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Abstract—Study of the potential energy surface for the reaction of isothiocyanates with α-lithiated allenes 
showed that the formation of 1,3,4-azatriene occurs in one step through a four-center transition state.  
[1,5]-Sigmatropic rearrangements of 1,3,4-azatrienes and electrocyclizations of the resulting conjugated  
1,3,5-azatriene systems lead to formation of dihydropyridine ring. Pyrrole structures are more likely to arise 
from protonation of 3-alkoxy-1,3,4-azatriene. 

* For communication IX, see [1]. 

Until recently, reactions of organolithium com-
pounds with isothiocyanates have been regarded 
mainly as a method for preparation of thioamides  
[2, 3], which has not received wide application for 
some reason [3]. As was shown for the first time in [4], 
analogous reactions of isothiocyanates with lithium 
derivatives of allenes and alkynes open almost 
unlimited prospects in the synthesis of previously 
unknown or difficultly accessible highly reactive con-
jugated heteropolyene systems like C=C=C–C=N 
(1,3,4-azatrienes) and C=C–C=C–N=C (1,3,5-azatri-
enes) and products of their intramolecular cyclization, 
e.g., pyrroles, dihydropyridines, quinolines, thio-
phenes, and other fundamental heterocyclic structures. 
Moreover, these reactions often provide the most 
efficient or the only method of synthesis of such com-
pounds. It was found [4] that the results of experiments 
performed under similar conditions strongly depend on 
the structure of substituents in both isothiocyanate and 
lithiated allene or alkyne. Some illustrative examples 
are given below. The reaction of γ-lithiated 3-methyl-
1,2-butadiene with methyl and ethyl isocyanates gives 
6-alkylsulfanyl-3,3-dimethyl-2,3-dihydropyridines  
[4, 5]; from isopropyl, cyclopentyl, and cyclohexyl iso-
thiocyanates, cyclobuta[1,2-b]pyrroles and pyridine- 

2(1H)-thione [4–6] are obtained; and the reaction with 
phenyl isothiocyanate yields 2-alkylsulfanyl-4-iso-
propylquinolines [4, 5, 7]. Analogous reactions of  
α-lithiated alkoxyallenes [e.g., methoxy-, tert-butoxy-, 
and 1-(1-ethoxyethoxy)allenes] with aliphatic isothio-
cyanates lead to formation of mixtures of the cor-
responding pyrroles and 2,3-dihydropyridines whose 
ratio is determined by the relative rates of two concur-
rent processes, intramolecular cyclization of interme-
diate 1,3,4-azatriene to pyrrole and [1,5]-sigmatropic 
rearrangement into 1,3,5-azatriene; electrocyclization 
of the latter gives rise to dihydropyridine; the rates of 
these processes depend in turn on the substituent at the 
nitrogen atom [4, 8–10]. Aromatic isothiocyanates 
react with α-lithiated alkoxyallenes to give mixtures  
of pyrroles and quinolines [4, 11]. The reactions of  
1-lithio-1-alkoxyallenes with methoxymethyl isothio-
cyanate afford exclusively 2,3-dihydropyridines which 
are readily converted into the corresponding pyridines 
via elimination of methanol [12]; cyclopropyl isothio-
cyanate with 1-lithio-1-alkoxyallenes forms pyrrole 
derivatives [4]. In addition, numerous examples of 
further transformations of 1,3,4-azatrienes as primary 
reaction products have been reported; their direction 
depends on the nature of substituents both at the 
nitrogen atom and in the allene fragment [4].  
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Naturally, the observed high sensitivity of this reac-
tion to stereoelectronic effects of the initial reactants, 
intermediates, and final products needs to be explained 
not only on a qualitative level. It requires quantitative 
estimation of possible reasons and reaction mecha-
nisms [4–12].  

In the present work we made the first attempt to 
analyze by quantum-chemical methods some opera-
tional mechanisms (which were mainly hypothetical  
in the earliest studies [8–13]) of the reaction of iso-
thiocyanates I with lithiated allenes II, both proved 
experimentally and still unconfirmed. In particular, we 
examined the potential energy surface for reactions of 
a series of isothiocyanates and lithiated allenes and 
determined kinetic and thermodynamic parameters of 
the addition. We also studied the conformational be-
havior and isomeric transformation of 1,3,4-azatriene 
as key intermediate and analyzed most probable ways 
of its intramolecular cyclization, both spontaneous and 
promoted by external factors. 

