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The rhodium(I)-catalysed arylative annulation of 1,4-enynes
with arylboronic acids was investigated. The reaction was
found to proceed via an addition-1,4-rhodium migration—
addition sequence, affording the corresponding 1,1-
disubstituted 3-(arylmethylene)indanes.

Rhodium-catalysed cyclisation and annulation reactions using
arylboron compounds have proven to be highly useful and broadly
applicable methods for obtaining a wide range of cyclic compounds.'
Intramolecular activation of a neighbouring C—H bond can proceed
via a 1,4-rhodium migration,z’3’4 and is sometimes observed in
rhodium(I)-catalysed arylation reactions. This migration allows for
the regeneration of arylrhodium(I) species from (Z)-
arylalkenylrhodium(I) intermediates, which are formed from the
addition of an arylrhodium(I) species to an alkyne. This offers a
novel strategic approach for the formation of carbon frameworks
which are otherwise difficult to prepare (Scheme 1).
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Scheme 1 Rhodium(l) catalysed arylation of an alkyne and regeneration of
arylrhodium(l) species via a 1,4-rhodium migration

Further exploration of the utility of this process will greatly
benefit the development of new cyclisation and annulation reactions.
Our recent success with the rhodium(I)-catalysed spirocyclisation
reaction involving 1,4-rhodium migration® led us to examine the
rhodium(I)-catalysed arylation of l,4-cnyncs,5 with the intent to
promote an annulation reaction encompassing the aforesaid
migration. Gratifyingly, the rhodium(I)-catalysed arylation of 1,4-
enynes resulted in an annulation reaction, forming 3-
(arylmethylene)indanes via 1,4-rhodium migration.

This journal is © The Royal Society of Chemistry 2012

2,5-Diphenylpent-1-en-4-yne (1a) was selected as the initial
substrate for the rhodium(I)-catalysed arylation with phenylboronic
acid (2a). The reaction of 1a and 2a (3 equiv. to 1a) was performed
in 1,4-dioxane at 90 °C in the presence of 2.5 mol%
[Rh(OH)(cod)1,; however, this resulted in no conversion. In contrast,
the use of rac-BINAP® as the ligand afforded (E)-3-benzylidene-1-
methyl-1-phenylindane (3a) in 77% isolated yield (Table 1, entry
1).7%%1% The product 3a was obtained through arylative annulation
involving (i) regioselective addition of an aryl rhodium species to an
alkyne moiety, generating (Z)-arylalkenylrhodium(I) species A; (ii) a
1,4-thodium migration giving arylrhodium(I) species B; (iii)
intramolecular addition to the pendant alkene moiety, generating
indanylmethylrhodium(I) C; and (iv) protonation. The reaction of 1a
with substituted phenylboronic acids 2b-d also gave the
corresponding annulation products 3b—d in 59-73% yields (entries
2-4). When meta-substituted phenylboronic acids 2¢ and 2d were
used, the 1,4-rhodium migration occurred at the more sterically
accessible site on the aromatic ring, resulting in the formation of a
single product (entries 3 and 4). Under identical conditions, the
arylative annulation of 5-phenyl-2-methylpent-1-en-4-yne (1b) with
la produced dimethylindane 3e in low yield due to undesirable
intermolecular reactions (entry 5). Further optimisation of the
reaction conditions increased the yield of 3e to 67% when 1.5 equiv.
of Et;N was added (entry 6). Arylboronic acids 2d—f coupled with
enyne 1b, under the optimised conditions employing Et;N, afforded
the corresponding indanes 3f-h (entries 7-9). Single isomers 3g and
3h were obtained in the reactions with 2e and 2f, respectively
(entries 8 and 9).""
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Table 1 Arylative annulation of 1,4-enynes” Entry 1(R) 2

Yield’ (%)

B(OH),

R
W 4 ‘ ~N
Ph

2 | J. Name., 2012, 00, 1-3

2.5 mol% [Rh(OH)(cod)], R
6 mol% rac-BINAP Me

1,4-dioxane, 90 °C

1 1a (Ph) | 77

73

71

o 59
Ho/© \_/

5 1b (Me) 2a = 43

6° 1b 2a 67

B(OH), Me .
Me H
66
Me
P
B(OH), Me =
Me H
J@ s
Me

Me H
() .

2f

7 1b

8 1b

9° 1b

3h

“ Reaction conditions: 1,4-Enyne 1 (0.10 mmol), arylboronic acid 2 (0.30
mmol), [Rh(OH)(cod)], (2.5 umol, 5 mol% Rh), rac-BINAP (6.0 umol), 1,4-
dioxane (1.0 mL), 90 °C, 2—4 h. * Isolated yield. © EtN (0.15 mmol) was
added.

The substrate scope of the annulation reaction was further
investigated by coupling various 1,4-enynes 1c—k with boronic acid
2a (Table 2). The reaction of 5-phenyl-2-methylpent-1-en-4-ynes
lc—e bearing substituents on the phenyl ring provided the
corresponding 3-(arylmethylene)indanes 3i-k in 67-69% yields
(entries 1-3). Arylative annulation was applied to 2,5-diarylpent-1-
en-4-ynes 1f-h, affording indanes 3l-n (entries 4-6). Ester and
siloxy-substituted 1,4-enynes (1f and 1g) also participated in the
annulation reaction (entries 7 and 8). As well, alkenyl(alkynyl)silane
1h was converted into 2-silaindane 3n (entry 9). However, the
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reactions using 5-phenylpent-1-en-4-yne and
phenylpent-1-en-4-yne led to complex mixtures.'?

