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N,N,N -Trimethylallylthiourea promotes the intermolecular Pauson–Khand reaction with alkynes in the
presence of Co2(CO)8 and moderate pressure of CO followed by thiourea elimination allowing the forma-
tion of methylenecyclopentenone derivatives.

� 2010 Published by Elsevier Ltd.
Substituted cyclopentenones are an important class of physio-
logically and biologically active compounds1 and versatile inter-
mediates for the synthesis of a range of target molecules.2 On the
other hand, the 4-methylenecyclopentenone unit, apart from being
present in natural compounds such as prostaglandins and antibiot-
ics Methylenomycin A and B,3 provides opportunity for further
functionalization by epoxidation4 and nucleophilic additions.5 This
unit has been synthesized mainly by flash vacuum pyrolysis of spi-
rocyclopentenones6 and sulfoxides7 and by ruthenium- and rho-
dium-mediated cyclization.8 The Pauson–Khand reaction (PKR) is
a very appealing methodology for the construction of substituted
cyclopentenones in a convergent manner.9 However, while consid-
erable progress has been achieved recently for the stoichiometric
and catalytic PKR with enynes as substrates10 and also stoichiom-
etric intermolecular versions,10,11 the successful examples of cata-
lytic intermolecular PKR have been limited to the utilization of
strained (reactive) alkenes such as norbornene, norbornadiene,
and allene12 or to the use of high pressure and supercritical ethyl-
ene intermolecular Pauson–Khand reaction.13 So far, to the best of
our knowledge, only a few exceptions have been reported. These
are directed PKR when dimethyl(2-pyridyl)silyl- and dimethyl
(2-pyrimidyl)silyl-groups are successfully applied as new remov-
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able directing groups in catalytic intermolecular PKR that greatly
enhanced the coordinating aptitude of the alkene counterpart to
the catalyst;14 novel zirconia-silica mesoporous powders catalyzed
intermolecular PKR where cyclohexene was used as alkene,
although quite high pressure of CO should be applied (30 bar)15

and; Rh(I)-catalyzed reductive cyclocarbonylation of internal
alkynes to generate highly substituted cyclopentenones.16 The
intramolecular PKR is an efficient methodology for the synthesis
of bicyclic 5-allkylidenecyclopentenones from allenes while the
intermolecular version provides mainly the 4-alkylidenecyclo-
pentenones.17

A directing group provides a powerful strategy for enhancing
the efficiency in PKR. In 1988, Krafft et al. elegantly disclosed that
a coordinating heteroatom such as sulfur or nitrogen tethered to an
alkene counterpart enormously enhanced the regioselectivity and
efficiency of the Co2(CO)8-mediated stoichiometric intermolecular
PKR.18 Later Yoshida and co-workers applied successfully the
directing group strategy in Ru-catalyzed intramolecular PKR.14 Re-
cently, discoveries of significantly elevated catalysis of PKR with
Co2(CO)8 in excess of tetramethylthiourea19 strongly suggested
that it may be possible to perform intermolecular Co-catalyzed
PKR directed by thiourea group with allylthioureas. We describe
herein a study on the intramolecular Pauson–Khand reaction
(PKR) promoted by the N,N,N0-trimethylthiourea attached to the
olefinic unit that allows the straightforward synthesis of a-methyl-
enecyclopentenone motif.
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Table 1
Stoichiometric intermolecular Pauson–Khand reaction of allylthiourea 1a and alkynes

R

Co2(CO)8 (1.1 eq)

PhMe, 70 ºC,

(1.2 eq)

O
R

N

S

N

3

N
S

N

1 X = H

2 X = Me

X

X

Entry R–C„C–H (equiv) t (h) 3b (%)

1 C6H13–C„CH (a) (1.2) 8 48
2 C4H9–C„CH (b) (1.2) 8 3c

3 C5H11–C„CH (c) (1.2) 2.5 30
4 C8H17–C„CH (d) (1.2) 6 28

a No reaction was observed for substrate 2.
b Compounds isolated by preparative TLC and purity confirmed by NMR, IR, and

mass spectroscopy.
c Partial evaporation of volatile 1-hexyne (bp 71 �C) may have occurred under the

reaction conditions (argon atmosphere).
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However, our initial attempts to perform the catalytic PKR at
70 �C, using the N,N,N0-trimethylallylthiourea 1, under atmosphere
of carbon monoxide were not successful. However, stoichiometric
reaction of 1 and various alkynes provided thioureas 3 in moderate
to low yields as the only isolated isomer (Table 1). On the other
hand, the dimethylallylthiourea 2 did not undergo the PKR under
different experimental conditions. Gratifyingly, further reaction
studies at elevated temperature provided not only catalytic reac-
tion but also thiourea group elimination (TE) and formation of
Table 2
Catalytic intermolecular Pauson–Khand reaction of allylthiourea 1 and 1-octyne

