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The rhodium-catalyzed cycloisomerization of ester-tetherd 1,6-
diynes bearing a cyclopropanol moiety produced
tetralone/exocyclic diene hybrid molecules with
thermodynamically unfavorable alkene geometry. The results of
control experiments and density functional theory calculations
suggest that the ester tether play an important role for the
efficiency of E/Z isomerization process.

Transition-metal-catalyzed transformations of cyclopropanols
with the aid of ring-strain relief have been actively investigated
since they provide efficient access to diverse molecular
entities.! Nevertheless, the transition-metal-catalyzed ring

expansion of w-alkynylcyclopropanols has been
underdeveloped (Scheme 1a).2 In particular, only one example
of the tetralone formation from (o-

alkynylphenyl)cyclopropanols using stoichiometric amounts of
Co,(CO)gwas reported by the Iwasawa group (Scheme 1b).3 This
method is significant because tetralones are utilized as
bioactive compounds* as well as building blocks for natural
product synthesis;> however, no example of a catalytic variant
was reported to date. Thus, the transition-metal-catalyzed
reactions of o,w-diynes bearing a cyclopropanol moiety is
fascinating as they should realize a novel cascade reaction
involving the cyclopropanol ring expansion and diyne
cyclization. Herein, we report our study on the rhodium-
catalyzed cycloisomerization of ester-tethered 1,6-diynes 1
bearing a cyclopropanol moiety (Scheme 1c). Intriguingly, this
reaction produced tetralone/exocyclic diene hybrid molecules
2, in which the vinylic substituent (R) orients inside the diene
moiety, rather than 3. The unique reaction mechanism,
including  the cyclopropanol-ring  cleavage via a
rhodacyclopentadiene intermediate and £/Z isomerization via a
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dienyl-rhodium intermediate, is also proposed based on the
results obtained from control experiments and density
functional theory (DFT) calculations.
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Scheme 1 Transition-metal-catalyzed ring expansions of alkynylcyclopropanols
and cyclopropanol-substituted 1,6-diynes.

As an initial study, we screened various reaction conditions
using 1a as a model substrate (Table 1). Transition-metal
catalysts used in ring-opening reactions of cyclopropanols or
cyclobutanols, such as Pd(OAc),® and [RhOH(cod)l,,” were
tested (entries 1 and 2); however, exocyclic diene 2a was not
obtained. Next, ruthenium,® rhodium,® and iridium?° catalysts,
which are widely utilized for diyne cyclization reactions, were
employed (entries 3-5). Fortunately, 2a was obtained in
moderate yield with excellent stereoselectivity using a cationic
rhodium catalyst prepared from [Rh(cod),]BF; and BINAP, while
ruthenium and iridium catalysts were not effective. Notably, the
yield of 2a was improved by diluting the reaction medium, likely
as a result of the suppression of intermolecular side reactions
(entry 6).1' Further optimization of reaction conditions,
involving the screening of ligands and counterions of the
cationic rhodium complex, did not improve the yield of 2a
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(Tables S1-S3). The structure of 2a was unambiguously
confirmed by single-crystal X-ray diffraction.1?

Table 1 Screening of reaction conditions.

OH

o T A _— 3a
— diti
— \\Ph/;' conditions N.D.
O/\> -
1a X-ray structure of
2a
entry conditions conv. (%) 2a (%)°
10 mol% Pd(OAc),
1 >99% N.D.

CH,CN (0.1 M), 50 2C, 24 h
1.5 mol% [RhOH(cod)],
2 3.0 mol% rac-BINAP <5 N.D.
CH,Cl, (0.05M),309C,1h
5 mol% [Cp*RuCl,],
CICH,CH,CI (0.1 M), 80 2C, 17 h
1.5 mol% [Ir(cod)Cl],
4¢ 3.0 mol% rac-BINAP 21b N.D.
CH,Cl, (0.1 M),30¢9C, 1 h
3.0 mol% [Rh(cod),]BF,
5¢ 3.0 mol% rac-BINAP >99 474
CH,Cl, (0.1 M),30¢9C, 1 h
3.0 mol% [Rh(cod),]BF,
6° 3.0 mol% rac-BINAP >99 704
CH,Cl, (0.05 M), 30 2C, 1 h

9N.D. = Not detected. “Complex mixture. ‘Pre-activation of the catalyst was
performed under H, atmosphere before addition of 1a to the reaction mixture.
d)solated yield.

