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ABSTRACT

Stoichiometric and catalytic intermolecular Pauson-Khand reactions (PKRs) of dissymmetric fluorinated alkynes were performed, affording
regioselectively r-fluorinated cyclopentenones. Ethyl 4,4,4-trifluorobutynoate was an excellent substrate; its reaction with norbornadiene gave
the corresponding PKR adduct in good yield and complete regioselectivity. Conjugate addition of nitroalkanes or cyanide to this adduct is
stereospecific and entails concomitant loss of a trifluoromethyl group. This reaction can be exploited to prepare cyclopentenones featuring
quaternary centers.

The Pauson-Khand reaction (PKR) has become one of the
preeminent transformations for synthesizing cyclic and
polycyclic targets with five-membered rings,1,2 as it enables
rapid access to valuable functionalized intermediates for
diverse chemistries. Furthermore, the recent development of

catalytic3 and enantioselective4 methodologies for intermo-
lecular PKRs has facilitated preparation of enantiomerically
enriched cyclopentenones.2,5 Whereas the intermolecular
reaction of terminal alkynes to give R-substituted cyclopen-
tenones6 is always regioselective, the less frequently used
internal alkynes can afford two regioisomers. Although the
PKR can sometimes be highly regioselective,5a the regio-
chemistry is influenced by steric and electronic effects and† Universitat de Barcelona.
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may be difficult to predict.7 In general, the bulkiest sub-
stituent on the alkyne tends to end up R to the carbonyl
group. Among sterically similar substituents on the alkyne,
the more strongly electron-withdrawing group tends to end
up at the � position6d (Scheme 1).

Fluorinated substrates are very rarely used in PKRs. Indeed,
only a few examples of intramolecular PKR of fluorinated
enynes have been described.8,9 Moreover, to the best of our
knowledge, there are no reports on intermolecular PKR of
fluorinated substrates. Considering the importance of fluori-
nated compounds,10 we sought to explore intermolecular
PKRs of fluorinated alkynes and investigate how these
strongly electron-withdrawing groups affect regioselectivity.

We chose several terminal or internal alkynes (1-4) contain-
ing fluorine atoms at the propargylic position (Figure 1).

The amides 1-3 were easily prepared from the readily
available bromodifluoroacetylenes 5.11 The Grignard derivative
of the corresponding acetylenes were treated in Barbier-type
conditions with ethyl chloroformate to give the esters 6.
Amination using sodium hydride in THF or AlMe3 in CH2Cl2
provided amides 1-3 in good yields (69-85%) (Scheme 2).11

Ethyl 4,4,4-trifluorobutynoate (4), although commercially avail-

able, was prepared from trifluoroacetic anhydride by the highly
convenient Hamper’s procedure.12

Stoichiometric PKRs of the terminal alkyne 1 and of the
internal alkynes 2 and 3 were first studied. The alkynes were
treated with dicobalt octacarbonyl in toluene at room temper-
ature to cleanly form the corresponding hexacarbonyl cobalt
complexes (monitored by TLC). Once the complexes had been
formed, norbornadiene (10 equiv) was added, and the solution
was heated at 70 °C until the starting cobalt complexes
disappeared by TLC. The adducts 7-9 (derived from 1-3,
respectively) were obtained in moderate yields with complete
regioselectivity (7 and 8, as racemates; and 9, as a 1:1 mixture
of diastereoisomers) (Table 1). Most surprisingly, in all cases,
the fluorinated moiety was located at the R-position of the
enone. Contrary to our expectations, the bulky phenyl group
was � to the carbonyl and the EWG R. The regiochemistry of
adducts 7-9 was unambiguously established by NMR on the
basis of the coupling between the carbon and fluorine atoms.
Furthermore, the calculated chemical shifts of the olefinic
carbons fit particularly well with the recorded values. Lastly,
these results were confirmed by X-ray crystallography of
compound 8 (Figure 2).

The stoichiometric PKR of ethyl 4,4,4-trifluorobutynoate (4)12

under the standard conditions afforded the cyclopentenone 10
in excellent yield (Table 1). Purification of the intermediate
cobalt hexacarbonyl complex (11) did not improve the yield.
The structure of the major isomer was carefully analyzed by
NMR: again, the trifluoromethyl group was found to be at the
R position of the enone. For the sake of comparison, ethyl
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Scheme 1. Regioselectivity of the Pauson-Khand Reactiona

a EWG: electron-withdrawing group. EDG: electron-donating group.

Figure 1. Four R-fluorinated alkynes studied.

Scheme 2. Preparation of the Fluorinated Alkynes 1-3a

a Method A: NaH/R2NH2/THF/-50 °C/1-3 h. Method B: AlMe3/
R2NH2/CH2Cl2/0 °C/2-4 h (ref 11).
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2-butynoate, the nonfluorinated analogue of 4, was also tested.
As described,13 it gave regioisomer with the methyl group in
the R position (analogous to 10) in 91% yield.6a,13 The fact
that the same regioselectivity was observed for two electroni-
cally divergent compounds suggests that the strongly electron-
withdrawing trifluoromethyl group slightly influences the
regiochemistry of the reaction.

