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Abstract: Reaction of RUHCI(PPhs).(diamine) (1a, diamine = (R,R)-1,2-diaminocyclohexane, (R,R)-dach;
1b, diamine = ethylenediamine, en) with KO'Bu in benzene quickly generates solutions of the amido—
amine complexes RuH(PPhs),(NHCsH10NHy), (2a’), and RuH(PPhs)2(NHCH,CH:NH,), (2b"), respectively.
These solutions react with dihydrogen to first produce the trans-dihydrides (OC-6-22)-Ru(H)2(PPhs)z(diamine)
(t,c-3a, t,c-3b). Cold solutions (—20 °C) containing trans-dihydride t,c-3a react with acetophenone under
Ar to give (S)-1-phenylethanol (63% ee). Complexes t,c-3 have lifetimes of less than 10 min at 20° and
then isomerize to the cis-dihydride, cis-bisphosphine isomers (OC-6-32)-Ru(H).(PPhs)z(diamine) (A/A-c,c-
3a, ¢,c-3b). A solution containing mainly A/A-c,c-3a reacts with acetophenone under Ar to give (S)-1-
phenylethanol in 20% ee, whereas it is an active precatalyst for its hydrogenation under 5 atm H, to give
1-phenylethanol with an ee of 50—60%. Complexes c,c-3 isomerize to the cis-dihydride, trans-bisphosphine
complexes (OC-6-13)-Ru(H)2(PPhs).(diamine) (c,t-3a, c,t-3b) with half-lives of 40 min and 1 h, respectively.
A mixture of A/A-c,c-3a and c,t-3a can also be obtained by reaction of 1a with KBH(Buse®);. A solution of
complex ¢,t-3a in benzene under Ar reacts very slowly with acetophenone. These results indicate that the
trans-dihydrides t,c-3a or t,c-3b along with the corresponding amido—amine complexes 2a’ or 2b' are the
active hydrogenation catalysts in benzene, while the cis-dihydrides c,c-3a or c,c-3b serve as precatalysts.
The complexes RuCly(PPhs)((R,R)-dach) or 1a, when activated by KO'Bu, are also sources of the active
catalysts. A study of the kinetics of the hydrogenation of acetophenone in benzene catalyzed by 3a indicates
a rate law: rate = k[c,c-3a]iniia[H2] With kK = 7.5 M~* s~1. The turnover-limiting step appears to be the
reaction of 2a’' with dihydrogen as it is for RUH(NHCMe,CMe,NH_)(PPhs), (2¢'). The catalysts are more
active in 2-propanol, even without added base, and the kinetic behavior is complicated. The basic cis-
dihydride c,t-3a reacts with [NEt;H]BPh, to produce the dihydrogen complex (OC-14)-[Ru(#?-Hy)(H)(PPhs)2-
((R,R)-dach)]BPh, (4) and with diphenylphosphinic acid to give the complex RuH(O,PPh,)(PPhs)((R,R)-
dach) (5). The structure of 5 models aspects of the transition state structure for the ketone hydrogenation
step. Complex 2b’' decomposes rapidly under Ar to give dihydrides 3b along with a dinuclear complex
(PPh3),HRu(u-n?17*-NHCHCHNH)RUH(PPh3), (6) containing a rare, bridging 1,4-diazabutadiene group. The
formation of an imine by -hydride elimination from the amido—amine ligand of 2a’ under Ar might explain
some loss of enantioselectivity of the catalyst. The structures of complexes la, 5, and 6 have been
determined by single-crystal X-ray diffraction.

Introduction in the pharmaceutical, agrochemical, flavor, fragrance, and
material industries. A key discovery in catalyst development
was the beneficial effect of certain diamines with at least one
NH group, such as ethylenediamine (en) or JR&R}-diami-
nocyclohexane §R)-dach), on the catalytic activity of ruthe-
nium phosphine complexes toward ketone hydrogenafidmus,
precatalysts are generated in situ or are isolated as complexes

Noyori and co-workers have developed extremely efficient
ruthenium catalysts for the hydrogenation of ketones to alcohols
and for the asymmetric hydrogenation of prochiral ketones to
valuable optically active alcohols1? These alcohols find uses

T University of Toronto.
* Current address: Kanata Chemical Technologies, Inc., 2240 Speakman
Dr., Sheridan Science and Technology Park, Mississauga, Ontarlo L5K1A9, (5) Ohkuma, T.; Koizumi, M.; Ikehira, H.; Yokozawa, T.; Noyori, Rrg.

