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Over the past few years, the molybdenum-catalyzed asymmetric
alkylation reaction (eq 1) has been developed into a powerful
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a Ry =

P 0co,0H,  3bR1=Me ph X COMe a part of ther-allyl complex9.

) 5 COMe A suitable crystal ofd was grown, and the X-ray structure is
shown in Figure T.Noteworthy features of this structure include

of the effects of ligand structure on the rate and regio- and
stereoselectivity of molybdenum-catalyzed asymmetric alkylafions.
This study revealed that unsymmetrical ligands such psrform
as well as (or, in some cases, better than) previously reported
symmetrical ligands such a&and that the ligand appears to be
binding to the metal through one pyridine ring and one or more of
the amide moieties.
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While a number of ligands of varying structure have now been
successfully designed for this reaction, the nature of the catalytic
species remains unknown. Herein we describe spectroscopic and
crystallographic studies that provide definitive structures of inter- e 1 Crystal structure ofr-allyl complex9. Thermal ellipsoids are

mediates in the catalytic cycle and disclose the unusual role playeddrawn at the 50% probability level. Solvent (THF) and nonallylic H atoms
by CO transfer in catalyst turnover. are omitted for clarity. Carbon atoms are shown in gray, hydrogen in white,

To gain more insight into the nature of the catalytic species, a molybdenum in green, nitrogen in blue, and oxygen in red.
series of stoichiometric reactions designed to model various steps;
in the catalytic cycle were followed by NMR. Reaction of Mo-
(CO)y(norbornadiene) with ligan@ produced comple8, with two-
point binding through the pyridine nitrogen and amide grbuipis
neutral Mo-ligand complex reacted with linear carbon2ie THF-
ds at 50°C in a sealed NMR tube to form theallyl intermediate
9. The stoichiometry of this reaction, as shown in eq 2, involves
formation of 1 equiv each 08, MeOH, and free ligand from 2
equiv of complex8. In addition, a significant amount (presumably
1 equiv) of Mo(COy is observed by*C NMR spectroscopy. The
methanol observed is formed, along with £®&om the methyl
carbonate-leaving group upon deprotonation of one of the amide

he following: (1) the allyl moiety binds in an3 fashion to Mo,
with one face clearly open for reaction with a nucleophile; (2) the
ligand is coordinated to the metal via three-point binding: the
pyridine nitrogen, the nitrogen of the deprotonated amide, and the
carbonyl oxygen of the undeprotonated amide; and (3) the complex
contains two CO ligands. The overall geometry of the complex,
including the syn orientation of the allyl moiety with respect to
the CO ligands, is similar to other structurally characterized
Lo(CO)RXMo(n-allyl) complexes:® The solution structure, as
determined by multinuclear NMR, is consistent with the crystal
structuret®

Two important findings of the crystal structure are the depro-
*To whom correspondence should be addressed. E-mail: shane_krska@ tonaFlon of the amide nltrOg.éﬁ"B and the thre.e-pomt.bllndlng of
merck.com. the ligand to Mo. Both are likely key factors in providing strong
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complexation and the rigidity required for producing high ee’s in
the allylic alkylation, even at temperaturessef00°C in toluenel* denum was followed by NMR, and both compleXeand10 were
While the crystal structure indicates one face ofAhallyl moiety the only Mo-containing species observed, with high mass balance
is clearly open for approach of a nucleophile, attack of malonate in Mo conserved throughout the reaction. This confirms €hand
in this direction predicts stereochemistry opposite to that which is 10 are the catalyst resting states under actual catalytic synthetic
observed. Thus, the-allyl complex observed as the major species conditions.
in solution is likely not the reactive speci¥s. In light of the observed stereochemistry of allyl comp&and

A further surprise was in store when we initiated studies on the the crucial role played by CO transfer in its activation toward
reactivity of9. When9 is formed in situ fron8 and?2, it smoothly nucleophilic attack, questions remain as to the structure of the true
reacts with sodium dimethyl malonate to produce the branched catalytic species and how that species transfers chiral information
product4 with ee >95%. However, when isolatedlis redissolved from the ligand to the substrate. In addition, a number of features
in THF-dg and combined with sodium dimethyl malonate, no of this reaction, such as the observed kinetic resolution and memory
reaction occurs. Since the complex formed in situ also has Mo- effects and the high branched regioselectivity, remain to be
(CO) and methanol present, we concluded one of these componentexplainedi* Current work is focused on answering these questions

release CO. A typical synthetic experiment using catalytic molyb-

must be necessary for reactivity. Indeed, addition of Mo(X0)
the reaction mixture of the isolatedallyl complex and malonate
resulted in clean formation of the branched prodbict 82% yield
with ee>95%. The major molybdenum-containing product of this
reaction is complextO, formed in 90% yield (Scheme 1). The
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reaction between isolat€?land 3a also occurs in the presence of
1 atm CO(g) to gived in 80% yield and>95% ee. Under these
conditions, complexLO is formed in 58% vyield along with 13%
free ligand according téH NMR spectroscopy. Thus, the role of

the Mo(CO} is to serve as a source of CO in the reaction of the

bis(carbonyl) comple® to the tetra(carbonyl) compledO. In effect,
Mo(CO)s provides comple® with the necessary CO’s to enhance
its leaving-group ability in the displacement reaction.
Complex10was synthesized independently by reactioB wiith
NaH. Reaction of isolated0 with linear carbonate or either
enantiomer of branched carbonatecleanly generatesr-allyl
complex9 in quantitative yield according ttd NMR spectroscopy.

The gross features of the overall catalytic scheme have now been

delineated and are shown in Scheme 1. Precat8lystcts with
carbonate? to generater-allyl complex 9 according to eq 2.

Complex9 reacts with malonate in the presence of a CO source

(e.g., Mo(COy) to form product4 and molybdate compleg0.
Complex10 reacts with carbonat2 to regenerate compleXand

via kinetic and synthetic studies.
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