To confirm the surprising regiochemistry of adduct 10, and
to explore its synthetic potential, we attempted several conju-
gated additions of diverse nucleophiles to this compound
beginning with lithium dialkylcuprates. Somewhat surprisingly,
all attempts led to rapid decomposition of the products. A
literature survey revealed that R-trifluoromethyl lithium enolates
decompose easily by lithium fluoride elimination.14 Seeking to
avoid using lithium, we then tried conjugate addition of 10 to
Grignard reagents, catalyzed by different sources of copper (CuI,
CuCN, and CuBr), and to diethylzinc catalyzed by nickel(II).
Unfortunately, these efforts also failed. Copper-catalyzed ad-
dition of trimethylaluminum gave the expected product as a
mixture of diastereomers; however, the product was unstable
and could not be fully characterized. However, heating enone
10 in nitromethane solution with a base (DBU or TBAF) gave
a clean reaction (Table 2).

The unexpected main product, 12a, resulted from 1,4-
addition of nitromethane with concomitant loss of the
trifluoromethyl group. The structure of 12a was confirmed
by X-ray diffraction, enabling unambiguous assignment of
the regiochemistry of the PKR adduct 10 (see Figure 3). The

same reaction (conjugate addition and loss of the trifluoro-
methyl group) also occurred when nitroethane or cyanide
was used as nucleophile (see table 2). The yields improved
when 1 equiv of base was used and, in the case of DBU, by
addition of a small amount of water. The reaction was
monitored by 19F NMR, and a signal corresponding to HF-
DBU was observed. A conceivable mechanism for the loss
of the CF3 group consistent with all these facts is shown in
Scheme 3; after the conjugate addition, elimination of
fluoride similar to the one proposed by Mikami14 would give
a difluoro enone. Conjugate addition of water (or ni-
tromethane) to this enone followed by retro-aldol reaction
(or retro-Michael) would afford the cyclopentanone 12a.

To explore the synthetic potential of this unexpected
reaction in the preparation of cyclopentenones with a
quaternary center in C4, compound 12a was subjected to
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Table 1. Intermolecular Pauson-Khand Reaction of the
Fluorinated Alkynes 1-4

Figure 2. X-ray structure of compound 8.

Table 2. Conjugate Additions to the PKR Adduct 10

reagent
base (equiv),

temp (°C), time (h) R yield (%)

MeNO2
a TBAFb (0.4), 80, 15 CH2NO2 12a 65

MeNO2
a TBAFb (1), 90, 3 CH2NO2 12a 99

MeNO2
a DBU (0.2), 80, 18 CH2NO2 12a 36

MeNO2
a DBU (1)c, 90, 1.5 CH2NO2 12a 56

EtNO2
a TBAFd (0.4), 65, 1.5 CH(CH3)NO2 12b 57

KCNe 90, 1.5 CN 12c 50
a Used as a solvent. b Trihydrated salt. c Water (16 equiv) was added.

d 1 M solution in THF. e In actonitrile as solvent.

Figure 3. X-ray structure of compound 12a.
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Grieco’s retro-Diels-Alder conditions,15 affording cyclo-
pentenone 13a in 60% yield (Scheme 4).

Having explored the reactivity and the regioselectivity of
the stoichiometric reaction, we turned our attention to the
catalytic PKR of the alkyne 4 and norbornadiene. The
reaction was done using 10 mol % of the cobalt-alkyne
complex 11 formed in situ,and the reaction was run under
CO (2 bar). In this case, cyclopentenone 10 was obtained in
a moderate yield of 57%: the product was accompanied with
substantial amounts of endo isomer, which had to be
separated out by chromatography. To minimize the amount
of the undesired endo isomer, another reaction was run using
the less reactive triphenylphosphine dicobaltpentacarbonyl
complex 14 as catalyst. This gave diastereomerically pure
10 in a noteworthy 73% yield (Scheme 5).

The reactivity of alkyne 4 was also tested with a less
reactive olefin: cyclopentene. Reaction of the intermediate

cobalt complex 11 with cyclopentene at 70 °C for 24 h gave
the expected cyclopentenone 15 in 36% yield (Scheme 6).

Given the (well-known) poor reactivity of cyclopentene in
PKRs,6a this yield is actually rather good.

In summary, PKRs of fluorinated alkynes under standard
thermal conditions provided moderate to good yields of the
desired cyclopentenones. Our most striking result was that
the intermolecular version of the PKR is highly regioselec-
tive: in all the desired cyclopentenones formed, the fluori-
nated group was R to the enone. This is somewhat surprising,
since for alkynes with sterically similar functional groups,
the major regioisomer of the product usually has the EWG
at the � position. Since the regioselectivity of the intermo-
lecular PKR stems from a delicate balance between steric
and electronic factors, our results indicate that the fluorine
substituent’s electronic effect is either much weaker than
expected or is overridden by its steric hindrance. Therefore,
a detailed theoretical study is clearly warranted to explain
the regioselectivity of the PKR of fluorinated internal
alkynes. We are planning to undertake such a study and will
report on it in due course.

We also found that the PK adduct of ethyl 4,4,4-
trifluorobutynoate and norbornadiene 10 can be prepared in
good yield and with complete regioselectivity by either the
stoichiometric or the catalytic version of this chemistry.
Conjugate addition of nitroalkanes or cyanide to this adduct
entails concomitant loss of the trifluoromethyl group. This
reaction can be harnessed to prepare cyclopentenones having
quaternary centers.

We are continuing to explore the vast synthetic potential
of fluorinated alkynes as regioselective directors in inter-
molecular PKR in our laboratory.
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Scheme 3. Proposed Mechanism for the Loss of CF3 Group

Scheme 4. Retro-Diels-Alder Reaction of Compound 12a

Scheme 5. Catalytic PKR of 4 with Norbornadiene

Scheme 6. Stoichiometric PKR of 4 with Cyclopentene
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