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Stoichiometric, Catalytic, and Enantioface-Selective Scheme 1
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The hydrogenation of carbertarbon double bonds is a classic
application of homogeneous catalysis, and numerous complexe
are known to catalyze it. Furthermore, the use of chiral ligands
to produce enantioface selectivity in such catalytic hydrogenations
is now well developed.The catalytic cycle for such reactions
involves an olefin dihydride complex (with the addition of,H
step A, and the coordination of the olefin, step B, occurring in
either order), giving the hydrogenated product by insertion and o ] )
reductive elimination (Scheme 1). . These ionic hydrogenation reactiodlesd themseles to select-

However, there have been reports that transition metals caning polar C=X double bonds @er C=C double bond$’~** We
add the elements of hydrogen across double bstmishiomet- ~ NOW report that such a transformation wodegalytically andwith
rically by a different mechanism. In separate papers in 1985 the €nantioface seleatity when a piano-stool ruthenium hydride
aldehydes (ketones were much less reactive) by group 6 carbonytthe corresponding imine and HBPMe;) (eq 3) as substrate,
hydrides and CECO,H. In 1987 Vos and co-workers reported ~ We obtained~90% conversion to the ammonium salt, with (after

Sreactions increase with acidfty and are first-order in substréte.
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the hydrogenation of acetone, by a hydride ligand arditd
aqueous solutiof.In 1989 Bullock and Rappoli reported the
hydrogenation of tetra-, tri-, and 1,1-disubstituted olefins by HMo-
(CO)(CsHs) and CRSO:H.5 In 1992 we and the Bullock group
reported the reduction of aldehydes and ketones under similar
conditions, and isolated an isopropyl alcohol complex formed
thereby (eq 1F;similar results have recently been reported with
H,Re(NO)(CO)(PR),/CRCO,H by Bakhmutov and co-workefs.
lonic hydrogenation has been extended tsNCdouble bonds
by Ito and co-worker8. These reactions resemble the “ionic
hydrogenations” long known with silanes as hydride dofors.
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It has seemed likely that such reactions involve the rapid,
reversible protonation of the substrate olefin or ketone, followed
by hydride transfer from the metal (or the Si of the silane) (eq
2). As we would expect with such a mechanism, the rates of these
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When the same substrate is treated with a stoichiometric amount
of hydride (no H), in the presence of a donor ligand, a similar
ee is obtained (eq 4). Acetonitrile stabilizes the ruthenium cation,

providing a clean organometallic product.

51% ee, same enantiomer

B 2 mol% CpRu((S, 5)-Chiraphos)H

CH,Chy, RT, 2 days

H®, Bn

f" BFy
+ CpRU((S, §)-Chiraphos)H

A series of catalytic reactions using methyl aryl pyrrolidinium
cations as substrates produce varying ee’s (Table 1).

The analogous stoichiometric hydride transfer reactions are
shown in Table 2. Hydride transfer does not occur from CpRu-
((9-BINAP)H (presumably because a triarylphosphine is not
sufficiently electron-rich) or from CpRuU®,3-DIOP)H ((S,S-
DIOP = (4S59-(+)-O-isopropylidene-2,3-dihydroxy-1,4-bis-
(diphenylphosphino)butane) (perhaps because of the size of its
chelate ring)* The enantiomeric excesses in Table 2 are similar
to those in the catalytic reactions in Table 1, demonstrating that
hydride transferfrom the transition metal to the cation is the
enantioselectiity-determiningstep in the catalytic cycle, and that
the mechanism is ionic.
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Table 1

ﬁ BR; 2mol% CpRu(P-P)H “NCBES

Hj (50-55psi) + /@/k
X X

CHyCly, RT, 1-2 days

Hydride X amine ee, configuration of amine
yield

CpRu((S, 5)-Chiraphos)H H 30% 35%, (R) o, -~ PPhy

(S, S)-Chiraphos = /[
) PPhy

CpRu((S, S)-Chiraphos)H Cl 57% 56%, (R)

CpRu((R, R)-Norphos)H H 74% 48%, (S) PPy
(R, R)-Norphos =

CpRu((R, R)-Norphos)H cl 82% 60%, (5) PPhy

Table 2

* BRe xs MeCN <N)
CpRu(P-PH  + 4
PRu(P-P)| R +  [CpRu(P-P)(MeCN)IBE,
about 4h L

Hydride X ee, configuration of amine
CpRu((S, §)-Chiraphos)H H 38%, (R) } oy, PPhy
CpRu((S, 5)-Chiraphos)H cl 55%, (R) PPhy
CpRu((R. R)-Norphos)H H 54%, () PPhy
CpRu((R, R)-Norphos)H Cl 54%, (5) } PPy
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the catalysisTransfer of hydrides therefore necessarily the slow
step in the reaction. Only after complete depletion of substrate is
the known® ratio of dihydride and dihydrogen complexes
observed. Upon substrate depletion, the hydride compri@&do

of the Ru hydride region of the spectrum. Readdition of more
iminium cation restarted the reaction, and it went to near
completion.

A catalytic cycle consistent with the above experimental
observations is proposed. The selectivity and rate all appear to
depend exclusively on Htransfer as the key step (Scheme 2).

The use of P-P* ruthenium hydride complexes in asymmetric
hydrogenation is well established: Berg&rand GridneV have

When the pressure is varied, there is no change in the rate orisolated Ru and Rh hydrides that observably insert tHeC®f
enantiomeric excess of the catalytic reaction. Thus, hydrogen doesenamides, and Noyori has offered compelling evidence that a Ru
not participate in the turnover-limiting or enantioselectivity- hydride is involved in the asymmetric transfer hydrogenation of
determining steps. When the hydrogenation catalysis was stoppedcetones'® However, we are unaware of any previous cases in
before completion after the same amount of time with different \yhich the mechanism has been shown to be ionic. Our system
H, pressures, there was little change in the conversion (eq 5, dppepermits the asymmetric hydrogenation of imines (from which

= 1,2-bis(diphenylphosphino)ethane).

N
P BF; 4 mol% CpRu(dppe)H -N BF¢

H; (50 psi) +
CH;,Cly, RT, 90 min.
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33% completion
(5)

<)
)
=

A
w
IS4

4 mol% CpRu(dppe)H

CH;Cly, RT, 90 min.

H, (500 psi) +

24% completion

iminium cations can be generated in situ), but suekNCbonds

can be hydrogenated with better enantioselectivities by established
catalyst€®?! We are unaware of any previous reports of the
asymmetric hydrogenation of tetra-alkyl-substitutedCcations.
Catalytic ionic hydrogenation can be done in an ionizing solvent
and new catalysts screened easily by determining the enantiose-
lectivity of stoichiometric hydride transfer.
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The ee also does not change when the pressure is varied (eq Supporting Information Available: Experimental procedures and

6).
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Hy (S0 psi)  + 56% ee
CHyCly, RT, 1 day
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Monitioring catalysis by'H NMR also points tohydride

2mol% CpRu((S, S)-Chiraphos)H
—_————— 50% ee

CH;Cly, RT, 1 day
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transferas the turnover-limiting stefy. When a pressure NMR
tube is charged with the same iminium cation and hydride under
75 psi of H, only the hydride is observed while substrate is still

characterization of all new compounds (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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