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Enantioselective Synthesis of Indanols from zert-Cyclobutanols Using a
Rhodium-Catalyzed C—C/C—H Activation Sequence**

Tobias Seiser, Olivia A. Roth, and Nicolai Cramer*

Reactions involving the selective catalytic functionalization
of C—H and C—C bonds by transition-metal complexes have
considerable synthetic potential because of their economic
and ecological advantages.!! In the presence of palladium or
rhodium catalysts, it has been shown that tertiary alcohols can
undergo (-carbon eliminations, thus leading to an organome-
tallic species and a ketone in which the formation of the C=O
bond is the main driving force for the reaction. Most studies
has concentrated on the generation of aryl® and alkynyl
metals®! from simple tertiary alcohols, and in most cases the
ketone formed was not incorporated into the product. In stark
contrast, the corresponding alkyl metal intermediates that
would arise from such reactions have been studied less.[*>*"<]
However, accessing difficult-to-obtain organometallics by
activating traditionally unreactive bonds is a promising
strategy to omit the use of prefunctionalized reactants. The
activation of the strained C—C o-bond of small rings is a
versatile approach to generate such alkyl metal species that
are able to undergo further reactions.”! Furthermore, an
enantioselective insertion of a chiral metal catalyst into one of
the two adjacent C—C bonds (cleavage A or B) of a
symmetrically substituted tert-cyclobutanol gives the oppor-
tunity for formation of two enantiomeric organometallic
species (2 and ent-2) having a quaternary stereogenic center
[Eq. (1)].1" As such, we have investigated the reactivity of
strained tertiary alcohols towards activation by transition
metals to capitalize on the alkyl metal species formed for
coupled downstream trapping reactions.”! Herein, we report
an efficient rhodium(I)-catalyzed activation of fert-cyclo-
butanols that lead to substituted indan-1-ols with high
stereocontrol.

The anticipated reaction pathway is initiated by the
formation of a rhodium alkoxide species 4 from the alcohol
3 (Scheme 1). A selective insertion into one of the enantio-
topic C—C o-bonds of the cyclobutane ring should form the
primary alkyl rhodium species 5. This intermediate bears a
quaternary carbon in the o position, therefore blocking [3-
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Scheme 1. Proposed catalytic cycle for the formation of indanol 7.

hydride elimination. If undesired pathways, for example,
proto-demetalation or other intermolecular reactions, are
slow we speculate on the possibility of relaying the metal
through a 1,4-rhodium shift®®®! to access the more stable aryl
rhodium intermediate 6. Such species would be predisposed
to add in an intramolecular fashion to the carbonyl group? to
furnish indanol 7.

A selective process would require the identification of
ligands that would not only promote the initial -carbon
elimination in an enantioselective fashion, but also control
the facial selectivity of the carbonyl addition step to
selectively form one of the possible diastereomers. In this
respect, we initially turned our attention to substrates with
R’=Me, thus allowing sole optimization of the selectivity of
the carbonyl addition. In an initial experiment, 1,3-diphenyl-
3-methyl-cyclobutanol (3a) was heated at reflux in toluene in
the presence of [{Rh(OH)(cod)},] (2.5 mol %) and (R)-binap
(L1, 6 mol %). These reaction conditions efficiently promoted
the formation of the expected indanol 7a as the only
detectable product in 92% yield and with an ee value of
64% (Table 1, entry 1). A brief survey of chiral phosphine
ligands (Table 1, entries 2-5) revealed that the josiphos ligand
family (Table 1, entries 6-11) was particularly suited for this
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Table 1: Selected optimization studies.”

Me OH  [{Rh(OH)(cod)},] (2.5 mol%)
PH v ph L* (6 mol%), toluene, 110 °C, 5 h /,
3a Me Me
______________________________________________________________ Ta .
R_O
x O OO B"‘Ph n H
R'0 PAr, O ArP” Fe } PRz
LS H O 6 A
RO L6 (Ar = Ph, R = {Bu)
L2 (Ar = Ph, R = H) L5 L7 (Ar = Ph, R = Cy)

L3 (Ar = DTBM, R = H)

L8 (Ar = 4-CF4CgHa, R = 1Bu)
L4 (Ar=Ph, R=F) PR,

L9 (Ar = DMM, R = tBu)

Entry L Yield [96]®! ee [%6]"

1 L1 ((R)-binap) 92 64 (R)
2 L2 99 76 (R)
3 L3 99 24 (R)
4 L4 99 89 (R)
5t L5 86 82 (R)
6 L6 85 92 (R)
7 L7 84 81 (R)
8 L8 94 96 (R)
9 L9 91 92 (R)
108 L8 99 84 (R)
1110 L8 9 92 (R)