Nonempirical calculations were performed at the 
HF and B3LYP levels with the 6-31G** basis set 
using GAUSSIAN-98 software [14]. Full geometry 
optimization of molecular systems corresponding to 
transition structures (λ = 1, where λ is the number of 
negative Hessian eigenvalues in a given stationary 
point [15]) and energy minima (λ = 0) on the potential 
energy surface (PES) was conducted up to a value of 
10–5 a.u./bohr. While analyzing flat areas, the limiting 
gradient values were set at a level of 10–6

 a.u./bohr 
with account taken of configurational mobility of the 

R1, R2 = H, Alk, (CH2)n, n = 2–5; R3 = H, Alk, OAlk, SAlk; R4, R5 = H, Alk, (CH2)5; R
6 = Alk.  

Scheme 1. 

N C SR1R2CH + C C C
R4

R5

Li

R3

THF–hexane
–100 to –60°C C

C

C
R4R5

LiR3

N C SR1R2CH

I II PBC

N

LiS
C

R3

R4

R5

R1R2CH

N

R6S
C

R3

R4

R5

R1R2CH

R6I

–LiI

III IV

Intramolecular
rearrangements Conjugated azatrienes,

pyrroles, dihydropyridines, etc.

systems under study. The force constant matrix was 
calculated by a subprogram built in GAUSSIAN. 
Structures corresponding to energy minima on the PES 
were identified by the fastest descend technique while 
moving along the gradient line from a saddle point to 
the nearest critical point; a small initial shift along  
the transition vector was set, which allowed proper 
determination of the reaction path [15].  

However, before proceeding to discussion of the 
results, brief information should be given on the reac-
tion conditions (Scheme 1). Lithiation of allenes and 
alkynes, including those considered below, has been 
well documented [4, 16]. These reactions are usually 
carried out in a mixture of tetrahydrofuran (THF) with 
hexane using butyllithium as the most accessible 
deprotonating base. The reaction temperature and time 
are usually determined by the substrate structure. 
Deprotonation of unsubstituted allene is performed  
at –85 to –50°C; here, it should be kept in mind  
that at –10°C lithioallene IIa is converted into 1-lithio- 
1-propyne. Lithiation of alkoxyallenes [R3 = OMe, 
OCH(Me)OEt, R4 = R5 = H] readily occurs at –100 to 
–60°C in 5–10 min, yielding  α-lithiated intermediates 
IIb and IIc with high regioselectivity. 1-Lithio-1-
methylsulfanylallene (IId) is obtained by treatment of 
1-methylsulfanyl-1-propyne with butyllithium at –30 
to 0°C. Deprotonation of 2-butyne occurs at –30 to  
30°C (~15–30 min), formally yielding acetylene 
(MeC≡CCH2Li) and allene [H2C=C=C(Me)Li] inter-
mediates which react with electrophiles to give, de-
pending on the electrophile nature, allene or acetylene 
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intermediates or their mixture. Lithiated 2-butyne 
reacts with aliphatic isothiocyanates exclusively in the 
allene form (IIe) [4]. 

Isothiocyanates take up carbanions following ex-
clusively nucleophilic (carbophilic) mechanism [2, 4]. 
Unlike other thiocarbonyl compounds [17], formation 
of thiophilic addition products has not been observed 
so far. Lithiated allenes II react with aliphatic isothio-
cyanates with heat evolution at low temperature (–100 
to –60°C) and at a high rate to afford the corre-
sponding lithium imidothioates III in almost quantita-
tive yield. Alkylation of the latter with alkyl iodides  
or dialkyl sulfates gives 1,3,4-azatrienes IV which 
usually exist as mixtures of syn (Z) and anti (E) 
isomers with respect to the double C=N bond (accord-
ing to the NMR data) [4].  

N

R6S
C

R3

R1R2CH

syn-(Z)-IV

N

R6S

C

R3

R1R2CH

anti-(E)-IV

The mechanism of addition of lithiated allenes II  
to isothiocyanates I depends on the electron-donor 
properties of the solvent. Formalistically, the reaction 
can take purely ionic (two-step) or almost concerted 
(one-step) channel through four-center transition state 
like PBC (prereaction bimolecular complex; see 
Scheme 1). The latter is most likely to be formed in  
the gas phase or in weakly polar solvents such as 
THF–hexane system. The regioselectivity at the stage 
of intramolecular transformations of the kinetically 
controlled product, 1,3,4-azatriene IV, i.e., sigmatropic 
rearrangements and cyclization, is very sensitive to 
stereoelectronic parameters of its rotamers arising from 
restricted rotation about the C–C bond and differing  
by mutual orientation of the N=C and C=C=C 
fragments [4].  

gauche-IV

The calculations showed that the stereoelectronic 
structure of lithioallenes II is governed by the nature 
of the R3–R5 substituents. On the whole, intermediates 
II are pseudochelate structures like A–C including  
a three-membered lithium-containing ring (Fig. 1).  

