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Directed reactions, which comprise an important subset
of synthetically useful metal-catalyzed processes, are de-
manding with respect to coordinative unsaturation at the
metal.1 As Crabtree has noted in the context of hydrogena-
tion reactions, access to a 12ε (or less) metal complex is often
required for a directed olefin addition process (eq 1), due to
the need to simultaneously accommodate the directing group
(B; 2ε), the olefin (2ε), and the addend (X2; 2ε).2 This

analysis adequately rationalizes the observation that com-
plexes such as “[(bisphosphine)Rh]+” (12ε fragment) are
effective catalysts for directed hydrogenation processes,
whereas “(phosphine)2RhCl” complexes (14ε fragment; e.g.,
from Wilkinson’s catalyst) are not.
The design of catalysts that provide ready access to the

requisite coordinative unsaturation should facilitate the
development of directed reactions. Toward that end, we
have initiated an investigation of complexes that bear
ligands prone to coordinative isomerization, a process that
can afford a low-energy pathway to an unsaturated metal
center. The family of ligands best known for displaying this
mode of behavior are cyclopentadienyl derivatives, which can
readily interconvert between η5- and η3-complexation to a
metal (ring slippage).3 To the best of our knowledge,
coordinative isomerization has never been exploited as a
means for effecting a directed reaction. In this report, we
furnish evidence, in the context of ether-directed rhodium-
catalyzed hydroboration, that this strategy is indeed viable.
To validate our approach, we chose to examine the

chemistry of (η5-Ind)Rh (Ind ) indenyl), a 14ε fragment;4
we selected the indenyl, rather than the cyclopentadienyl,
ligand due to the greater propensity of indenyl to ring slip
from η5 to η3.3b,5 According to the Crabtree analysis, if ring
slippage does not occur, then 14ε (η5-Ind)Rh should not effect
a directed olefin addition reaction. Conversely, if a directed
process is observed, then it is reasonable to conclude that
η5 to η3 ring slippage provided the necessary coordinative
unsaturation (Scheme 1).
With respect to choice of reaction, we elected to explore

the hydroboration of olefins with catecholborane, a process

that we established is accelerated by (Ind)Rh(C2H4)2 (turn-
overs numbers as high as 1000).6,7 One functional group
that is known to direct hydrogenations catalyzed by 12ε
[(bisphosphine)Rh]+ is the alkyl ether,1,8 and we have
determined that this functional group also directs hydrobo-
rations catalyzed by (Ind)Rh(C2H4)2 (eq 2).9-11 This obser-

vation of an ether-directed hydroboration suggests that the
ring-slippage strategy outlined above is in fact viable
(Scheme 1). As a control experiment, we investigated the
hydroboration of the corresponding silyl ether;12 silyl ethers
do not direct [(bisphosphine)Rh]+-catalyzed hydrogenations,
and we found that the (Ind)Rh(C2H4)2-catalyzed hydrobo-
ration of this substrate proceeds with relatively poor ster-
eoselectivity (eq 2).
To furnish additional evidence that the alkyl ether is

directing the (Ind)Rh(C2H4)2-catalyzed hydroboration of
4-(benzyloxy)cyclohexene, we compared the diastereoselec-
tion in solvents of high and low Lewis basicity. Consistent
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with the behavior expected for a directed process, we
observed higher selectivity in solvents that cannot compete
effectively with the benzyl ether for binding to rhodium (eq
3). Thus, hydroborations in CH2Cl2 and hexane preferen-
tially afford the cis-1,3 isomer, whereas the reaction in THF
is relatively unselective.

Our investigation of the catalyzed hydroboration of 4-(ben-
zyloxy)cyclohexene by a family of CpXRh catalysts (CpX ) a
cyclopentadienyl-derived ligand) provides support for the
suggestion that ring slippage plays a pivotal role in making
a directed reaction possible. Literature data establish the
following order for the relative propensity of cyclopentadi-
enyl-derived ligands to ring slip:13

We have determined that each of the rhodium complexes
that bear these ligands serves as a catalyst for olefin
hydroboration, and we have observed a correlation between
the propensity of the ligand to ring slip and the preference
for generating the product of a directed reaction (the cis-1,3
isomer, eq 4).

To the best of our knowledge, this study provides the first
report that an alkyl ether can direct a metal-catalyzed olefin
hydroboration. This process relies upon the capacity of an
indenyl ligand to transiently ring slip, thereby affording
access to the necessary level of coordinative unsaturation
at the metal. We anticipate that this ring-slippage approach
to directed reactions may be extendible to other systems.14
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