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The nickel-catalyzed asymmetric hydrocyanation is a useful CC Ni(cod),
bond formation reaction for the production of optically active P P
compounds; yet, the contributions regarding this topic are scarce cod

in the literaturé. Only vinylarene% 8 and norborn(adi)enés'# have

P, 4
been applied as prochiral substrates so far. The generally accepted (PJNi@
mechanism for dienes as well as vinylarenes is depicted in Figure HEN @O @
1. The reductive elimination of the product is the rate-determining
step, which causes the rate law to be zero order in the subktrate.
In the case of vinylarenes as substrates, Casalnuovo and RajanBabu

concluded that the enantioselective step has to be either the substrate P, P | P,
insertion into the Ni-H bond and/or the reductive elimination of (P N ( ] ( _Ni
the product since all diastereoisomers of the medabstrate (1) CN )
intermediate I{ ) were observed spectroscopically and are formed
in almost equal amoun#They also showed that the insertion is CN CN
reversible by using a deuterium-labeled substrate, and the relative ©/
rate of reductive elimination oved-hydride elimination increases %
when the electron density on phosphorus is reduced by electron- p,,
withdrawing groups on the ligand. For electron-poor ligands, the HCN p” '\CN @
insertion is essentially irreversible. So far, little is known about
preventing the deactivation of the catalyst by ligand design as well
as the enantioselective step.
The enantioselective step in asymmetric catalytic reactions is
intrinsically difficult to determine experimentally; nevertheless it
has been studied in several reactions. Substrate coordination is
commonly believed to be the enantioselective step in biocatalytic o—P
transformations. In asymmetric hydrogenation, the enantioselectivity
is determined during the oxidative addition of &hd the consecu-
tive insertion'®1” Moreover, there is a delicate balance for kinetic
versus thermodynamic contrlin the allylic alkylation, the attack
of the nucleophile on the allyl group is believed to be the
enantioselective stef. In rhodium- and platinum/tin-catalyzed  figyre 2. Asymmetric dlphosphlte hgana!.
hydroformylation, the enantioselective step changes with temper-
ature, from olefin insertion into the MH bond at low temperature  diphosphite ligandL (Figure 2). This means that the CN addition
to the reductive elimination of the product at high temperatti?é. takes place preferably at one terminus of #feallyl fragment.
In this contribution, we discuss our efforts on the determination of Addition of CN on theReside of the Ni-allyl fragment results in
the enantioselective step in the hydrocyanation of 1,3-cyclohexa- formation of theR enantiomer (egs 1 and 2 in Scheme 1), while
diene. addition on theSi side of the Nt-allyl fragment leads to the
Addition of HCN to 1,3-cyclohexadiene results in the formation formation of theS enantiomer. A series ¢f-hydrogen elimination
of 2-cyclohexene-1-carbonitrile; both 1,2- and 1,4-addition lead to without dissociation of 1,3-cyclohexadieng (= IV in Figure 1)
identical products, as at stagé)(a symmetrical allyl fragment is and subsequent insertion reactions could give the intramolecular
formed in which the positions 2 and 4 cannot be distinguished interconversion of the two nickelallyl intermediatesK2). If this
(Figure 1). would take place, the 1,3-product would also be formed. However,
However, by using DCN instead of HCN, one can distinguish the 1,3-product was not detected by eitHé€ or ?°H NMR
between the 1,2- and 1,4-addition products by NMR. Tolman spectroscopy. Intermolecular conversion is excluded since this
demonstrated that insertion of cyclopentadiene into DNiesults would lead totrans addition.
in a deuteratedr-allyl)nickel complex in which the nickel center These three rather unique features give the possibility to
and deuterium atom are located on the same side of the?ding. distinguish between insertiofM — V) and reductive elimination
Béckvall and Andell showedis addition of DCN over the diene  (V — Il/lll ) as the enantioselective step on the basis of product
in 1,3-cyclohexadiene using Ni(P(ORh)as the catalyst systeff. distribution. In the theoretical case of 100% &, fve can expect,
Even though 1,2- and 1,4-addition results in opposite enanti- depending on the enantioselective step, the following product
omers, we achieved an enantiomeric excess of 86% with the chiral distributions:

Figure 1. Catalytic cycle for N|(0)—cata|yzed hydrocyanation.
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Table 1. Hydro- and Deuteriocyanation of 1,3-Cyclohexadiene
entry HID CN T(°C) yield (%) ee (%)? 1,2/1,4¢ subs/Ni
1 HCN 60 57 71 500
2 DCN 60 50 78 52/48 (5) 100
3 HCN 0 45 86 500
4 DCN 0 10 85 54/46 (10) 100

a Enantiomeric excess was determined with GC, lipodex E (£3(60
kPa H). P Enantiomeric excess {[1,2(R) + 1,4R)] — [(1,2(S + 1,401}/
{[1,2R) + 1,4R)] + [(1,2(9 + 1,4(9)]}. ¢ Ratio was determined by means
of 13C{1H} NMR spectroscopy with an estimated error in parentheses. For
reaction conditions, see Supporting Information.

Insertion The reaction proceeds either via eqkl & ki) or
via eq 2 k; < ky) as 1,3-cyclohexadiene inserts in a specific way.
Only one regioisomer will be formed (eith&r2®R) or 1,4R)).

Reductie Elimination Random insertionky = ky) of the
substrate will form the regioisomer$,2R) and 1,4R), in equal
amounts.

Insertion and Reducte Elimination That is, eq 1 is favored
over eq 2 by a small factok{ > ki or k; < k), and thel,2R)
and1,4R) products will be formed in uneven amounts.

The results obtained for the asymmetric hydrocyanation of 1,3-

cyclohexadiene with HCN and DCN at different temperatures are

shown in Table 1. From GEMS measurements, it is clear that

The reaction proceeds at 86C with an enantiomeric excess of
75%. This would result in a theoretical product distribution of 87.5/
12.5 when the enantioselectivity is determined during the insertion
step and of 50/50 when the reductive elimination is the enantiose-
lective step. From Table 1, it is obvious that equal amounts of 1,2-
and 1,4-product were formed when DCN was applied in the
hydrocyanation reaction. Therefore, the enantioselective step has
to be the reductive elimination. Although the activity is affected
(the reported isotope effect is 3.6), we found no isotope effect on
the enantiomeric excess, which is in agreement with the observa-
tions made by RajanBabu in the hydrocyanation of 6-methoxy-2-
vinylnaphthalené.

In summary, we established the reductive elimination of the
product to be the enantioselective step in the nickel-catalyzed
hydrocyanation of 1,3-cyclohexadiene, on the basis of deuterium
labeling experiments and an equal 1,2-/1,4-product distribution. This
could be achieved by successfully exploiting the rather unique
features of this reaction: identical product formation for 1,2- and
1,4-addition,cis addition over the diene, and high enantiomeric
excess.

Supporting Information Available: GC, GC-MS, and NMR data.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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