With the optimized reaction conditions in hand, we
investigated the scope of 1,6-diynes 1 (Table 2). Aryl terminal
groups with electron-withdrawing substituents at the para
position, such as trifluoromethyl (1b) and bromo (1c) groups
were tolerated, affording 2b and 2c in good yields with
complete stereoselectivity. Introduction of a methoxy group at
the para position (1d) resulted in a slightly lower yield of 2d
compared to that of 2b and 2c. 2-Methylphenyl (1e) and 3-
chlorophenyl (1f) groups were tolerated and afforded the
desired products in good yields (53% and 85%, respectively).
Thiophene-based substrate 1g furnished 2g in 55% yield. When
substrates 1h and 1i, bearing alkyl groups such as methyl and
cyclohexyl on the alkyne terminus were employed, the
corresponding exocyclic dienes 2h and 2i were obtained in 62%
and 66% yields, respectively. Remarkably, bulky alkyl
substituents, such as tert-butyl and adamantyl groups (2j and
2k) were oriented inside the diene moiety without erosion of
stereoselectivity. However, 1l, possessing a trimethylsilyl group,
did not react. Furthermore, substrates with 3-fluoro (1m), 4-
bromo (1n), 4-(p-methoxyphenyl) (10), or 5-chloro (1p) groups
on the benzene ring adjacent to the cyclopropanol moiety could
also be applied to the reaction under the standard conditions,
affording 2m—p in moderate to good yields.

Next, 1,6-diynes 1g-s bearing various tethers were
subjected to the reaction conditions, to elucidate their

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

influence on the stereoselectivity (Scheme 2). The.reagtion of
amide-tethered diyne 1q gave 2q in 2% 19i€lé)/RI6RE5MLh
stereoisomer 3q in 19% yield. Notably, when 1r and 1s were
used as substrates, 2r and 2s were not observed, while 3r and
3s were obtained in 26% and 30% vyields, respectively. These
results indicate that the resonance effect of the carbonyl group
of the tethers is crucial for the E/Z selectivity. Additionally, in
the reaction of 1s, phthalan-type product 3s’ was obtained in
30% yield, whereby ring opening of the cyclopropane moiety
had not occurred.

To understand the reaction mechanism of the diyne-
cyclopropanol cycloisomerization, control experiments and DFT
calculations were performed. The cycloisomerization of 1 may
be initiated by the ring opening of the cyclopropanol moiety, or
via oxidative cyclization of the diyne. First, we performed
several control experiments to determine which of the two
reaction mechanisms was occurring, as shown in Scheme 3.
Under the standard conditions for the cycloisomerization of 1,
the ring-opening reaction of phenylcyclopropanol 4 did not
proceed. On the other hand, propiophenone (5) was obtained
in 80% yield from 4 in the presence of catalytic amounts of
[RhOH(cod)], and BINAP, while 1a was largely recovered under
the same reaction conditions (Table 1, entry 2). Moreover,
cyclopropanol-containing alkyne 6 did not react under standard
conditions. In the presence of an excess amount of
phenylacetylene, diyne 1h was converted to [2+2+2]
cycloadduct 7 in 90% yield with the cyclopropanol moiety intact.
This result indicates that the rhodacyclopentadiene
intermediate is likely produced under the standard reaction
conditions.® According to these observations, it can be assumed
that the cycloisomerization of 1 is initiated by the oxidative
cyclization of the diyne moiety, rather than by cyclopropanol
ring opening.

Table 2 Substrate scope.?b¢

3 mol% [Rh(cod),]BF,
3 mol% BINAP

CH,CI, (0.05 M), 30°C, 1h

2b (X = 4-CF3) 68% s 2h (R = Me) 62%

2c (X = 4-Br) 61% [ 2i (R" = cyclohexyl) 66%
R =\/©»x 2d (X = 4-OMe) 46% % 2j (R" = t-Bu) 56%°

2e (X = 2-Me) 53%¢ 2k (R' = 1-adamantyl) 46%°
2f (X = 3-Cl) 85% 29 55% 21 (R' = trimethylsilyl) 0%°
R1 PID Br p-MeO-CgH,

; 2m 62% ; 2n 40% ; 20 59% ; 2p72%  X-ray structure of 2j

9All reactions were performed on a 0.1 mmol scale. ®Isolated yields are shown.
Stereoisomers 3 were not detected. The reaction was performed for 2 h. €The
reaction was performed with [Rh(cod),]BF4; (10 mol%) and BINAP (10 mol%) at 60
2Cin 1,2-dichloroethane.

