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Uncharacteristic thione behavior in a Huisgen
cycloaddition reaction: a kinetic and theoretical study
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Abstract—In the reaction of phthalazinium-2-dicyanomethanide with adamantanethione the rare ring system [1,3]thiazolo[2,3-
a]phthalazine was obtained. An X-ray crystal structure of the product shows regioselectivity with the thione carbon bonded to
the dicyanomethanide terminus of the 1,3-dipole. UV kinetic measurements and DFT calculations showed that the rate of cycload-
dition of adamantanethione was significantly slower than that of DMAD and no super-dipolarophile character was exhibited. This
arose from exceptional lowering of the HOMO energy of the 1,3-dipole by the cyano substituents.
� 2007 Elsevier Ltd. All rights reserved.
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Scheme 1. Regiochemistry of addition for thione dipolarophiles.
There has been wide interest in the 1,3-dipolar cycload-
dition reactions of thione dipolarophiles. The C@S dou-
ble bond displays an unusually high reactivity with a
number of 1,3-dipoles and because of this thiones have
been classed as super-dipolarophiles.1,2

For nitrone 1,3-dipoles 1 the nucleophilic oxygen termi-
nus of the dipole invariably bonds to the thione carbon
atom as in 3. With diazomethanes as 1,3-dipoles, mix-
tures of regioisomers are formed and the balance of
these may vary with solvent polarity.3,4 Adamantanethi-
one also reacts with CH2N2 to give an intermediate
1,3,4-thiadiazoline with the diazomethane CH2 bonded
to the sulfur.4b

The most famous reaction of methanide 1,3-dipoles with
thiones is the Schönberg reaction between thiobenzo-
phenone and diazomethane. In this reaction, the
CH2

� terminus of diazomethane bonds to the S atom
of thiobenzophenone in a cycloaddition giving a 1,3,4-
thiadiazoline intermediate, which eliminates N2 to give
thiobenzophenone-S-methanide 1,3-dipole 2. This in
turn undergoes a cycloaddition with thiobenzophenone
in which the CH2

� terminus again bonds to the S-atom
giving the product 4 (Scheme 1).5,6 Adamantanethione
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also reacts with phenyl azide to give an intermediate 2-
phenyl-spiro-adamantyl-1,2,3,4-thiatriazoline, with the
phenyl-bearing nitrogen atom bonded to the sulfur.7

We have found that the cycloaddition reaction of the
short lived phthalazinium-2-methanide 1,3-dipole (7 H
for CN) with a number of thione dipolarophiles includ-
ing 5 and 68 showed the expected reactivity with high
yields of cycloadducts obtained. For sterically unhin-
dered thiones the regiochemistry was similar to the
Schönberg reaction and the methanide carbon bonded
to the thione sulfur atom. However with adamantane-
thione as dipolarophile the regiochemistry was reversed
and the methanide carbon bonded to the thione carbon
atom. The regioselectivity was also reversed for ada-
mantanethione in cycloadditions of thione dipolaro-
philes with acyclic azomethine ylide 1,3-dipoles.9

Herein, we report that changing the methanide terminus
of the dipole to a dicyanomethanide causes a remark-
able change of reactivity. We have recently estab-
lished10,11 from an extensive kinetic study that the
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Figure 1. Thione dipolarophiles.
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phthalazinium dicyanomethanide 1,3-dipole 7 is a Sust-
mann Type II species, and it can react through either
HOMOdipole or LUMOdipole mode depending on the
electronic nature and frontier orbitals of the
dipolarophile.

The only reported reaction of 1,3-dipole 7 with hetero-
dipolarophiles was that of Regitz et al.12 for the reaction
with phosphaalkynes. This led us to examine the
cycloaddition reaction of this 1,3-dipole with thione
heterodipolarophiles. When the phthalazinium-2-dicy-
anomethanide 1,3-dipole 7, synthesized according to lit-
erature procedures,8 was treated with thiobenzophenone
5 or adamantanethione 613 (Fig. 1), using equimolar
amounts of the dipolarophile in acetonitrile no reaction
was observed. The amount of the thione was increased
to two equivalents and a number of solvents were
screened.14 The adamantanethione dipolarophile 6 was
found to react but the aromatic thione 5 did not react
(Table 1).
Table 1. 1,3-Dipolar cycloaddition reaction of phthalazinium-2-dicy-
anomethanide 7 with adamantanethione 6 at ambient temperature

N
N

CN

CN

N
N

S
CN

CNS
Solvent, 12h

7 86

1 2

6

10b

H

Entry Solvent ET (30) kcal mol�1 Time (h) Yield (%)

1 MeCN 46.0a 48 <1
2 H2O 63.1 48 <1
3 Acetone 42.2 24 46
4 THF 37.4 24 54
5 1,4-Dioxane 36.0 12 86

a ET (30) values taken from Ref. 15.