C6H13

N

+

Co2(CO)8 (0.1 eq)

PhMe, 110 ºC, Additive
(2-30 bar) CO

S

N

O
C6H13

3a
1

6a

C6

C6H13(a)

Entry 1-Octyne (equiv) Additive (equiv)

1 1.2 None
2 5.0 None
3 1.2 Me2NCSNMe2 (1.0 equiv)
4 1.2 (nBu3Sn)2 (1.5 equiv)
5 1.2 (nBu3Sn)2 (1.5 equiv)
6 1.2 4a (0.15 equiv)
7 1.2 5 (0.25 equiv)
8 1.2 None
9 1.2 None

10 1.2 None
11 1.2 None
12 1.2 Me2NCSNMe2 (1.0 equiv)

a Compounds isolated by preparative TLC and purity confirmed by NMR, IR, and mass
b Recovered 1; * a mixture of cyclotrimerization product 6a (12%) and dimerization p

detected frequently on TLC, but not isolated.
c The sample of compound 4a was impure with some (n-Bu3Sn)2.
d The yield determined after subtraction of initial value of added 4a.
e Some thiourea product 3a (6%) was also isolated.
f Unreacted alkyne-Co2(CO)6 complex was isolated.
g Dirty reaction.
h The reaction was run under argon.
methylenecyclopentenone 4a as the product of tandem PKR+TE
process. In respect to CO pressure and reaction time applied, some
thiourea 3a, octyne cyclotrimerization product 6a, and dimeriza-
tion products 7a were also formed (Table 2).

We tried to improve the yield of 4a in tandem PKR+TE by explo-
ration of a range of some additives. A selection of additives is
shown in Table 220 but most of them failed to make any effect at
all. Only the N,N,N0,N0-tetramethylthiourea (TMTU) slightly im-
proved the yield to 39% (entry 3). We assume that radical mecha-
nism may be involved in the TE step. In order to prove this,
(nBu3Sn)2 was tested as additive, providing significant decrease
in reaction yield and reaction rate (entries 4 and 5). The combined
results suggest that mechanism of thiourea elimination could be
more complicated than simple acid-base-assisted elimination as
there is (a) no conversion for the thiourea 3a in toluene at 110 �C
to 4a in the absence of additives; (b) partial elimination is observed
in the presence of BF3�Et2O (1 equiv); and (c) complete conversion
to 4a occurred in the presence of DBU (1 equiv, 16 h) or Co2(CO)8

(1 equiv, 6 h).21 To exclude the possibility of the carbonyl group
exclusive formation from cobalt-bounded CO we performed the
reaction identical to entry 3 under argon instead of CO atmosphere
(entry 12). In this case 4a was isolated in only 6% yield and 57% of
the starting material was recovered. High discrepancy in PKR prod-
uct yield between entries 12 and 3 appoints clearly that carbon
monoxide atmosphere is fundamental for better performance of
reaction and that most of CO units incorporated into product in
the presence of CO atmosphere are from carbon monoxide origin.

When octyne was added in high excess (entry 2) the effect on
the product was detrimental, but the increase in the recovery of
starting material 1 was substantial. When N,N,N0-trimethylthiou-
O
C6H13

4a

+ HN NMe2

S

5

+
N

S

N

+

H13

C6H13

C6H13

C6H13

+

CH2

C6H13

C6H13

7a

CO (bar) t (h) 4aa (%) 1a,b (%)

