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We have recently become interested in controlling the
regioselectivity of biradical cyclizations as a function of
substituents. As a result, the novel thermal biradical C2 ± C6

cyclization[1] of enyne-allenes 2 b!3 b was established when
aryl substituents (R�Ph) are attached at the alkyne terminus.
This cyclization behavior contrasts the regiochemistry of the
well-known Myers ± Saito (C2 ± C7) cycloaromatization[2]

2 a!1 a (Scheme 1). The biradical intermediate 3b has several

Scheme 1. Biradical intermediates of the thermal C2 ± C7 (1) and C2 ± C6

cyclization (3) of 2.

optionsÐdepending on R' and R''Ðfor efficient intramolec-
ular follow-up reactions (to formal [4�2][3] and [2�2] cyclo-
adducts[4] and ene products[5]), which makes it a versatile
intermediate for the construction of various ring systems.[6]

A similar switch in the regioselectivity of biradical cycliza-
tions has been demonstrated with heteroanalogous enyne-
allenes, such as enyne-ketenes[7] and enyne-ketenimines
2 c,d,[8] that undergo C2 ± C7 and C2 ± C6 cyclizations as a
function of substituents at the alkyne terminus. Herein, we
report that theoretical and experimental evidence points to
the occurrence of equivalent biradical cyclizations in enyne-
carbodiimides 2 e, f, which makes them versatile precursors to
interesting heterocyclic systems.

To study the influence of substituents at the alkyne
terminus on the cyclization behavior of the enyne-carbodi-

imides we have carried out quantum-chemical calculations. A
correct description of biradical intermediates needs a multi-
reference approach.[9] However, because the biradical nature
of the wavefunction develops only beyond the transition state
(TS)Ðthat is, in the density functional theory (DFT) calcu-
lations [S2]� 0 was found for all TSsÐthe influence of
substituents on the activation energy (DE=) of both processes
can be obtained from DFT calculations.[1b] Consequently,
activation energies were determined with the density func-
tional approach in combination with a 6-31G* AO basis set,
while a multireference configuration interaction (MR-CI)
approach was used for the computation of the reaction
energies (DEr).[10, 11]

The theoretical results summarized in Table 1 suggestÐas
for enyne-allenes[1b] and enyne-ketenimines[8]Ða switch in the

regioselectivity of the enyne-carbodiimide cyclization as a
function of group R at the alkyne terminus. For R�R'�H
our calculations predict an activation barrier (DE=) of
31 kcal molÿ1 for the C2 ± C7 cyclization of 2 e to 1 e, which is
much lower than that for the C2 ± C6 cyclization to 3 e (DE=�
39 kcal molÿ1). However, if R�H is replaced by R�Ph (R'�
H) the activation barrier is increased to 37 kcal molÿ1 for the
C2 ± C7 cyclization 2 f!1 f, whereas it is decisively lowered for
the C2 ± C6 cyclization of 2 f to 3 f (DE=� 32 kcal molÿ1).
As such the calculations propose that the reaction switch is
even more pronounced than with the corresponding enyne-
allenes.[1b]

However, the MR-CI calculations indicate that both
biradical cyclizations of enyne-carbodiimides are strongly
endothermic (Table 1), which is in contrast to the situation
with enyne-allenes[1b] and enyne-ketenimines.[8] Since both
intermediates 1 e, f and 3 e, f constitute (s,p)-biradical inter-
mediates such as 1 a ± d and 3 a ± d, the reason for the
difference in reaction energies is not yet clear. Hence, from
the above calculations it is not obvious whether the cyclization
will be operating under kinetic control despite the fast follow-
up reactions of 1 e, f and 3 e, f (k> 106 sÿ1).[12]
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Table 1. Summary of the calculated data. While the energies of the
reactants are given in Hartree, the energies computed for the other
structures are presented relative to that of the reactants in kcal molÿ1. The
energies of the TSs are in boldface. Distances R are given in �.

Substituent e : R�H f : R�Ph

reactant 2 (R'�H)[a,b] ÿ 455.976797 ÿ 687.047232
reactant 2 (R'�H)[a,c] ÿ 454.538468 ±

C2 ± C7 cyclization
RC2±C7� 2.0[b] 26 30
RC2±C7� 1.8[b] 31 37
RC2±C7� 1.66[b] 26 32
RC2±C7� 1.43 (1, R'�H)[c,d] 24 22[e]

C2 ± C6 cyclization
RC2±C6� 2.0[b] 28 25
RC2±C6� 1.8[b] 39 32
RC2±C6� 1.68[b] 36 31
RC2±C6� 1.53 (3, R'�H)[c,d] 33 22[e]

[a] RC2±C7� 3.41 �, RC2±C6� 2.97 �. [b] DFT(B3LYP) in combination with a
6-31G* basis set. [c] MR-CI�Q in combination with a double zeta
polarization (DZP) basis set. [d] Biradical intermediate. [e] Refer-
ence [11].
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To probe the reaction switch experimentally enyne-carbo-
diimides 6 a ± c were prepared from 4 a,b via thioureas 5 a ±
c[13] by a procedure described by Fell and Coppola[14]

(Scheme 2). Compounds 6 a ± c, which were fully character-
ized by standard spectroscopic means, constitute the first
isolated members of this new class of heteroanalogues of
enyne-allenes.[15]

Scheme 2. Synthesis of enyne-carbodiimides 6a ± c. a) 5 a :
R2NCS, EtOH, RT, 6 d, 35 8C, 10 min; 5 b : DMAP, acetone,
50 8C, 4.5 d; 5 c : acetone, reflux, 16 h; b) CH3SO2Cl, DMAP,
NEt3, CH2Cl2, 0 8C, 5 min.