[a] Reaction conditions: 3a (0.1 mmol; mixture of cis/trans isomers),l"”

toluene (0.20m). [b] Yield of isolated product 7a. [c] Determined by
HPLC on a chiral stationary phase. [d] L5 (12 mol%) and [{Rh(OAc)-
(CH4)}] (2.5 mol%). [e] Cs,CO; (1.1 equiv); [f] [{Rh(OH)(cod)},]
(0.25 mol %) and L8 (0.6 mol %), xylenes (1.0m), 120°C, 12 h. binap=
2,2"-bis(diphenylphosphanyl)-1,1-binaphthyl, cod =1,5-cyclooctadiene,
Cy=cyclohexyl, DMM = 3,5-dimethyl-4-methoxyphenyl, DTBM = 3,5-di-
tert-butyl-4-methoxyphenyl.

task. Steric and electronic fine-tuning led to the identification
of L8, bearing electron-poor aryl groups on the phosphorous
atom of the ferrocene backbone, as the best performer and
afforded 7a in 94 % yield and 96 % ee (Table 1, entry 8). With
only a minor decrease of the ee value (92% ee; Table 1,
entry 11), the catalyst loading could be lowered from 5 to
0.5 mol % rhodium. Bases such as cesium carbonate signifi-
cantly increased the reaction rates, however, at the expense of
lower selectivity (Table 1, entry 10).

The scope of the rhodium-catalyzed rearrangement was
examined with the optimized reaction conditions (Table 2). In
general, different aromatic tertiary cyclobutanols were
afforded the corresponding indanols in good yields and high
selectivities (Table 2, entries 1-6). This selectivity was main-
tained for substrates with small alkyl substituents (Table 2,
entries 7 and 8) as well as for those with sterically more
demanding isopropyl or tert-butyl substituents (Table 2,
entries 9-11).

The absolute configuration of the para-chlorophenyl
derivative 7k was established to be R by X-ray crystallo-
graphic analysis.!'!

We next turned our attention to substrates where R’ # Me
(Table 3). However, exposure of 31 to the aforementioned
optimized reaction conditions resulted in a 1.2:1 mixture of
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Table 2: Scope of the rhodium(l)-catalyzed C—C/C—H activation.?!

HO, R

Ar OH X N

><74R {Rh(OH)(cod)},] (2.5 mol%) @
Me s L8 (6 mol%), toluene, 110 °C M Me
7

Entry 3 R 7(X) Yield [%6]®  ee [%]"
1 3a  Ph Ja(H) 94 9% (R
2 3b  4-CICH, 7b (H) 87 9%  (R)
3 3¢ 4-MeOCH, 7c(H) 88 9% (R
4 3d  1-naphth 7d (H) 79 88 (R
5 3e 2-naphth 7e (H) 98 94 (R)
6 3f  (E)-styryl 7f (H) 75 91 (R)
7 3g  Me 7g (H) 9% 90 ()
8 3h  nBu 7h (H) 95 93 (S)
9 3i iPr 7i (H) 88 91 (R)
10 3j tBu 7j (H) 99 9% (R
1 3k tBu 7k (Cl) 99 90 (R

[a] Reaction conditions: 3 (0.1 mmol), toluene (0.20 m), 5-12 h. [b] Yield
of isolated product 7. [c] Determined by HPLC on a chiral stationary
phase and the absolute configuration was assigned by analogy with 7k.
naphth =naphthalene.

the two diastereomers 71 and 8m (Table 3, entry 1). Dehy-
dration of the indanol to the indene revealed that the initial
C—C cleavage step—responsible for the configuration of the
quaternary stereocenter—had proceeded almost with no
selectivity. Gratifyingly, the difluorphos ligand (L4) induced
useful selectivities in both stereodetermining steps, resulting
in an overall excellent ee value of 99% and a good diaste-
reomeric ratio of 20:1 (Table 3, entry 2). The corresponding
trans-configured cyclobutanol 3m provided the diastereomer
8m with the opposite configuration at C3 with comparable ee
and d.r. values (Table 3, entry 3). The scope of the reaction
was explored with diverse cyclobutanols having aromatic and
heteroaromatic substituents. By being exposed to this second
set of conditions, the cyclobutanols furnished the rearranged
products in excellent yields as well as diastereo- and
enantioselectivities (Table 3, entries 3-13). The 6-aza-inda-
nols 7t and 8u were selectively formed over the correspond-
ing indanols (Table 3, entry 10 (2:1) and entry 11 (8:1)), thus
suggesting that electron-poor aromatic compounds preferen-
tially participate in the 1,4-rhodium shift. Nevertheless,
electron-rich heteroaromatic substituents, like a thiophene
group, are well suited for the reaction (Table 3, entries 12 and
13).