2 6 30* 26
2 6 18 82
2 15 39 54
2 15 <3c 76
2 72 7 22
2 22 2d 44
2 22 18 40
3 6 30 48
4 6 21e 36
8 17 4f 80
30 15 4f,g 70
Noneh 15 6 57

spectroscopy.
roduct 7a (32%) was also isolated and characterized by NMR—in other cases it was
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Scheme 1.
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rea 5 was used as the additive the yield of product 4a was dimin-
ished (entry 7). However, the most unusual behavior was recorded
when product 4a itself was present as the additive from the begin-
ning of the reaction (entry 6): the reaction practically did not pro-
gress at all and the starting material was significantly consumed.
At the end we explored the behavior of the system at elevated
pressure of CO. Although the product yield remained the same at
3 bar the starting material was preserved from decomposition
(entry 8). Higher CO pressure was detrimental (entries 9–11).
The elimination process was slowed down and thiourea 3a was
isolated even after a prolonged period of time.

We suspected that perhaps product 4a reactivity toward cobalt
catalyst (entry 6) assisted by thiourea 5 (entry 7) plays a crucial
role for the catalyst inactivation making impossible further
improvement of the PKR+TE process. And this secondary process
seems to be related directly to the formation of undesired cyclotri-
merization product 6a and alkyne dimerization products 7a.
Attempt of stoichiometric reaction with thiourea elimination at
110 �C provided only 7% yield of PKR product 4a with the forma-
tion of the new compound of suggested structure 8a.22 Compound
8a was isolated as a brown oil and its synthesis optimized to 22%
when the reaction was performed in the presence of additional
1.1 equiv of N,N,N0-trimethylthiourea (Scheme 1).
Table 3
Catalytic Intermolecular Pauson–Khand reaction of allylthiourea 1 and alkynes

R

N

+

Co2(CO)8 (0.1 eq)

TMTU (1.0 eq)
PhMe, 110 ºC,

 CO (3 bar)

S

N

O
R

4

+ HN NMe2

S

5

+

O
R

N

S

N

3

1

+

6

R

R
R

R

R

+

CH2

R

R

7

Entry R–C„C–H (equiv) t (h) 3 (%) 4a (%) 6 + 7c (%) 1d (%)

1 C6H13–C„CH (a) (1.2) 15 0b 39e (85) 12 + 32 54
2 C4H9–C„CH (b) (2.4) 19 0b 0b (0) f 60
3 C4H9–C„CH (b) (1.2) 24 0b 27 (90) 70
4 C5H11–C„CH (c) (1.2) 24 0b 21 (47) f 56
5 C8H17–C„CH (d) (1.2) 22 0b 17 (31) 5 + 7 46
6 Ph–C„CH (e) (1.2) 24 3 (9) 13 (43) 45 + 0 70
7 Ph–C„CH (e) (1.2) 48 2 (5) 13 (30) 57

a Compounds isolated by preparative TLC and its purity confirmed by NMR, IR,
and mass spectroscopy; yield in brackets based on recovery of 1; TON = 3.9 for
entry 1.

b Not detected by TLC.
c Unpolar fraction.
d Recovered 1.
e Reaction reproduced up to six times using 0.3–0.6 mmol of 1.
f Observed the presence of product of cyclotrimerization by mass spectroscopy

from complicated mixture of inseparable highly unpolar products.
Due to the high interest for the synthesis of molecules con-
taining the a-methylenecyclopentenone motif, the novelty of
our approach prompted us to test the optimized reaction condi-
tions on other alkynes (Table 3).23 Other terminal alkynes gener-
ally behave similar to 1-octyne in PKR+TE tandem reaction versus
cyclotrimerization/dimerization (compare Table 3 and Table 2).
However, sometimes few peculiarities were seen: reaction with
1-hexyne was extremely sensitive to alkyne quantity (Table 3,
entry 2 vs 3), and in the case of phenylacetylene, traces of thio-
urea 3e were not transformed into 4e even after 48 h (entries 6
and 7).

In summary we described herein a novel stoichiometric
Pauson–Khand (PKR) and a tandem catalytic intermolecular PKR
and concomitant thiourea group elimination (TE) of N,N,N0-trim-
ethylallylthiourea 1. Although the chemical yield of this reaction
was very moderate (up to 48% for stoichiometric reaction and
13–39% for catalytic reaction), the resulting methylenecyclopente-
nones were formed as a sole regioisomer in one-step reaction from
two very simple molecules: terminal alkynes and allylthiourea.
Additionally, unreacted starting material was also recovered in
high yield.
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