Based on the results of the control experiments, we then
performed DFT calculations with the SMD (CH,Cl,)
B3LYP(GD3BJ)/6-311G++(d,p)-SDD//B3LYP/6-31G(d)-LanL2DZ
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Fig. 1 Gibbs free energy diagram for cycloisomerization reaction of 1a [SMD (CH,Cl,) B3LYP(GD3BJ)/6-311G++(d,p)-SDD//B3LYP/6-31G(d)-LanL2DZ].

Scheme 2 Effect of tether moiety.

level of theory to gain further insight into the overall reaction
mechanism (Fig. 1). The oxidative cyclization of the diyne
moiety is initiated by the coordination of 1a to a cationic Rh(l)-
BINAP complex, generating complex A. The oxidative cyclization
proceeds via TS,g with a low activation energy of AG* = +2.7 kcal
mol?! to furnish rhodacyclopentadiene B, which adopts an
envelope conformation. Planar rhodacyclopentadiene C, with
the hydroxy group occupying the apical position, is readily
evolved from B through TSgc with an exergonicity of 7.9 kcal
mol?. Ring opening of the cyclopropanol of C occurs via TScp
with a barrier of 20.3 kcal mol?, which is the highest activation
energy within the overall cycloisomerization process. To the
best of our knowledge, this is the first example of cyclopropane
ring opening via the formation of rhodacyclopentadiene
species. Subsequent reductive elimination in D via TSpe with a
barrier of 16.3 kcal mol is followed by proton transfer to afford

dienyl-rhodium intermediate F. The sequence is energetically
downhill by 19.5 kcal molL. The facile E/Z isomerization'314 of F
provides G, which is 4.8 kcal mol* lower in energy compared to
F. The protonation of the lactone carbonyl group is crucial for
promoting the bond rotation, as the activation energy of the £/Z
isomerization increases by ca. 10 kcal mol! without protonation
(Figures S9 and $10).1*> The bond length of C,—Cg in complex F’
without protonation is 1.366 A, which becomes longer to 1.408
A when it binds to proton (complex F). This indicates that
protonation of the lactone carbonyl group plays an important
role in reducing the double-bond character of the C,—Cg bond in
complex F, thus enabling facile bond rotation. In addition, the
bond length of Rh—Cy in complex F is shorter than that in
complex F’, indicating that the Rh—C, bond in complex F partially
has the metal-carbene-bond character. Finally, barrierless
proton transfer proceeds from G to produce rhodium(lil)
species H, which evolves to complex | through C-H bond-
forming reductive elimination with a barrier of 7.2 kcal mol.

Please do not adjust margins
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The overall process from complex A to | is highly exergonic by
86.6 kcal mol?, indicating that the cycloisomerization of 1,6-
diyne 1 is thermodynamically favorable.

In conclusion, we have developed the rhodium-catalyzed
cycloisomerization of cyclopropanol-substituted 1,6-diynes,
affording tetralone/exocyclic diene hybrid molecules. We
proposed a plausible reaction mechanism, including the
cyclopropanol-ring opening via a rhodacyclopentadiene
intermediate and the E/Z isomerization triggered by
protonation of the lactone carbonyl group, based on the results
of control experiments and DFT calculations. These findings
would lead to the development of novel synthetic methods for
useful helical exocyclic dienes, such as photochromic molecules,
ligands, and organocatalysts.16:17
@

OH o

conditions 14
_—
conditions standard conditions No reaction
same as Table 1, entry 2 80%
4 5

No reaction

) OH
. g: standard conditions
MeO
6
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Ph 10 mol% [Rh(cod),]BF 4

_ 10mol% BINAP \/ o

CHZCIZ (0.05 M) O

(0]
Sequlv 60°C, 0.5h

o Me

790%
X-ray structure of 7

Scheme 3 Control experiments.
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Rhodium-catalyzed cycloisomerization of ester-tethered 1,6-diynes bearing a cyclopropanol moiety affords tetralone/exocyclic
diene hybrid molecules with thermodynamically unfavorable alkene geometry.
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