The thermal behavior of 6 a,b was investigated
with differential scanning calorimetry (DSC). The
enyne-carbodiimides exhibited an overall exothermic
reaction, with the heat evolvement starting at 97 8C
(6 a) and 166 8C (6 b). Thermolysis of 6 (in toluene at
reflux temperature) and 6 b (in mesitylene at reflux
temperature) led to the formation of the 6H-indo-
lo[2,3-b]quinolines 9 a and 9 b in 78 and 71 % yield,
respectively (Scheme 3). Hence, the thermal reaction
of 6 a, b proceeds analogously to the cyclization of phenyl- or
trimethylsilyl-substituted enyne-allenes,[4a, 6b, 12a] and it is
tempting to rationalize the formation of 9 a and 9 b by an
initial biradical cyclization via 7 a, b followed by intramolec-
ular cyclization to 8 a, b and subsequent tautomerization.

Scheme 3. Synthesis of 6H-indolo[2,3-b]quinolines 9a, b. a) 9a : 1,4-cyclo-
hexadiene, toluene, reflux, 6 h; 9 b : 1,4-cyclohexadiene, mesitylene, reflux,
18 h.

Nevertheless, formation of 9 cannot be regarded as a rigorous
proof for the occurrence of a biradical cyclization via 7, since it
could have been formed in a concerted Diels ± Alder reaction
6!8.[15, 16]

To rigorously test for a biradical intermediate the phenyl
ring at the carbodiimide terminus in 6 a was replaced by a 2,6-
dimethylphenyl group, because it is well established that in
concerted Diels ± Alder reactions ortho-alkyl substituents are
prohibitive owing to steric hindrance.[15b, 17] Despite the
presence of the ortho-methylated phenyl group the thermal
reaction of 6 c afforded as the only product the 6H-indolo[2,3-
b]quinoline 9 c (81%) at only slightly higher temperature
(DSC: 118 8C for 6 c) than for the cyclization of 6 a (DSC:
97 8C). Certainly, such a behavior is in compliance with a rate-
determining biradical cyclization to intermediate 7 c
(Scheme 4), but not with a concerted Diels ± Alder cyclo-
addition. Just as 7 a, b, biradical 7 c closes to the formal
Diels ± Alder cycloadduct 8 c, which subsequently looses a
methyl group after protonation at the nitrogen atom in a SN2-
type reaction.[8]

After we had established a C2 ± C6 biradical cyclization in
enyne-carbodiimides 6 a ± c, we synthesized 6 d with a hydro-
gen atom at the alkyne terminus to experimentally check for
the predicted C2 ± C7 biradical cyclization 2 e!1 e. Compound
6 d was prepared along the same route as 6 a ± c via the
corresponding thiourea and fully characterized. Thermolysis
of 6 d in toluene (1,4-cyclohexadiene as hydrogen donor) at
90 ± 100 8C (DSC: 90 8C) afforded 11 in 52 % yield (Scheme 5),

Scheme 5. C2 ± C7 cycloaromatization of enyne-carbodiimide 6 d. a) 1,4-
cyclohexadiene, toluene, 90 ± 100 8C, 20 h.

Scheme 4. Thermolysis of enyne-carbodiimide 6 c. a) 1,4-cyclohexadiene, toluene,
reflux, 2 h.
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Synthesis of Hyperbranched
Aminopolysaccharides
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Hideyuki Tagaya, and Koji Chiba

Dendritic polymers such as dendrimers and hyperbranched
polymers have a highly branched backbone and exhibit very
different properties compared to their linear analogues.
Dendrimers, which have a perfect branched and exact
monodisperse structure, are prepared by either divergent or
convergent methods.[1] However, their preparation normally

but no C2 ± C6 cyclization product (detection limit 5%). The 2-
aminoquinoline 11 is clearly derived from biradical 10
through hydrogen abstraction, which is indicative of a novel
C2 ± C7 biradical cyclization in enyne-carbodiimides.

In conclusion, we have provided theoretical and exper-
imental evidence for two novel biradical cyclizations triggered
thermally from enyne-carbodiimides. The C2 ± C6 cyclization
pathway via an azafulvene amine biradical is operative with
aryl and trimethylsilyl groups at the alkyne terminus, and
opens the way to a convenient synthesis of substituted 6H-
indolo[2,3-b]quinolines with interesting pharmacological ac-
tivity.[18] Conversely, the presence of a hydrogen atom at the
alkyne terminus leads to the C2 ± C7 cyclization. The fact that a
clean switch between C2 ± C6 and C2 ± C7 cyclizations can now
be effected in enyne-allenes, enyne-ketenes, enyne-keteni-
mines, and enyne-carbodiimides points to a rather general,
hitherto little known motif to control the regioselectivity of
biradical cyclizations.
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