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ABSTRACT

A new enantioselective rhodium-catalyzed domino reaction is described that gives access to fused heterocycles by desymmetrization of alkyne-
tethered cyclohexadienones. Two new C�C bonds and two stereocenters are formed in one step with good enantioselectivity. In contrast to prior
reports, it was found that a vinylidene is not involved in the product formation but that syn-addition of the rhodium-aryl species onto the alkyne
takes place.

The formation of multiple C�C bonds in transition-
metal-catalyzed domino reactions is an attractive means
to construct complex structures starting from relatively
simple starting materials.1 In the past decade, the addition
of arylboronic acids to unsaturated organic functional
groups has proven to be a useful synthetic tool for C�C
bond formation.2 In particular, the addition ofRh(I)�aryl
complexes to alkynes, also referred to as hydroarylation,
has found widespread application.3

Rh-catalyzed hydroarylation proceeds via transmetala-
tion of the catalyst with the boronic acid. Subsequent syn-
addition onto an alkyne results in 1,2-carborhodation and
can occur in two orientations with rhodium ending up on

eitherC-atomof the triple bond (Scheme 1).Depending on
the respective flanking groups, moderate to excellent
regioselectivities can be obtained with internal alkynes.
Hayashi and our group were early contributors,3a,4 and
since then hydroarylations have been investigated exten-
sively. For terminal alkynes another catalytic pathway has
beenproposed.5Formal 1,1-carborhodationvia formation
of an intermediate vinylidene and subsequent R-migration
would give the 1,1-addition product.6
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After addition of Rh(I)-aryl to the alkyne, the resulting
Rh(I) species can undergo cyclization onto an internal
functional group in a domino fashion.2c,7 In the case of
1,2-carbometalation, the emerging ring bears an endo-
cyclic double bond, while after 1,1-carbometalation an
exo-cyclic double bond is formed (Scheme 1).
With cyclohexadienone as an internal functional

group, a desymmetrization of this structural motif can be
achieved. Since cyclohexadienones can be easily derived
from phenols, it only takes a few steps to generate com-
plexity from simple and commercially available starting
materials.8,9

We now report the domino transformation of boronic
acids with a cyclohexadienone-tethered alkyne 1which can
be easily obtained from p-cresol and propargyl alcohol in
moderate yields. This scaffold has been used before in
desymmetrization reactions,9 and applying it to the desired
reaction allows for the formation of a fused heterocycle,
two C�C bonds, and two stereocenters. Application of
reaction conditions similar to those reported by Lee et al.
([Rh(cod)Cl]2, 1.1 equiv of p-methoxy phenylboronic acid
(2a), 1.5 equiv of Et3N, MeOH) led to the formation of
product 3a in 46% yield (Scheme 2). In addition, 37% of a
side product 5a was isolated. 2D-NMR, MS, and also
deuterium labeling did not help to clarify the structure of
the isolated product 3a, but finally, we were able to obtain

theX-ray structure of the 4-Br-derivative 3b, which proved
the formation of a five-membered ring (Figure 1). The
1H NMR spectrum of 5a showed that it contains not only
1 equiv of theboronic acid 2abut also 2 equiv of the starting
alkyne 1 with one of the cyclohexadienone systems intact.
The formation of both 3a and 5a can be explained

by syn-addition of the [Rh]�aryl complex A onto the
alkyne 1 (Scheme 3). When the aryl group adds to the
terminal carbon of the starting alkyne 1 [Rh]-complex, B
is generated. Upon cyclization, B forms 3 with a five-
membered ring and an exo-cyclic double bond (see product
formation).
Addition of the aryl group to the internal carbon of the

starting alkyne 1 leads to [Rh]-complex C, which cannot
cyclize onto the cyclohexadienone moiety and instead
reacts with another alkyne 1. syn-Addition of the [Rh]
complex C takes place with opposite regioselectivity, and
the alkyl residue ends up at the terminal carbon. The
resulting rhodium-complex D can undergo cyclization
onto the cyclohexadienone moiety, which yields the side
product 5 and reforms the catalyst A.

Due to the similarity between Lee’s and our work, the
question arises which mechanism is operative with their

Scheme 1. Carborhodation Pathways and Products Resulting
from Subsequent Intramolecular Cyclization5

Scheme 2. Domino Reactions of Alkyne 1with Boronic Acid 2a

(PMP = p-methoxy phenyl)

Scheme 3. Proposed Catalytic Cycle

Figure 1. Crystal structure of 3b.
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substrate. The absence of a vinylidene intermediate under
similar conditions has already been observed and reported
byother groups,10whoalso exclusively obtained exo-cyclic
double bonds. We therefore repeated the cyclization reac-
tion with compound 6 as reported by Lee et al (Scheme 4).

Since standard analytical techniques (e.g., 2D-NMR) can-
not explicitly rule out either of the possible products 7 or 8,
an oxidative cleavage was performed. Instead of a single
product containing an aldehyde and ketone, we isolated
two products, one of which was benzaldehyde and the
other had an IR-stretch at 1767 cm�1 and a 13C NMR
signal at 209.2 ppm which indicate the formation of
cyclobutanone 9, whose molecular mass was also con-
firmed by MS. These results support that, instead of
vinylidene formation, a syn-addition forms the interesting
and unexpected strained four-membered ring 8 with an
exo-cyclic double bond.11

In order to achieve an enantioselective variant, a catalyst
optimization with different precursors and ligands was
performed.12 It was found that the amount of side product
strongly depends on the ligand with [Rh(cod)Cl]2, giving
37% of 5a along with 46% of 3a. The precursor

[Rh(coe)2Cl]2 did not catalyze the reaction well on its
own, but when norbornadiene (L1) was added, 68% of
3a and 28% 5a were observed in the crude 1H NMR.
Chiral and achiral phosphine ligands were found to be

inefficient and mainly led to decomposition of the starting
material, which is in agreement with previous findings.5,13