R4

R5

R3

Li

A

R4

R5

XR

Li

B

R4

R5

Li

C

XR

If the R3–R5 substituents contain no heteroatoms 
and unsaturated fragments, the site of lithium coor-
dination is determined by spatial accessibility of the 
carbon center in the cumulene fragment, and the latter 
deviates from linearity within 15–20 deg. The order of 
the π-bond interacting with the lithium atom decreases, 
while the order of the neighboring double bond 
increases (Fig. 1, structure IIa, R3 = R4 = R5 = H). The 
MP2(FU)/6-31G* calculations performed in [18] 
showed an analogous structural reorganization of the 
allene fragment in going to deprotonated allene and 
then to lithioallene. If one of the substituents is linked 
to the allene fragment through a heteroatom (X = NR, 
O, S), acceptor power of the corresponding carbon 
center increases, and the lithium atom is displaced 
toward that center (structure B); In this case, structural 
reorganization of the allene fragment is similar to that 
occurring in intermediate A [Fig. 1, 1-lithio-1-methyl-
sulfanylallene (IId, R3 = SMe, R4 = R5 = H)]. Finally, 
when the substituent contains a heteroatom which is 
not attached directly to the allene fragment (structure 
like C) or two heteroatoms, one of which is not linked 
to the allene fragment, the degree of association of the 
lithium atom decreases giving rise to a pseudochelate 
ring [Fig. 1, 1-lithio-1-(1-ethoxyethoxy)allene (IIc),  
R3 = OCH(Me)OEt, R4 = R5 = H)]. In the latter case, 
distortion of the allene fragment is minimal. While 
studying reactions of lithium ion with alkyl-substituted 
ethenes in terms of the density functional theory  
(DFT, B3LYP/6-31G*), Froudakis and Stratakis [19] 
revealed preferential formation of chelate structures 
analogous to A–C. These data indicate that interaction 
of lithioallenes II with electron-acceptor solvate  
shell should not lead to substantial conformational 
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Fig. 1. Molecular structures and principal geometric parameters of initial compounds Ia, IIa, IIc, and IId, bimolecular complex  
PBC (a), product IIIa, and the corresponding transition state TS(a) according to the HF/6-31G** calculations. Here and in Figs. 2–4, 
bond lengths are given in Å, and bond angles, in deg. 
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reorganization up to formation of solvent-separated  
ion pair.  

The formation of a prereaction bimolecular com-
plex (PBC) between methyl isothiocyanate (Ia) and 
lithioallene (IIa) (Fig. 1, structure PBC, R1 = R2 =  
R3 = R4 = R5 = H) is characterized by a considerable 
gain in the total energy relative to the isolated 
molecules. The heat of complex formation with no 
zero-point vibration energy (ZPE) taken into account is 
55.2 (HF) and 98.9 kJ/mol (B3LYP). Introduction of 
corrections for ZPE slightly reduces these values, by 
3.1 and 2.9 kJ/mol, respectively. The structure of PBC 
is planar with respect to heavy atoms, the coordination 
number of the lithium atom increases, and the degree 
of its association also rises. According to the HF and 
B3LYP calculations, the heat of addition (i.e., of the  

Table 1. Total energies (Etot, a.u.),a relative energies (∆E, kJ/mol), numbers of negative Hessian eigenvalues (λ), zero-point 
harmonic vibration energies (ZPE, a.u.), imaginary (or least) harmonic frequencies [(iw/w1), cm–1], and electric dipole 
moments (µ, D) of structures Ia, IIa, IIc, and IId, bimolecular complexes PBC (a, c, d), products IIIa, IIIc, and IIId, and 
transition states TS (a, c, d), calculated by the HF/6-311G** and B3LYP/6-31G** (in parentheses) methods 

a 1 a.u. = 2622.9897 kJ/mol.  