1,1-dimethyl-5-

Table 2 Arylative annulation of various 1,4-enynes 1°

Organic & Biomolecular Chemistry

The reaction of 1a and 2a employing (R)-BINAP as the ligand
afforded indane 3a in 70% yield, with an enantiomeric excess (ee) of
76% (entry 1). Screening of other chiral diphosphine ligands
considered in this study revealed that MeO-BIPHEP displayed the
highest enantioselectivity (entries 2-6)."> With (R)-MeO-BIPHEP as

Yield” X . . . .
Entry 1 2 3 (102 ) the ligand of choice,"* the asymmetric annulation of enyne 1a with
e AT arylboronic acids 2b—d gave the corresponding products 3b—d in
Me Me =\, good yields with over 87% ee (entries 7-9). 2,5-Diaryl 1,4-enynes
m/\m 1f-h cyclised with either 2a or 2b to afford indanes 3l-n with
enantioselectivities ranging from 84% to 90% ee (entries 10-12).
1 1c (Ar=4-MeC¢H,) 2a 3i 68 . . L a4
2 1d (Ar= 2-MeC:H:) 2a 3j 67 Table 3 Asymmetric arylative anulation
3 le (Ar=4-MeOCH,)  2a 3k 69 A2
2b Me B(OH), At
5 mol% [Rh(OH)(cod)] =
Arl 12 mol% chiral ligand Me ‘ H
& s -
Ph S = Ar2 R2 1,4-dioxane, 90 °C, 3.5 h O
N Ph P Ri
44 Me H 72° R R
Me 1 2 3
N2t
o}
99 < )
31 PAr, PPh, o PAr,  MeO PPh,
2a OMe _ ‘ PAr, . ‘ PPhy o\ PAr;  MeO PPh,
Ph TN O X N <o g O
X =
y Ph Ar = Ph: (R)-BINAP (R)-H8-BINAP (R)-DM-SEGPHOS (R)-MeO-BIPHEP
56 = 70° Ar = 4-MeCigHy: (R)-Tol-BINAP (Ar = 3,5-Me,CqHa)
oMe Me H Ar = 3,5-Me,CgHs: (R)-DM-BINAP
1g
3m Entry 1 2 Ligand 3 Yield (%) e (%)
b N ¥ 1a 2a (R)-BINAP 3a 70 76
2 1a 2a  (R)-Tol-BINAP  3a 76 75
O O Ph 3 1a 2a  (R)-DM-BINAP  3a 57 42
y 4 1a 2a  (R)-H8-BINAP 3a 51 82
6" Me / H 66° 5 1a 2a (R)-DM-SEGPHOS 3a 58 81
ES o O 6 1la 2a (R)-MeO-BIPHEP 3a 7 92
1h 7 la 2b (R)-MeO-BIPHEP 3b 72 87
MeG 8 la 2c (R)-MeO-BIPHEP 3¢ 70 91
3n 9 la 2d (R)-MeO-BIPHEP 3d 61 89
2a Ph 10 1f 2b (R)-MeO-BIPHEP 31 75 84
Ph o Moo =\, 11 1g 2a (R)-MeO-BIPHEP 3m 64 90
2 |, 51 12 1h 2b  (R)-MeO-BIPHEP _ 3n 70 86
CO,Me
112 “ Reaction conditions: 1,4-Enyne 1 (0.10 mmol), arylboronic acid 2 (0.30
30 mmol), [Rh(OH)(cod)], (5.0 umol, 10 mol% Rh), chiral ligand (12.0 umol),
oTBS 2a OTBS pp, 1,4-dioxane (1.0 mL), 90 °C, 3.5 h. ” Isolated yield. ¢ Determined by chiral
" Me _ HPLC analysis. ¢ The reaction was performed with 2.5 mol% [Rh(OH)(cod)],
8 em)\ Me H 50 and 6 mol% diphosphine ligand.
Ph
1j 3 Alkylideneindanes 3 obtained by the annulation can be
p Ph derivatised into more useful structures. For example, oxidative
2a M Me, . .. L . .
o, Mez O cleavage of 3a (92% ee) with an in situ generated iodonium ion
\ Me H with Oxone® delivered 3-methyl-3-phenylindanone 4 in 63%
9 A 49 . o 15
Ph yield and 91% ee (eqn (1)).
1k
39 Ph Ph 0.2 equiv 4-ICgH,CO,H Ph o
. .. . . = 2 equiv Oxone® Me
“ Reaction conditions: 1,4-Enyne 1 (0.10 mmol), arylboronic acid 2 (0.30 Me H

mmol), [Rh(OH)(cod)], (2.5 umol, 5 mol% Rh), rac-BINAP (6.0 umol), 1,4-
dioxane (1.0 mL), Et;N (1.5 mmol), 90 °C, 2—4.5 h. * Isolated yield. ¢ The
reaction was performed with [Rh(OH)(cod)], (5.0 umol) and rac-BINAP
(12.0 umol). * The reaction was performed without adding Et;N. ¢ Yields
with 5 mol% Rh catalyst: 31 (60%); 3m (57%); 3n (49%).

The asymmetric induction occurring at the intramolecular
addition step was then investigated. This was accomplished by
employing optically active diphosphine ligands, thereby constructing

chiral all-carbon quaternary centres at the benzylic position (Table 3).

This journal is © The Royal Society of Chemistry 2012

)

H,0—-CH4CN (1:1), 60 °C

3a (92% ee) 4 63%, 91% ee

In summary, we have developed a rhodium(I)-catalysed
annulation reaction of 1,4-enynes with arylboronic acids,
utilizing a 1,4-rhodium migration as a means for regenerating
arylrhodium(I) species. Various substituted indane products
were obtained in good yields through this reaction. By using a
rhodium(I)—chiral diphosphine catalyst, a chiral all-carbon
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quaternary centre at the benzylic position was constructed with
an enantioselectivity of up to 92% ee.
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