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Abstract—The addition of tolane to an intermolecular Dötz reaction has a profound effect upon the product distribution of the reac-
tion such that cyclopentannulation becomes a major pathway rather than benzannulation. In addition the incorporation of an elec-
tron-rich acetylene into the cyclopentannulated product proceeds in a contra-steric fashion, a set of results which has been
rationalised in terms of the reversible formation of intermediate p-complexes at the branch point of the benzannulation sequence.
� 2006 Elsevier Ltd. All rights reserved.
In a recent letter,1 we reported an approach to the syn-
thesis of aflatoxin B2 based upon a Dötz benzannulation
reaction.2 In this initial study, we observed that mild
thermolysis of carbene complex 1 in the presence of
the oxygenated acetylene 2 (2.0 equiv) took place in
refluxing THF affording the benzannulated product 3
in 31% yield after chromatography. Minor by-products
of this reaction included the cyclopentenones 4 (ca.
1%) and 5 (<1%), although the alternate benzannulation
product 6 was not observed. The silane 3 was subse-
quently converted to 7, a key intermediate in the synthe-
sis of aflatoxin B2, via a regioselective 1,3-silatropic
rearrangement, Scheme 1.

Whilst cyclopentenone byproducts have been observed3

previously during the Dötz benzannulation reactions of
alkoxycarbene complexes, their occurrence during the
benzannulation reactions of simple vinyl carbene com-
plexes are uncommon4 and less frequently a complica-
tion than in the case of the Dötz reactions of aryl
carbene complexes. The isolation of 5, via a formal
reductive carbonylation of acetylene 2 is, to our knowl-
edge, without precedent during the course a Dötz reac-
tion.5 In addition the regiochemical outcome of the
cyclopentannulation reaction is opposite to that
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expected from earlier studies which have been rationa-
lised in terms of steric effects.2c

As a continuation of this work we wished to develop a
convergent route to the synthesis of aflatoxin B2 based
upon a tandem Dötz benzannulation–cyclisation sequence
which required optimisation of the key Dötz reaction.

In an effort to map out the generality, if any, of the Dötz
reactions of 1 we briefly investigated its reactions with
simple acetylenes. Hence, exposure of 1 to phenyl acetyl-
ene (2.5 equiv; THF, 66 �C; 16 h) afforded the phenol 8
in moderate overall yield (38%) after column chroma-
tography.6 More interestingly reaction of 1 with the
malonate derivative 9 (2.5 equiv; THF, 66 �C; 16 h) fol-
lowed by the addition of DBU (5 equiv; THF; 30 min;
20 �C) led directly to the d-lactone 10, as a 1:1 mixture
of diastereoisomers, in 32% overall yield, and serves as
a useful model reaction for the installation of the A–D
rings of aflatoxin B2. The benzannulation chemistry of
the methoxy carbene complex 11 mirrors, to a large ex-
tent, the reactivity of 1. Hence mild thermolysis of 11 in
THF in the presence of either 2 or phenyl acetylene
affords the benzannulated products 12 and 13 in 26%
and 29% yields, respectively.7 On this occasion the ester
14, the formal oxidation product of 11 was also isolated
(16% yield) which we presume arose from oxidation of
unreacted carbene complex during work-up. Most sig-
nificantly, substitution of phenyl acetylene by tolane in
this particular reaction resulted in a dramatic increase
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Scheme 1. Dötz benzannulation approach to aflatoxin B2.1.
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in reaction efficiency and afforded the phenol 15 in 90%
yield after chromatography, Scheme 2. This result sug-
gests that tolane is a particularly good substrate in these
benzannulation reactions and is an observation which
was to gain greater significance in subsequent studies.

As we were initially interested in the reaction between
carbene complex 1 and the alkyne 2, optimisation of this
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Scheme 2. Reagents and conditions: (i) PhCCH (2.5 equiv); THF;
66 �C; (ii) a. 9 (2.5 equiv); THF; 66 �C; b. DBU (5 equiv); THF; 20 �C;
(iii) PhCCH (2 equiv); THF; 66 �C; (iv) Tolane (2 equiv); THF; 66 �C;
(v) 2 (2.5 equiv); THF; 66 �C.
reaction became our prime concern. Curiously, and in
contrast to the usual positive dependence of benzannu-
lated product upon alkyne concentration8 (the so-called
‘Allochemical Effect’), we noted that in this particular
case, increasing the concentration of the alkyne 2 with
respect to 1 (ratio of 1:2 increased from 1:2.5 to 1:4;
[1] = 0.06 mol dm�3), in THF as solvent, led to a dimi-
nution in yield of the phenol 3 together with a concom-
itant increase in the formation of cyclopentenone 4.
Changing the solvent from THF (3:4 = 15:1) to the less
basic ethyl acetate (ratio of 1:2 = 1:4) resulted in a high-
er overall conversion (48%), an outcome which can lar-
gely be attributed to the increased amount of
cyclopentenone 4 now formed during the reaction
(3:4 = 2:1).9 The use of higher boiling, non-polar sol-
vents (e.g., toluene) not unsurprisingly led to the direct
formation10 of the silyl ether 6 (28%) together with an
enhanced yield of the cyclopentenone 4 (18%). The yield
of the cyclopentenone 5 was uniformly low (up to a 4%
maximum) in all of these reactions, Table 1.