Structure Etot ∆E λ ZPE iw/w1 µ 

Ia –529.43538 
(–530.95277) 

  0 
(0) 

0.05171 
(0.04779) 

107 
(148) 

5.21 
(4.29) 

IIa –122.72782 
(–123.58891) 

  0 
(0) 

0.04794 
(0.04541) 

201 
(255) 

3.78 
(3.41) 

PBC(a) –652.18424 
(–654.57937) 

069.6  
0 (57.4) 

0 
(0) 

0.10096 
(0.09431) 

023 
0 (31) 

5.85 
(3.89) 

TS(a) –652.15538 
(–654.55069) 

144.0 
(132.7) 

1 
(1) 

0.10146 
(0.09497) 

i367i 
(i412)i 

2.99 
(2.36) 

IIIa –652.21079 
(–654.60127) 

000.0 
00(0.0) 

0 
(0) 

0.10564 
(0.09789) 

041 
0 (55) 

8.47 
(7.53) 

IIc –428.58688 
(–431.28531) 

  0 
(0) 

0.18000 
(0.16786) 

038 
0 (43) 

7.62 
(6.78) 

PBC(c) –958.04923 
(–962.26102) 

137.2 
(117.8) 

0 
(0) 

0.19327 
(0.18713) 

040 
0 (51) 

3.11 
(2.86) 
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–958.01843 
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(1.84) 
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(–962.30593) 

000.0   
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0 
(0) 
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(0.18921) 

068 
0 (77) 

3.43 
(3.05) 

IId –559.28263 
(–561.10205) 

  0 
(0) 

0.08058 
(0.07560) 

089 
0 (91) 

5.60 
(5.08) 

PBC(d) –1088.74278 
(–1092.07989) 

103.1 
(102.4) 

0 
(0) 

0.13349 
(0.12480) 

017 
020 

3.99 
(3.29) 
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(–1092.05007) 

180.9 
(180.6) 
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IIId –1088.78209 
(–1092.11893) 

000.0 
00(0.0) 

0 
(0) 

0.13667 
(0.12692) 

025 
0 (34) 

7.78 
(7.16) 

transformation of PBC into adduct IIIa) is 69.6 and 
57.4 kJ/mol, respectively (Table 1, Fig. 1). Analysis of 
the PES shows that in the first stage the main com-
ponent of the reaction coordinate is the interatomic 
distance Li  · · ·  S=C; subsequently, this parameter 
becomes the distance Cthione · · · Callene. The reaction 
includes a single step: no stable intermediates were 
found along the gradient line connecting the stationary 
states PBC and IIIa. Transition state TS(a) is a four-
center structure which implies almost concerted 
mechanism of the addition. The energy of activation of 
this process is 74.4 (HF) and 75.3 kJ/mol (B3LYP). 
With account taken of ZPE, the difference in the 
thermodynamic stability decreases by 12.3 (HF) and 
9.4 kJ/mol (B3LYP), and the energy of activation 
insignificantly increases (by 1.3 and 1.7 kJ/mol, 
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respectively, for HF and B3LYP models; Table 1). 
Judging by the dipole moments of molecular systems 
corresponding to critical points on the PES (Table 1), 
transition from the gas phase to a polar solvent should 
be accompanied by additional stabilization of the prod-
ucts and some increase in the energy of activation for 
the transformation of PBC into adduct IIIa. 

On a qualitative level, the topology of the PES for 
the addition of methyl isothiocyanate (Ia) to α-lithiated 
1-(1-ethoxyethoxy)allene (IIc) and methylsulfanyl-
allene IId is analogous to that found for the trans-
formation of PBC into IIIa. The reactions occur in one 
step, and their transition states are four-center struc-
tures with a lesser degree of charge separation, as com-
pared to TS(a). The heats of the reactions PBC(c) → 
adduct IIIc [R3 = OCH(Me)OEt, R1 = R2 = R4 =  
R5 = H] and PBC(d) → IIId [R3 = SMe, R1 = R2 =  
R4 = R5 = H] increase and attain, respectively, 137.2 
and 103.1 kJ/mol (HF) and 117.8 and 102.4 kJ/mol 
(B3LYP). The energies of activation are less sensitive 
to the R3 substituent, and they approach those typical 
of the reaction PBC(a) → IIIa [78.2 and 77.8 kJ/mol 
(HF); 78.3 and 80.8 kJ/mol (B3LYP)]. Corrections for 
ZPE lead to qualitatively similar variations (Table 1). 

