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Chiral derivatives of Crabtree’s catalyat! including Pfaltz’ a
phosphine oxazoline systerBs? some relatedN,P-complexes; 8
and carbene oxazoline complexes li€e10 are unusual in that
they can be used for asymmetric hydrogenations of arylalkenes that
have no other functional groups. However, there are no reports of
these catalysts being applied to reduce prochiral dienes or polyenes.
Indeed, the literature on asymmetric hydrogenations of dienes of
any kind, functionalized or otherwise, with any catalyst, is F,h,..--»\.v,Ph
sparsél~13 Consequently, we initiated a program to study asym-
metric hydrogenations of dienes with little or no other functionality, 1
beginning here with a kinetic study for 2,3-diphenylbutadidne
While the data obtained in this preliminary work have no immediate l
synthetic application, they are highly informative for this particular
substrate and may illustrate general facets of the mechanism ofph/gvph
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Hydrogenation ofl to the corresponding 2,3-diphenylbutanes
could occur directly or via formation of the alkengsas indicated
in Figure 1a. Authentic samples of compou2ds4 were prepared,
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the hydrogenation reaction was performed as indicated in reaction rigyre 1. (a) Hydrogenation of 2,3-diphenylbutadiene, with relative rate
1, and the reaction was followed via GC using a chiral column constants in units of 1@ mol L~ min~! from the slopes in part b. (b)

(Figure 1b)4
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The initial phase of the reaction (until ca. 475 min in Figure 1b)
was characterized by zero-order consumption of diertextrapola-
tion of the concentration dof to 1 mol L™! indicates there was an
induction period of ca. 4 min. Control experiments (NMR) indicate

Concentrations of the reaction components as the reaction proceeds.

Four products formed during the initial phase of reaction 1.
Prevalent among these were the alk@rend its enantiomeent-
2. The rate ratio for formation of these two products was only 1.28;
i.e., the enantioselectivity was low at that stage. The third product
was mese3. It formed more slowly (rate of formation df2 +
ent2}:mese3 = 8.45), while the stereoisomeric produ&sand
ent3 were conspicuously absent during this phase of the reaction.

A series of experiments were performed to test the origin of
mese3 in the first phase of the reaction. To facilitate this, a racemic
sample of compoundb was prepared. Hydrogenation of an
equimolar solution 0b and racemi@ with catalystC demonstrated

that catalysiC in the absence of hydrogen did not exchange 1,5- that the former substrate reacted slightly faster. Then, in the key

cyclooctadiene (COD) for exceddo any significant extent under
the conditions of this experiment. Moreover, pretreatme@ wfith
hydrogen in the absence &fgave a mixture of complexes that
were almost inactive for hydrogenation badded later. Thus, the
induction period involved removal of the COD ligand in the
presence ofl and hydrogen to give the initial catalyst species.
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experiment, reaction 2, a mixture bfand racemi& was reduced.
Product6 (as a mixture of stereocisomers) should prevail in reaction
2 if in reaction 1mese3 was formed in the initial stages of the
reaction via addition of one molecule of hydrogen, dissociation of
2 from the metal, recomplexation, and then a second reduction.
Conversely, the dominant product would breese3 if that same

10.1021/ja037653a CCC: $25.00 © 2003 American Chemical Society
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material in the featured reaction 1 was formed via delivery of both
molecules of hydrogen tt without dissociation from the iridium
center. In the eveninese3 was the major product of reaction 2,
implying that direct addition of two molecules ot $ the dominant
pathway. Formation omese3, rather than3, is consistent with
two additions of hydrogen to the diene coordinated irsyam
conformation.
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Tetrasubstituted alkeng (Figure 1a), the fourth product of the
initial phase of the reaction, forms in the first stage, and then its

and Ir(V) intermediate® andE,8i.e., via concomitant migratory
insertion of the alkene unit into an-tH bond, and oxidative
addition of dihydrogen. One straightforward way to explain the
experimental data described in this Communication is that, in
reaction 1, diend replaces COD as a 4e donor in comp@&xand
then, assuming the carbene oxazoline and diene ligands do not
dissociate and the electron count around iridium does not exceed
18, only one H entity could be accommodated around the metal.
Thus, while diene is present, the reaction is likely to be restricted
to intermediates likd= and a mechanism that involves cycling
between Ir(l) and Ir(lll). After the diene is consumed, however,
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catalytic cycles that involve Ir(lll) and Ir(V) become accessible.
In the case of dien&, the initial phase of the reaction, possibly
involving Ir(l) and Ir(lll), is less rapid and selective than the

concentration remains nearly constant. Control experiments indicatelr(111)/Ir(V) cycle. This could imply that asymmetric catalysis

that alkene4 is not consumed under the conditions of this
experiment. Itscis isomer is not formed in the reaction.

After approximately 475 minyhen all the diend is consumed
the reaction profile changed markedly. The fastest transformation
after that point was conversion 2finto mese3; this occurred 31.3
times faster than conversion ®into ent3. Converselyent2 was
reduced to the chiral produ@t1.94 times faster than tmese3.

Thus, a significant stereochemical bias to the second hydrogenation

step is imparted by the chiral center of the substrataadent2,

but the reaction is still catalyst-controlled. Even though alk2ne
was the major product after 475 min, the stereochemical outcome
was reversed at the end of the process such 3hatot ent3,
prevailed. The overall enantioselectivity for formation dfwvas

the combined effect of the two steps: rapid conversioR @fto

involving Ir(1)/Ir(1l) is limited, and that other metal complexes
that cannot undergo redox steps between M(lll) and M(V) are
unlikely to have the same reactivity as the iridium systén<C.
Indeed, we have prepared the rhodium analogue of contplzxd
find it is relatively unreactive (see Supporting Information).
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mese3, where the substrate and catalyst stereoselectivities arepubs.acs.org.

matched® and preferential conversion eht2 into 3, where the
catalyst stereoselectivity prevails over substrate control.

A series of conclusions about the hydrogenation of dikran
be drawn from the data above. First, consistent with our prior
observationd? removal of the COD ligand requires a significant
induction time and the presence of hydrogen. Once the COD group
is removed, it is rapidly replaced by 1,3-butadidn@he reduction
clearly occurs in two phases, corresponding to reduction of the first
diene double bond, and then the second. First, relatively slow, poorly
stereoselective hydrogenationlénsues to give mostl® andent
2, some mese3 (mainly via a route that does not involve
dissociation of an alkene intermediate), and a small amount of
alkene4. At the end of this first phase, when dietds finally
consumed, the overall reaction accelerates by a factor of ap-
proximately 1.7. Thereafte, is reduced mainly tanese3, while
ent2 is preferentially hydrogenated t8; i.e., the enantioface

preference is reversed. Thus, the rate and stereochemical data®®) fgghetto' V.; Matteoli,

presented here indicasggnificant mechanistic differences between
the first and second stages of the reaction

The assertions outlined above may be pertinent to other systems
Recent theoretical studies on hydrogenation of alkenes using Pfaltz’
complexesB suggest that the mechanism proceeds via the Ir(lll)
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