The use of dry state adsorption techniques11 (DSA) can,
in certain cases, have a beneficial effect on the efficiency
of Dötz reactions and we wondered what effect these
conditions would have in this particular context. Unfor-
tunately adopting Kerr’s technique to the reaction be-
tween 1 and 2 resulted in a lowering of the overall yield
of the reaction although, once again, the relative propor-
tion of cyclopentannulated products compared to benz-
annulated products again increased (6:[4+5] = 3:5). As
in the case of toluene as solvent, in situ rearrangement
of the initial benzannulation product 3 to the silyl ether
6 was again observed under DSA conditions.

Whilst we were encouraged by the result of the tandem
Dötz-cyclisation reaction leading from 1 to 10 it ap-
peared that the benzannulation reactions of 1 and 11
with electron-rich or terminal acetylenes proceeded in
only moderate yields. The results from the DSA reac-



Table 1. Benzannulation reactions of carbene complexes 1 and 11a

Solvent Carbene;alkyne ([alkyne]:[carbene]) Temperature (�C) Product (%)

THF 1; 2 (2.5) 66 3 (31)
4 (ca. 1)

THF 1; 2 (4) 66 3 (14)
4 (3)

EtOAc 1; 2 (4) 80 3 (32)
4 (16)

Toluene 1;2 (4) 110 6 (28)
4 (18)

DSA (silica gel) 1; 2 (4) 100 6 (12)
4 (15)
5 (4)

THF 1; Phenylacetylene (2.5) 66 8 (38)b

THF 1; 9 (2.5) 66 10 (32)b

THF 11; 2 (2.5) 66 12 (26)b

THF 11; Phenylacetylene (2) 66 13 (29)
14 (16)

THF 11; Tolane (2) 66 15 (90)
THF 1; Tolane (5); 2 (2) 66 15 (44)

3 (<1)
4 (15)

a All reactions were conducted under anaerobic conditions. Reagents and solvents were degassed prior to thermolysis. The concentration of 1 was
kept to 0.06–0.07 mol dm�3 (where appropriate).

b The remainder of the mass balance proved to be intractable.
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tions in particular suggested to us that the stabilisation
of coordinately unsaturated species, formed during the
initial phases of the reaction sequence, may well be
important if higher yields of benzannulated products
were to be obtained. We decided to test this hypothesis
by adding tolane to a reaction mixture comprising of 1
and 2 (1:2 = 1:2) prior to thermolysis in THF. This
notion is based on the precedent cited by Finn12 who
reported that the efficiency of intramolecular Dötz
benzannulation reactions can be increased merely by
the addition of tolane. In the case of Finn’s study, incor-
poration of tolane into the product was not observed as
its presumed role was that of a labile ligand which could
temporarily stabilise potentially reactive, coordinately
unsaturated, intermediates (the ‘Xenochemical Effect’).

To our knowledge the efficacy of the xenochemical effect
in intermolecular Dötz reactions has not been evaluated,
hence the motivation behind this investigation. The
results from our initial study were surprising: mild
thermolysis of carbene 1 (0.07 mol dm�3 in THF;
66 �C) in the presence of tolane (5 equiv) and the alkyne
2 (2 equiv) afforded the benzannulated product 16 (44%)
and the cyclopentenone 4 (15%) after column chroma-
tography, Scheme 3. Significantly we were unable to de-
tect the presence of the desired benzannulation product
3 in the 1H NMR spectrum of the crude reaction
mixture. This result is intriguing given that:

(i) the benzannulation reaction between alkyne 2 and 1
(vide supra) affords 3 as the major product (2:1
>30:1) under comparable conditions, and

(ii) the benzannulated product 15 is isolated in very high
yields from the reaction of 11 with tolane alone.

Any explanation of these results also has to take into
account the abnormal regiochemical course observed
in the incorporation of alkyne 2 into cyclopentenone 4.
Whilst there is still much discussion13 concerning the
precise mechanistic detail of the Dötz reaction it is gen-
erally accepted that the isolation of the products of
benzannulation (route A) and cyclopentannulation
(route B) stems from a common intermediate 19a where
the rate determining step in the overall sequence is loss
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of a CO ligand from the initial chromium pentacarbonyl
complex 1 to the 16e species 17.14