Like lithioallenes II, the conformational states of 
lithium imidothioate III are determined by the degree 
of competing coordination of the lithium atom at the 
cumulene fragment (D), lone electron pair on the 
nitrogen atom (E), and unsaturated fragments or 
heteroatoms in the R3 substituent (if they are present; 
structures F and G). As a rule, predominant coor-
dination of the lithium atom at the allene fragment (D) 
or nitrogen atom (E), stabilizes trans conformation  
of adduct III which is capable of retaining its 
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configuration after delithiation (alkylation). Favorable 
coordination of the lithium atom at the R3 substituent 
[R3 = XR (NR2, OR, SR); structures F and G] 
stabilizes mainly the cis conformer. The conformers 
are quite stable. The energy of activation for their 
interconversion exceeds 40 kJ/mol. Lithium imido-
thioate IIIc (Fig. 2), whose R3 substituent contains two 
heteroatoms [R3 = OCH(Me)OEt, R1 = R2 = R4 =  
R5 = H], gives rise to three deep stationary states  
IIIc'–IIIc''' differing by the mode of lithium coordina-
tion. The energies of activation for the transformations 
of IIIc'' into IIIc' (D → E) and of IIIc'' into IIIc'''  
(D → G) are, respectively, 44.4 and 87.6 kJ/mol (HF 
calculations). The thermodynamic stability of the 
stationary state increases as the degree of association 
of the lithium atom rises (Table 2). The most stable  
is structure IIIc''' due to formation of an additional 
coordination bond, despite negative dipole–dipole 
interactions (G, R1 = R2 = H). The difference in the 
thermodynamic stability of conformers IIIc' and 
IIIc'' (82.3 kJ/mol, Table 2), may be assumed to be  
the lower value of the coordination bond energy. After 
delithiation with methyl iodide, structures IIIc' and 
IIIc'' slide down to a single skewed trans-1,3,4-aza-
triene structure IVc', while IIIc''' is converted into 
skewed cis-1,3,4-azatriene IVc''. As a result, the rela-
tive stabilities are inversed so that the most stable is 
the least polar structure IVc' (Fig. 2, Table 2). Con-
formational states IVc' and IVc'' become less rigid, 
the energy of activation for their interconversion 
appreciably decreases (as compared to the correspond-
ing transformations in IIIc), and the energy of activa-
tion for the transformation cis-IVc'' → trans-IVc' is  
26.1 kJ/mol (HF) (Scheme 2).  

Presumably, the high rotational mobility of 1,3,4-
azatriene IVc is the main factor responsible for its 
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IIIc' 
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Fig. 2. Molecular structures of the most stable conformers of imidothioate IIIc and 1,3,4-azatriene IVc according to the HF/6-
311G** calculations; Q is the angle between the C=N bond and the plane formed by the bonds at the α-carbon atom of the allene 
fragment. 

facile intramolecular rearrangement with formation of 
a pyrrole ring (together with dihydropyridine) [4]. 
According to the calculations, rotation about the C–C 
bond in cis conformer IVc'', leading to enhanced 
interaction between π orbitals of the terminal carbon 
atom in the allene fragment and nitrogen atom (which 
results in formation of  σ-C–N bond), is characterized 
by a low activation barrier (107.4 kJ/mol, HF). 

Unlike 1-lithio-1-(1-ethoxyethoxy)allene (IIc) [4], 
reactions of lithiated 2-butyne (IIe) with aliphatic 
isothiocyanates yield exclusively 2,3-dihydropyridines 
[13]. No corresponding pyrrole derivatives were de-
tected among products of thermally induced reactions 
(Scheme 3). The calculations showed that 1,3,4-aza-
triene IVe formed by methylation of the 1-lithio-1-
methylallene adduct with ethyl isothiocyanate (IIIe) 

IIIc''' 

1.776 
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1.978 

Q = 39.4° 
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Scheme 3. 
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Structure Etot ∆E λ ZPE iw/w1 µ 

IIIc' –958.09193 025.2 0 0.23740 22 3.43 

IIIc'' –958.06055 107.5 0 0.23667 27 8.55 

IIIc''' –958.10154 000.0 0 0.23747 30 9.78 

IVc'-trans –990.18235 000.0 0 0.27624 19 1.78 

IVc'-cis –990.18000 006.2 0 0.27607 17 2.89 

IVe-cis –762.40939 173.0 0 0.20535 87 1.82 

IVe-trans –762.40418 186.7 0 0.20541 94 1.41 

IVe-gauche –762.41616 155.3 0 0.20523 19 1.49 

TS(e1) –762.34163 350.8 1 0.20980 i1854 1.60 

Ve –762.43495 106.0 0 0.20549 63 1.69 

TS(e2) –762.32684 389.6 1 0.21079 i1463 1.79 

VIe –762.47537 000.0 0 0.20546 36 1.64 

Vf' –1031.301480 103.8 0 0.34182 29 2.48 

Vf'' –1031.296410 117.1 0 0.34176 31 2.50 

TS(f1) –1031.234190 280.3 1 0.34701 i1276 4.11 

VIf –1031.341070 000.0 0 0.34599 43 2.44 

VIIf –1031.341010 000.1 0 0.34587 41 1.84 

TS(f2) –1031.247070 246.5 1 0.34571 i1164 4.67 

Table 2. Total energies (Etot, a.u.),a relative energies (∆E, kJ/mol), numbers of negative Hessian eigenvalues (λ), zero-point 
harmonic vibration energies (ZPE, a.u.), imaginary (or least) harmonic frequencies [(iw/w1), cm–1], and electric dipole 
moments (µ, D) of structures IIIc, IVc, IVe–VIe, and Vf–VIIf and transition states TS(e1), TS(e2), TS(f1), and TS(f2), 
calculated by the HF/6-311G** method 