Table 2. Rate constants for reaction of 7 with various dipolarophiles in 1,4-

Entry Dipolarophile k2/10�3 a (dm3 mol�1 s�1)

1 DMAD 2530
2 N-Phenylmaleimide 948
3 N-t-Butylmaleimide 406
4 Adamantanethione 340
5 Methyl vinyl ketone 222
6 Methyl methacrylate 13.8
7 n-Butyl vinyl ether 5.6
8 2,3-Dihydrofuran 2.06
9 1-Morpholinocyclohexene 33.0

a For kinetic measurements see Ref. 23.
b Ionization potential (IP) calculated for the p-HOMO energies.
c With the methanide dipole (7, H for CN) Ea = 8.43 (Ref. 28).
d Me for Bu in calculations.
In acetonitrile, the common solvent for this 1,3-dipole,
no reaction was observed after 48 h (Table 1, entry 1).
We have found that many 1,3-dipolar cycloaddition
reactions of 1,3-dipole 7 can be carried out in water16,17

but no reaction was observed with dipolarophile 6 (Ta-
ble 1, entry 2). On changing the solvent to acetone a rea-
sonable yield of 46% was obtained (Table 1, entry 3).
The cyclic ethers THF and 1,4-dioxane gave the highest
yields, and in 1,4-dioxane an 86% yield was achieved
after 12 h (Table 1, entry 5) with thione 6 but no reac-
tion was observed with thione 5.

The structure of the cycloadduct 8 was established by a
single crystal X-ray structure.18–21 The crystals were
grown from chloroform to afford the product as off-
white crystals (Fig. 2). The X-ray crystal structure shows
regiochemistry with the carbon of the thione attached to
the methanide C(CN)2 terminus of the 1,3-dipole. This
regiochemistry parallels that observed with nitrone 1
(also a Sustmann Type II 1,3-dipole). The fused thiaz-
olo[2,3-a]phthalazine ring system is not well known
and we have found just a single report of a derivative
of this ring system.22

We have examined the kinetics of phthalazinium-2-
dicyanomethanide 1,3-dipole 7 with a wide range of
dipolarophiles.11,16,17 These previous kinetic studies
measured the rate of the disappearance of the 1,3-dipole
7 over time by UV–vis spectrophotometry using pseudo
first-order kinetics in acetonitrile.23 In order to compare
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Figure 2. X-ray crystal structure of cycloadduct 8.

dioxane at 37 �C, k2/10�3 dm3 mol�1 s�1

IPb (eV) Ea (DFT) Relative k2 (to DMAD)

8.762 53.8 1
8.504 — 0.37
8.283 — 0.16
7.647 65.2c 0.13
7.603 — 0.08
7.217 60.6 0.005
5.853 68.2d 0.002
5.546 69.8 0.0008
5.159 — 0.013
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the rate of adamantanethione 6 to other alkene and
alkyne dipolarophiles, the rates were measured in
1,4-dioxane, Table 2.

The most striking result from the kinetic experiments is
that the rate of reaction of adamantanethione 6 was
slower than DMAD by about a factor of seven unlike
its super-reactivity with other 1,3-dipoles where the rates
are much faster. Thus for reactions of 1,3-dipole 1, in
toluene at 25 �C, the ratio kadamantanethione/kDMAD was
15003 and the rate ratio for dipole 2 with thiobenzophe-
none and DMAD, in THF at �45 �C, was 3500.24 In the
reaction with dipole 7, adamantanethione 6 as a dipol-
arophile is similar to the electron poor N-t-butylmale-
imide dipolarophile (Table 2, entry 3). Hence the
special characteristics of the C@S bond, such as low p
bond energy,25 high polarizibility,26 and low HOMO–
LUMO distance27 does not always guarantee superdi-
polarophile behavior. Steric effects which might disrupt
the pre-transition state orientation complexes,27 would
not explain the curtailment of reactivity with 1,3-dipole
7 since the best reactions were obtained with the most
sterically hindered thione 6. The results also run counter
to solvent polarity ET values (Table 1) and the change
from a concerted to a stepwise process is unlikely. For
nitrones a strong HOMOnitrone–LUMOthione interaction
was the principal reason for high thione reactivity.27

A plot of experimental rates versus DFT28 calculated
ionization potentials (Table 2, Fig. 3) representing the
HOMO energies clearly places adamantanethione 6 on
the right-hand limb of the Sustmann curve and the reac-
tion is still under HOMOdipole control. Hence a change
of mechanism to orbital inverse electron demand is
not the reason for the loss of super-reactive character
in the reactions of thiones with substrate 7. DFT calcu-
lated transition states confirm this and display Ea values
lower by 15 kJ mol�1 for HOMOdipole transition states
leading to product 8 rather than the reversed regiochem-
istry. However the calculated activation energy for the
formation of 8 (Ea, 65.2 kJ mol�1) is particularly high
and significantly higher than for DMAD (Ea,
53.8 kJ mol�1). The calculated Ea values agree well with
the experimental rate ratio kadamantanethione/kDMAD, 0.13.
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Figure 3. Experimental rates for various dipolarophiles in 1,4-dioxane
at 37 �C versus DFT calculated ionization potentials.
The calculated Ea value for the comparable cycloaddi-
tion of phthalazinium methanide (7, H for CN) with thi-
one 6 was particularly low at 8.43 kJ mol�1 in agreement
with the superdipolarophile character of compound 6 in
that reaction. The DFT calculations further confirm the
unexpected loss of superdipolarophile behavior for thi-
ones in cycloaddition reactions with the 1,3-dipole 7.
This arises particularly because the HOMO of 1,3-dipole
7 is extensively delocalised through the CN groups so
that its energy is now the second highest MO below
the cyano orbitals thereby increasing Ea for the
cycloaddition.

In conclusion, changing the terminus of an azinium
unsubstitued methanide 1,3-dipole to a dicyanometha-
nide dramatically reduced the reactivity of thione
dipolarophiles.
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99.59(1)�. Reflections were collected on an Enraf-Nonius
CAD4F four circle diffractometer, using graphite mono-
chromated Mo-Ka radiation, k = 0.71069 Å. The crite-
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