It has been argued15 that regiochemical issue arising
from the benzannulation and cyclopentannulation path-
ways is controlled during the initial formation of the
g1,g3-vinyl complex 19a where the more sterically
demanding residue (RL) is incorporated proximal to
the metal fragment, Scheme 4. In our reactions in which
no additional alkyne, other than 2, was added to the
reaction mixture it should be noted therefore that whilst
the regiochemistry of incorporation of the alkyne 2 into
the benzannulated product 3 is in accord with this steric
argument, its incorporation into the cyclopentannulated
product 4 proceeds in the regio-reversed sense. If 19a
were to be a common intermediate for the formation
of both the benzannulated and cyclopentannulated
products it follows that formation of the regioisomeric
cyclopentenone 20 rather than 4 would be expected.
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As far as we can tell, cyclopentenone 416 appears to be
the major product of the cyclopentannulation pathway
which is therefore at odds with the currently accepted
rationalisation for the regiochemistry cyclopentenone
formation.17a If 19a were to serve as the branch point
in the formation of both 3 and 4 then 19a would be re-
quired to be in equilibrium with the isomeric complex
19b, Scheme 5. Furthermore in order to explain the
product distribution in the absence of added tolane,
benzannulation of 19a and cyclopentannulation of 19b
would be required to be more favourable than benzann-
ulation of 19b and cyclopentannulation of 19a.

This situation is further complicated by the addition of
tolane whose presence wholly suppresses the benzannul-
ation route of alkyne 2 leading to 3 whilst the cyclo-
pentannulation route to 4 is still accessible, that is, in
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disfavoured. Whilst there is some evidence17c to suggest
that the interconversion of g1,g3-vinyl complexes such as
19a,b is possible we would like to put forward an alter-
nate explanation for our results which also has relevance
to a number of related observations in the literature.

We posit that the initial reaction pathway is as originally
proposed by Dötz. In the case where only alkyne 2 is
present (rate limiting?) loss of carbon monoxide from
1, generating the 16e complex 17 followed by co-ordina-
tion with added alkyne 2 affords the p-complex 18.18 At
this stage we suggest that two different pathways could
be followed. Rearrangement of 18 to the g1,g3-vinyl
complex 19a (pathway A) would ultimately afford the
benzannulated product 3. However interception of the
p-complex 18 via nucleophilic attack by an electron-rich
alkyne at the carbene carbon could divert the reaction
pathway to the cyclopentannulation route (i.e., leading
ultimately to 4) as depicted below, Scheme 6. The regio-
chemical outcome observed for pathway B, Scheme 6, is
governed by the polarisation of the carbene/alkyne part-
ners. In those cases where no other alkyne besides 1 is
added, generation of the p-complex 18 would then lead
to the formation of the benzannulated product 3 or the
cyclopentenone 4, respectively. In the case where a mix-
ture of alkynes is present in the reaction mixture (e.g.,
tolane and 2) the fact that little, or none, of the alternate
benzannulation products 3 or 6 are produced may sug-
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gest that the equilibrium between the two p-complexes
18 and 21, is in favour of 21. Partitioning of 21 would
therefore lead to the benzannulated product 16 (Dötz
process) or the cyclopentenone 4. The ratio of products
16:4 observed from this reaction will therefore be depen-
dent both upon the rates of formation of the two possi-
ble p-complexes 18 and 21 and their subsequent
intramolecular rearrangement (Dötz) or intermolecular
capture (cyclopentannulation) by 2.

In support of this hypothesis we note that alkynyl thio-
ethers also undergo cyclopentenone formation19 with
the same regiochemistry as found in this study where
again it appears that simple steric arguments again do
not pertain. Similar electronic effects may also be used
to explain the ‘contrasteric’ outcome observed in the
reactions of alkynylstannanes/boranes20 in the Dötz
benzannulation reaction. Here we muse whether the well
known21 electronic effect on the tin residue (i.e., stabili-
sation of a b-carbocation) has a controlling influence on
the regiochemical outcome of these particular reactions.
In addition it is known that Fischer carbene complexes
react with carbon nucleophiles such as enolate anions,22

enamines23 and acetylide anions24 at the electron defi-
cient carbene carbon and it is not unreasonable there-
fore that, in certain cases, attempted benzannulation/
cyclopentannulation reactions may be forced down this
pathway using electron-rich alkynes.

In conclusion, we suggest that the branch point for the
benzannulation/cyclopentannulation of electron-rich
alkynes in the Dötz reaction may, in certain cases, be
at the p-complex stage 18 prior to rearrangement to
the g1,g3-vinyl complex 19a (Scheme 6). The result of
an intermolecular competition experiment raises the
possibility that the addition of alkynes25 to the reaction
mixture may divert the pathway of the Dötz/cyclopent-
annulation process, the controlling element being the
relative affinity of the individual alkynes for the unsatu-
rated metal centre. Synthetic applications and mechanis-
tic aspects of this effect are currently in progress.
Acknowledgements

We thank Sanofi-Aventis and the EPSRC for support of
this work.
References and notes

1. Eastham, S. A.; Ingham, S. P.; Hallett, M. R.; Herbert, J.;
Quayle, P.; Raftery, J. Tetrahedron Lett. 2006, 47, 2299–
2304.
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