(Fig. 3) can exist as cis and trans rotamers which 
reproduce the configuration of the lithiated analogs. 
The cis rotamer is more stable than the trans structure 
by 13.7 kJ/mol (Table 2). The depth of the potential 
minima corresponding to the above rotamers is very 
small. The barriers to their transitions into enantio-
meric plane-chiral gauche conformer IVe (Fig. 3) are 
6.2 and 4.3 kJ/mol (HF) for the cis and trans rotamers, 
respectively. As a result of rotational transition, the 
thermodynamic stability of the chiral product increases 

by 17.7 kJ/mol relative to the cis structure (HF). The 
allene fragment in the gauche conformer of 1,3,4-aza-
triene IVe becomes almost orthogonal to the imido-
thioate fragment N=C–S(Me) (Q = 95.2°).  

As shown in [13], 1,3,4-azatriene IVe is capable of 
undergoing thermally induced isomerization into stable 
1,3,5-azatriene Ve and then into 2,3-dihydropyridine 
VIe (Fig. 3). From the viewpoint of stereochemistry, 
1,5-hydride shift initiating the conversion of IVe into 
Ve is most favorable for the cis conformer of IVe. 
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Fig. 3. Molecular structures and principal geometric parameters of compounds IVe, Ve, and VIe and the corresponding transition 
states TS(e1) and TS(e2) according to the HF/6-31G** calculations. 
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However, the contribution of that sigmatropic rear-
rangement is insignificant because of the short lifetime 
of cis-IVe. Probably, the major initial state is gauche-
IVe; the heat of its transformation into isomer Ve is 
49.3 kJ/mol (Table 2). 

N

·
MeS

Me

Me

IVe

N

MeS

Me

Me

Ve

H

The structure of transition state TS(e1) arising upon 
moving along the gradient line connecting gauche-IVe 
and Ve suggests that structural reorganization accom-
panying the sigmatropic rearrangement includes mainly 
flattening of the molecular skeleton (Q = 8.7°) which 
tends to adopt cis configuration with bridging position 
of the migrating hydrogen (Fig. 3). The energy of 
activation for this transition is 195.5 kJ/mol (Table 2).  

Thermal cyclization of Ve into dihydropyridine VIe 
is more exothermic than the sigmatropic rearrangement 
of 1,3,4-azatriene IVe into 1,3,5-azatriene Ve. The 
gain in the thermodynamic stability of dihydropyridine 
VIe relative to 1,3,5-azatriene Ve is 106.0 kJ/mol 
(Table 2). However, the energy of activation for the 
cyclization process exceeds by a factor of almost 1.5 
that found for the isomerization of 1,3,4-azatriene  
IVe into 1,3,5-azatriene Ve and is 283.6 kJ/mol. The 
dynamics of structural reorganization during the con-
version of Ve into VIe includes initial rotation of the 
terminal vinyl fragment and the subsequent disrotatory 
cyclization at the unsaturated N=C bond. Introduction 
of corrections for ZPE (within 0.7 kJ/mol) does not 
affect the relative stabilities of IVe, Ve, and VIe. By 
contrast, corrections for ZPE strongly influence the 
kinetic parameters of the transitions IVe → Ve and  
Ve → VIe: The energies of transition states TS(e1) 
and TS(e2) are reduced by 12.0 and 13.9 kJ/mol, re-
spectively. In the course of intramolecular transforma-
tions, the polarity of molecular systems changes only 
slightly (∆µ < 0.4 D); therefore, variation of the 
solvent polarity could not lead to appreciable variation 
of the thermodynamic and kinetic parameters of the 
process.  

In order to estimate the probability for formation of 
five-membered heterocycles from 1,3,4-azatrienes and 
1,3,5-azatrienes, we performed quantum-chemical 
analysis of the potential energy surfaces for intramole-

cular rearrangemens of 1,3,4-azatriene IVe and 1,3,5-
azatriene Ve into pyrrole VIIe. Theoretically possible 
formation of a pyrrole ring, e.g., via 1,2-hydride shift 
in the cis isomer of 1,3,4-azatriene IVe, requires a con-
siderably higher energy as compared to the rear-
rangement into 1,3,5-azatriene Ve (437.1 kJ/mol, HF). 
This is confirmed experimentally: no formation of 
pyrroles in thermally induced transformations of 
1,3,4-azatrienes like IVe with various substituents on 
the nitrogen atom was observed so far [4]. According 
to the calculations, the rearrangement of 1,3,5-aza-
triene Ve into pyrrole VIIe, initiated by 1,6-hydride 
shift (Scheme 4), is characterized by a high activation 
barrier (394.6 kJ/mol, HF) due to unfavorable steric 
conditions, which is also consistent with the experi-
mental data [4].  