We next tested several chiral diene ligands (see Figure 2).
Using L2 gave 19% of 5a and predominantly the desired
product 3a in 72% yield with 76% ee. Other types of chiral
diene ligands L3�L5 in combination with [Rh(coe)2Cl]2
were not efficient in catalyzing the title reaction, requiring
significantly longer reaction times and giving low to no ee.
The absolute stereochemistry of the products was deter-
mined by an X-ray structure of the 4-Br-derivative 3b

(Figure 1).
A thorough optimization of the conditions with regard

to the amount of catalyst, ligand, base, solvent, and
boronic acid as well as the temperature and the kind of
base and solvent was undertaken, but did not lead to an
improvement in yield or ee.12 Instead, modification of the
phenyl substituent on the diene ligand proved to have a
significant effect on the ee, and a number of different diene
ligands was synthesized12 and tested (Table 1).

Substitution of the phenyl group in the 2-position
(entries 2, 10, and 12) leads to a decrease of activity and
selectivity. This result and the fact that diene ligands with
more than one substituent on the alkenes gave poor results
(seeFigure 2) are interestingbecause, in contrast toprevious
findings, increasing the steric bulk of the ligand is highly
detrimental to the enantioselectivity.14,15 Electron-donating

Figure 2. Ligand optimization.

Scheme 4. Domino Reaction of 65 and Oxidative Cleavage

Table 1. Ligand Screeninga

entry R = yield [%]b ee [%]c

1 C6H5 (L2) 72 76

2 2-Me-C6H4 (L6) 13 22

3 4-Me-C6H4 (L7) 72 75

4 3-MeO-C6H4 (L8) 67 79

5 4-MeO-C6H4 (L9) 75 76

6 3,4-di-MeO-C6H3 (L10) 76 84

7 3,4,5-tri-MeO-C6H2 (L11) 66 83

8 4-NO2-C6H4 (L12) 60 55

9 4-CF3-C6H4 (L13) 62 64

10 2-CF3-C6H4 (L14) 15 10

11 4�F-C6H4 (L15) 67 75

12 1-naphthyl (L16) 20 30

13 2-naphthyl (L17) 75 75

aReaction conditions: see Table 1. bYields determined by 1H NMR
of the crude mixture. cThe ee was determined by chiral HPLC.
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groups in the 3- or 4-position were found to improve the
performance, and the best ligand for the title reaction is the
3,4-dimethoxy-phenyl derivative L10, which gives a 76%
NMR-yield of 3a in 84% ee. In all cases the amount of side
product is in the range of 10�15%.With the optimized reac-
tion conditions in hand, the reaction scopewith regard to the
substitution pattern on the boronic acids was investigated
using the 3,4-dimethoxy-substituted ligand L6 (Table 2).
The reaction shows a high functional group tolerance,

and electron-neutral or -richboronic acidsworkwell, while
electron-poor boronic acids give slightly lower yields.
Electron-rich (cf. entries 3 and 7, Table 2) and sterically
hindered boronic acids (entries 6 and 7) result in higher
ee-values than electron-poor and sterically less demanding
boronic acids. With 1-naphthylboronic acid 2o the corre-
sponding product 3o is obtained with only a 36% yield but
a 90% ee, while the sterically less demanding 2-naphthyl-
substituted cyclization product 3p is obtained in 71% yield
and84%ee (Figure 3).Heteroaromatic boronic acids suchas
3-furylboronic acid (2q), 3-thiopheneboronic acid (2r), or the
benzofused derivatives 2s and 2t yield the corresponding
products in moderate yields and high ee’s (Figure 3, 3o�3t).
Under the standard reaction conditions, 3- and 4-pyridyl-
boronic acids and alkylboronic acids did not react.
Lastly, the cyclohexadienonewasmodified near the alkyne.

Preliminary experiments showed that the 3-methoxyphenyl-

substituted ligand L8 worked best.12 The products 10�13

were obtained in moderate yields and with moderate to
good ee’s (Figure 4).
In conclusion, we developed a new enantioselective

Rh-catalyzed domino reaction that gives access to fused
heterocycles by desymmetrization of alkyne-tethered cy-
clohexadienones. In this process two new C�C bonds and
two new stereocenters are formed with good enantioselec-
tivities.Wehave evidence that analkylidene is not involved
in the product formation but that the rhodium-aryl species
reacts via a syn-addition with the alkyne.
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Table 2. Boronic Acid Scopea

entry boronic acid R= product yield [%]b ee [%]c

1 H (2c) 3c 69 85

2 2-MeO (2d) 3d 67 88

3 4-MeO (2a) 3a 67 84

4 2,6-di-MeO (2e)d 3e 67 88

5 4-Me (2f) 3f 71 88

6 2-Br (2g) 3g 58 82

7 4-Br (2b) 3b 62 64

8 2-Cl (2h)e 3h 58 82

9 4-Cl (2i) 3i 74 71

10 4-CF3 (2j) 3j 52 62

11 4-CO2Me (2k) 3k 62 79

12 4-CN (2l)f 3l 49 66

13 4-OH (2m) 3m 59 86

14 4-CHO (2n) 3n 71 78

aReaction conditions: [Rh(coe)2Cl]2 (5 mol % Rh), L5 (5.5 mol %),
alkyne 1 (1 equiv), arylboronic acid 2 (1.1 equiv), Et3N (1.5 equiv),
methanol (0.5 M), rt, 30�120 min. b Isolated yields. cThe ee was
determined by chiralHPLC. dTime: 180min. eTime: 240min. fTime: 7 h.

Figure 3. Boronic acid scope.

Figure 4. Alkyne scope.
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