A cyclobutanol substrate with identical aryl groups in the
3-position (3x) offers the possibility to explore the feasibility
of an enantioselective version of the 1,4-rhodium shift
(Scheme 2). Indeed, synthetically useful selectivities were
observed with the difluorphos ligand L8 and 8x was formed in
96 % vyield, 92% ee, and with 4.5:1 d.r. Further screening
revealed that the Taniaphos ligand L10 is unique in prefer-
entially providing the opposite diastereomer 7x (9:1 d.r.),
however, only as a racemate.

In conclusion, we have demonstrated an efficient protocol
for the activation of fert-cyclobutanols through an enantiose-
lective rhodium(I)-catalyzed insertion into the C—C o-bond
leading to alkyl rhodium species. These reactive intermedi-
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Table 3: Scope of the diastereoselective reaction.”!

lective manner. Studies focusing on
related activation/relaying modes

; [{Rh(OH)(cod)},] (2.5 mol%) HO R HO R
R'  OH Ry . : )
>o< L4 (6 mol%) K and on an expansion of the reaction
RZ ~ R toluene, 110 °C, 12 h / , manifold are ongoing.
3 mé R Me R?
7 8
Entry 3 R R? R Major 7/81 Yield e  Experimental Section
product® (X) (%] (%] 1,3-Diphenyl-3-methyl-cyclobutanol
(3a, 238mg, 0.10mmol), [{Rh-
11 31 Ph Et nBu 71 (H) 1.2:1 94 97 (cod)(OH)},] (1.14 mg, 2.50 umol) and
2 3l Ph Et nBu 71 (H) 20: 95 99 (R,S)-Josiphos (L8, 4.07 mg, 6.00 umol)
3 3m Et Ph nBu  8m (H) 1:10 98 99 were weighed into an oven dried vial
48 3n Ph CH,0Bn Ph >20:1 97 97 equipped with a magnetic stirrer. The
5t 30 CH,OBn Ph Ph 1:12 91 97 vial was then sealed with a rubber
6 3p 4-CICH, CO,Me Ph 91 90 99 septum and flushed with nitrogen.
7 3q CO,Me 4-CICeH, Ph 1:45 90 99 After the addition of dry toluene
8 3r 4-CICgH, nBu Et 20:1 93 96 (0.4mL), the reaction mixture was
9 3s nBu 4-CICeH, Et 1:6 95 99 degassed by three freeze-pump-thaw
cycles, stirred for 10 min at 23°C and
NTS subsequently immersed into a preheated
10 3t l_ ;‘5 Ph Et 10:1 740 96 oil bath (110°C) for 5 h. After conver-
sion was complete (as evident by TLC),
the reaction mixture was cooled to 23°C
N and directly purified by column chroma-
N| ) 0 tography on silica gel (pentane/
1 3u_ Ph N Et 16 63 % EtOAc13:1, R;=0.42) to give indanol
(R)-7a (22.4 mg, 94 % yield, 96 % ee) as
a colorless oil.
12 3v 4 £t nBu 31 9 99  Received: June 12, 2009
S Published online: July 16, 2009
Keywords: asymmetric catalysis -
4 | C—C activation - C—H activation -
13 3w Et S nBu 1:15 65 96 ind Is - rhodi
indanols - rhodium

[a] Reaction conditions: 3 (0.1 mmol), toluene (0.20 m). [b] Configuration assigned by analogy with 7k
and diagnostic nOe interactions. [c] Determined by '"H NMR spectroscopy of the crude reaction mixture.
[d] Yield of isolated product 7. [e] Determined by HPLC on a chiral stationary phase. [f] L8 (6.0 mol%).
[g] L2 (6.0 mol %). [h] 9% of the indanol was formed. [i] 32% of the indanol was formed. Bn=benzyl.

HO_ Ph
L* = Difluorphos (L8) N
96 % -
Me Ph
92 % ee , 4.5:1d.r.
PR Ph L* O Ph
3x 5 [Rh] HO, ph
X . N
———————————————————— , L*=T hos (L10
Cy,P | aniaphos (L10)
: S H ! 98 % /,
{Cy2P" Fe | md Ph
: LS NMe, | 7x
l L10 | 0% ee, 9:1 d.r.

Scheme 2. Probing an enantioselective 1,4-rhodium shift. Reaction condi-
tions: 3x (0.1 mmol), [{Rh(OH)(cod)},] (2.5 mol %), L* (6.0 mol %), tolu-

ene (0.20m), 110°C, 12 h.

ates lead (presumably by a C—H activation pathway) to aryl
rhodium species that ultimately give access to highly sub-
stituted indanol derivatives in an enantio- and diastereose-
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