Scheme 4. 

C

Me
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MeS

Et
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C C

Me

N
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Et

H
H

N

Et

MeS

Me

VIIe

Apart from the reactions of isothiocyanates with  
1-lithio-1-(1-ethoxyethoxy)allene (IIc) [4], concurrent 
thermally induced intramolecular rearrangements of 
1,3,4-azatrienes IV were also observed in the reactions 
of lithiated methoxyallene IIb with alkyl and cyclo-
alkyl isothiocyanates [4, 8–10].  

In an early publication on the reaction of 1-lithio- 
1-methoxyallene (IIb) with methyl isothiocyanate, 
leading to a ~1 : 3 mixture of 2,3-dihydropyridine VIb 
and pyrrole VIIb, it was presumed that the formation 
of pyrrole ring involves protonated form of 1,3,4-aza-
triene IVb [8]. Here, the most favorable for cyclization 
is attack by proton on the π orbital localized on the  
Cβ–Cγ-centers, which activates p orbital on the  
γ-carbon atom and promotes its interaction with the 
nitrogen π orbital. The calculated energies of activation 
for the 1,5-H shift (IVb → Vb) and the subsequent 
electrocyclic rearrangement of 1,3,5-azatriene Vb  
into dihydropyridine VIb are 114.3 and 90.1 kJ/mol, 
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Scheme 5. 
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respectively, whereas the formation of pyrrole ring 
(VIIb) through protonated structures like J and K is 
characterized by an activation barrier of 44.9 kJ/mol 
(HF) (Scheme 5).  

N-Cyclohexyl-1-ethylsulfanyl-2-methoxy-2,3-buta-
dien-1-imine (IVf) obtained by reaction of 1-lithio-1-
methoxyallene (IIb) with cyclohexyl isothiocyanate, 
followed by alkylation of the adduct with ethyl iodide 
[9], behaves similarly to compound IVb. Thermally 
initiated transformation of azatriene IVf also yields  
a mixture of 2,3-dihydropyridine VIf and pyrrole VIIf 
but at a different ratio (~9 : 1) (Scheme 6).  

According to the calculations, the transformation of 
intermediate IVf into stable isomer Vf occurs  in one 

step via 1,5-hydrogen migration and flattening of the 
molecular skeleton. The process is analogous to the 
transformation of 1,3,4-azatriene IVe into 1,3,5-azatri-
ene Ve. Its energy of activation is lower, 141.9 kJ/mol 
(HF). Electrocyclic rearrangement of 1,3,5-azatriene 
Vf into dihydropyridine VIf can formally compete 
with the transformation into pyrrole VIIf (e.g., via  
1,6-hydride shift). The probability for the rearrange-
ments to occur in the first step is determined by 
favorableness of steric conditions for the most stable 
rotamers of compound Vf [9]. On the potential energy 
surface for rotational transformation we revealed two 
deepest minima corresponding to rotamers Vf' and 
Vf'', the latter being slightly more stable (Table 2,  
Fig. 4). The main stereoelectronic difference in these 
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Vf' TC(f1) 

VIIf 

Vf'' TC(f2) 

Vf 

Fig. 4. Molecular structures of 1,3,5-azatriene conformers Vf' and Vf'', intramolecular transformation products VIf and VIIf, and 
transition states TS(f1) and TS(f2).  
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states is mutual orientation of the π systems of the 
vinyl and imine fragment. In structure Vf', they are 
arranged sandwich-like with respect to the six-mem-
bered ring and are orthogonal, while their arrangement 
in Vf'' is closer to coplanar. 

N

Vf'

N

Vf''

There are now vast experimental data [4] indicating 
that precursors of pyrroles are 1,3,4-azatrienes IV. 
Nevertheless, we believed it necessary to perform 
quantitative estimation of two more possible channels 
for pyrrole ring formation (through 1,3,5-azatrienes 
V). One of these has already been considered above 
using N-ethylidene-2-methyl-1-methylsulfanyl-1,3-
butadien-1-amine (Ve) as an example. However, 
unlike azatriene Ve whose thermal cyclization yields 
exclusively the corresponding dihydropyridine, intra-
molecular transformations of azatriene IVf (apart from 
the isomerization into azatriene Vf) result in formation 
of a mixture of dihydropyridine VIf and pyrrole VIIf. 
Therefore, it was important to find out whether 
replacement of the methyl group in Ve by methoxy 
affects to an appreciable extent thermodynamic param-
eters of the transformation Vf → VIIf, making it 
energetically favorable or at least feasible. 

