same (anion) geometry to ensure the
condition that the external potential 6(r) due to the
nuclei remains constant [52].

3.2.2. Reacti6ity parameters for 1 %–5 % compounds
We employed Eq. (1) to obtain the condensed Fukui

functions for electrophilic attacks. In all cases the MEP-
derived charges were used, at the HF/6-31G(*)/HF/
STO-3G level of theory/precision. It is important to
recall that steric effects are implicitly included in these
reactivity indexes since they are obtained from the SCF
density corresponding to the optimized geometry of the
chemical species.

In Table 5, results are shown for the most important
C atoms in these compounds (Scheme 1). The con-
densed Fukui function for electrophilic attacks are dis-
played for the relevant atoms in the 1%–5% compounds.

It can be observed that the largest (absolute) value of
f j
−, belongs to C5 (in compound 2%) and C3 (in com-

pounds 1%, 3%, 4%, 5%(U) and 5%(W)). This implies that
these should be the most reactive sites towards an
electrophilic attack. When the theoretical results from
the DFT reactivity indexes are compared with the
observed reactivity of the 1%–5% azapentadienide com-
pounds, we find complete agreement in compounds 2%,
5%(U) and 5%(W). For compound 4% the theoretical pre-
diction points to C3 as the active site towards elec-
trophilic attack. It is hard to compare with the
experiments here, since the observed reactivity is very
dependent on the nature of E, leading sometimes to a
complex mixture of regio- and stereoisomers. This re-
veals no specificity in the observed reactivity of complex
4% and a number of the observed products agree with the
theoretical result. Finally, in the remaining compounds
1% and 3%, the theoretically predicted active sites towards

electrophilic attack are both at C3, although the ob-
served reactivity is at C5. Nevertheless, C5 is the second
active site predicted by the calculations in both cases.
For these cases the theoretical predictions would agree
with initial reactions occurring under kinetic control,
followed by further rearrangements in the reaction me-
dia to form the observed thermodynamic products (re-
activity on C5). The DFT Fukui function reactivity
indexes are initial reactivity predictors. Therefore, in
some cases where important rearrangements may occur
as in 1% and 3%, the finally observed products may differ
from the prediction for the initial reactivity.

In general, we can consider that the complex observed
initial reactivity of the 1%–5% azapentadienide com-
pounds is well described and in agreement with the DFT
reactivity indexes, which are better than conventional
atomic charges estimations for rationalizing and pre-
dicting electrophilic reactivity.

4. Experimental

Reactions were carried out under dry nitrogen atmo-
spheres, using standard Schlenk-line techniques. Sol-
vents were purified and dried under standard methods
and were distilled under nitrogen immediately prior to
use. Deuterated benzene was dried under Na and dis-
tilled. All commercial reagents from Aldrich, Baker,
Merck and Strem were used without further
purification.

The 1H-, 13C- and 119Sn-NMR spectra were obtained
with Jeol 90, GSX-270, Eclipse-400 and Varian Unity-
300 spectrometers in CDCl3, C6D6 and THF-d8 solu-
tions. All chemical shifts are reported in ppm with
reference to TMS. IR spectra were recorded as films if
the sample was liquid at room temperature (r.t.), but
with potassium bromide pellets in the case of solids on
a Perkin–Elmer 6FPC-FT spectrophotometer. Mass
spectra were recorded on a Hewlett–Packard HP-5990A
spectrometer operating at 70 eV and HRMS were per-
formed at the University of Washington, St. Louis, MI,
USA. Analytical data were obtained from Robertson
Microlit Laboratories, Inc. in Madison, NJ, USA.
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All calculations were carried out on a Silicon Graph-
ics Octane Workstation (Dual MIPS RISC R10000
64-bit 195 MHz/1MB cache Processor, IRIX 6.4 oper-
ating system, 256 MB RAM, 4 GB Disk). The level of
theory and numerical accuracy attained for our full
geometry optimizations without any symmetry restric-
tions is at the Hartree–Fock HF/6-31G(d)//HF/STO-
3G level, including all optimized geometries,
wavefunctions and energies. For our calculations and
visualizations, we employed the SPARTAN version 5.1
software package [91].

4.1. General method of preparation of the imines 1–5

Preparations of imines 1–5 were carried out in essen-
tially the same way as described elsewhere. In a 500 ml
flask with a Dean–Stark trap, 0.5 mol of unsaturated
aldehyde and 0.5 mol of tert-butylamine were refluxed
in benzene (200 ml) with two drops of glacial acetic
acid, until 9 ml of water were distilled in the trap. Then,
180 ml of benzene was removed and the reaction mix-
ture washed with three portions of distilled water (20
ml). The organic fraction was dried over anhydrous
magnesium sulfate, filtered and distilled under reduced
pressure, obtaining the corresponding imines in yields
around 70–80%.

4.2. General method of preparation of the lithium
azapentadienide compounds 1 %–5 %

Freshly distilled imine (32 mmol) was added drop-
wise to a cold (−116°C, EtOH–liq. N2) freshly pre-
pared lithium di-iso-propyl amide (LDA) [Butyllithium
(32 mmol) in THF (40 ml) was added dropwise to a
cold (−116°C) solution of di-iso-propylamine freshly
distilled over solid KOH. The mixture was subsequently
allowed to warm to 25°C] (32 mmol) in hexane–THF
(1:2) (60 ml). The stirred mixture was subsequently
allowed to warm to r.t. overnight. The corresponding
lithium azapentadienyl solutions gave yellow solutions
for 1%, 2% and 5%, while a lemon-yellow color was ob-
served for 3% and an orange one for compound 4%.

4.3. General method of preparation of the
azapentadienyl deri6ati6es of Group 14: compounds
6–19, 20 % and 12 %–14 %

A general procedure for synthesis of complexes 6–19
and 20% was carried out as described:

To a stirred hexane–THF solution with the corre-
sponding lithium–azapentadienyl complexes 1%–5% (32
mmol) was added at −116°C the electrophile EClMe3

(E=Si, Ge, Sn) (33.6 mmol) in THF (5 ml). The
solution changed from orange or yellow to colorless at
the equivalence point. The solution was concentrated to
20 ml by evaporation, and pentane (40 ml) was added

to induce precipitation of the salt, which then was
removed by filtration. The pentane solution was dis-
tilled in vacuo (0.05–0.01 mmHg, 38–71°C, see Table
3) to give the corresponding azapentadienyl derivatives
of group 14: 6–19 and 20% in 52–87% yields. For
specific yields, elemental analysis or HRMS see Table 3.

5. Supplementary material

Mass spectral data for compounds 6–19 and 20% are
available from the authors.
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