The calculations showed that the relative stabilities 
of dihydropyridine VIf and pyrrole VIIf are almost 
similar (Table 2). The cyclization of 1,3,5-azatriene 
Vf'' to dihydropyridine VIf is by 13.4 kJ/mol more 
exothermic than the transformation of azatriene Vf' 
into VIIf; the calculated heat of the former reaction is 
117.1 kJ/mol (HF). The rearrangement of conformer 
Vf' into pyrrole VIIf, initiated by 1,6-hydride shift 
(Fig. 4), can occur as follows. The β-vinyl proton 
reacts with the carbon π orbital in the six-membered 
ring; the p orbital thus released interacts with the 
antibonding π orbital on the nitrogen atom, giving  
rise to σ bond between the β-vinyl carbon atom and 
nitrogen. The vinyl π orbital and lone electron pair on 
the nitrogen atom are not involved in the rear-
rangement. The energy of activation of this process is 
176.5 kJ/mol (HF) (Table 2), i.e., it is more than twice 
as low as the barrier to the transformation of 1,3,5-aza-
triene Ve into pyrrole VIIe (394.6 kJ/mol, HF).  

The electrocyclic rearrangement Vf'' → VIf (see 
Table 2 and Fig. 4) requires a lower activation energy 
(129.4 kJ/mol, HF). Introduction of corrections for 
ZPE almost does not affect the relative thermodynamic 
stability of the initial compounds and products, while 
the energy of activation decreases by 10–13 kJ/mol. 
Thus, despite more favorable relation between the 
thermodynamic parameters for the reaction Vf' → 
VIIf, as compared to Vf'' → VIf, and greater popula-
tion of rotamer Vf', as compared to Vf'', the reaction 
equilibrium is displaced toward dihydropyridine VIf 
due to more favorable kinetic parameters of the rear-
rangement Vf'' → VIf. 1,3,5-Azatriene Vf does not 
give rise to stable rotamers like Vf'; presumably, this is 
the reason why no pyrrole products are formed in the 
thermally induced reaction [11].  

In going to protic solvents, the activation barrier  
to the cyclization of 1,3,5-azatriene Vf' into pyrrole 
VIIf, promoted by external proton-donor species, may 
be reduced as a result of concerted intermolecular 
proton transfer. Analysis of the model reaction Vf' → 
VIIf with participation of water as mediator gives  
a lower energy of activation by a factor of about 1.5 
(132.1 kJ/mol, HF), and this rearrangement becomes 
equally probable to the rearrangement Vf'' → VIf. 

VIIf

Structure I is an unstable intermediate which under-
goes cyclization to pyrrole structure with an activation 
energy of less than 4 kJ/mol. However, no experi-
mental proofs for such a facile transformation of  
1,3,5-azatriene Vf' into pyrrole VIIf have been 
obtained so far. The above considered channel of 
intramolecular rearrangement (with compound IVb as  
an example), leading to pyrrole ring closure via pro-
tonation of the β-carbon atom in the allene fragment of 
IV seems to be even more preferred. However, it was 
not confirmed experimentally as well. The energy of 
activation for the formation of pyrrole ring from 
protonated form of IVf is 67.2 kJ/mol (HF). The 
probability for formation of protonated species in 
media containing active hydroxonium ions depends on 
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the substituent in the allene fragment. The presence of 
a heteroatom directly attached to the α- or γ-carbon 
center enhances the affinity of the β-carbon atom for 
proton and hence increases the probability for its 
protonation. Presumably, just that factor is responsible 
for the formation of pyrroles together with dihydro-
pyridines in reactions of lithiated alkoxyallenes with 
isothiocyanates [8].  

Thus, 1,3,4-azatrienes IV formed by addition of 
lithiated allenes to isothiocyanates are transformed into 
more stable 1,3,5-azatriene isomers V which undergo 
ring closure to give mainly dihydropyridines. Provided 
that there are conditions for formation of protonated 
1,3,4-azatriene, concurrent cyclization to pyrrole 
derivatives becomes possible.  

This study was performed under financial support 
by the Russian Foundation for Basic Research (project 
no. 01-03-32 698 a). 
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