Canada Lett. 200Q 2, 659-662.
(1) Ohkuma, T.; Ooka, H.; Hashiguchi, S.; Ikariya, T.; NoyoriJRAmM. Chem. (6) Yamakawa, M.; Ito, H.; Noyori, RJ. Am. Chem. So200Q 122, 1466-
S0c.1995 117, 2675-2676. 1478.
(2) Ohkuma, T.; Ooka, H.; Yamakawa, M.; Ikariya, T.; Noyori, R.Org. (7) Noyori, R.; Ohkuma, TAngew. Chem., Int. E®001, 40, 40-73.
Chem.1996 61, 4872-4873. (8) Noyori, R.; Yamakawa, M.; Hashiguchi, $.0rg. Chem2001, 66, 7931~
(3) Ohkuma, T.; Koizumi, M.; Doucet, H.; Pham, T.; Kozawa, M.; Murata, 7944.
K.; Katayama, E.; Yokozawa, T.; Ikariya, T.; Noyori, B. Am. Chem. (9) Noyori, R.Angew. Chem., Int. EQ002 41, 2008-2022.
S0c.1998 120, 13529-13530. (10) Ohkuma, T.; Koizumi, M.; Miiiz, K.; Hilt, G.; Kabuto, C.; Noyori, RJ.
(4) Noyori, R.; Ohkuma, TPure Appl. Chem1999 71, 1493-1501. Am. Chem. SoQ002 124, 6508-6509.
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of the type RuCI(PRs),(diamine) or RuCi(diphosphine)-
(diamine), including compounds containing enantiomerically

Scheme 1. Proposed Roles of the Diamine and the Ruthenium
Hydride of a Ruthenium Complex in the Catalytic Hydrogenation of
Ketones: Metal—Ligand Bifunctional Catalysis (the [Ru] Notation

pure diamines and diphosphines. These complexes becomeRepresems the Phosphine and Other Ligands)

active when dissolved in basic 2-propanol solutions under H
(9). Attractive features of these catalysts include the use of low

pressures of hydrogen gas, high substrate-to-catalyst ratios, high

turnover numbers, functional group tolerance, high enantiose-
lectivity, and a high selectivity for the hydrogenation o0
over C=C bonds. Another more recently discovered feature is
their use in the hydrogenation and asymmetric hydrogenation
of C=N bonds!14

The source of the diamine effect was proposed to be the easy

transfer of a proton from the amine to the carbonyl oxygen and
a hydride from ruthenium to the carbonyl carbon of the ketone
in a unigque second coordination sphere reactibh.1518
Experimental and theoretical studies of the mechanism of the
transfer hydrogenation catalysts of the type RuH(alkexy
amine)8-arene)1°RuH(Tosyamido—amine)t-arene0-22

and RuHg®5-CsAr,OH)(CO), 22 have shown that this hydridic
protonic transfer to the €0 group of the ketone is likely to

\
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Chart 1. Isomers of Dihydride Complexes

trans-H, cis-PR; cis-H, cis-PRy cis-H, trans-PR;

be a concerted process. Noyori and co-workers have called this

metal-ligand bifunctional catalysi%® These catalysts are
regenerated by transfer of hydride to ruthenium from basic
2-propanol or ammonium formate but not from dihydrogen gas.
In contrast, ruthenium diamine complexes such as Ka@})-
(PPh),*7:2425are precatalysts that lead to much more active
catalysts for the hydrogenation of ketones than to catalysts for
the transfer hydrogenation of ketones.

The structures of the active ruthenium hydride catalysts in
the diamine systems are only now emerging. It was expected
that the dichloride precursors would be converted into hydride
specie$’2627under the reducing catalytic conditions of hydro-

gen gas, 2-propanol, and strong base. Some of us found tha

the monohydride complexes RuHCI(RPfdiamine) and Ru-
HCI(diphosphine)(diamine) were inactive as ketone or imine
hydrogenation catalysts but could be converted into active
dihydride catalysts by reaction with a strong base and dihy-
drogent!12.17.18 Therefore, the catalytic species were pro-
posed—?11.12151828tg phe the dihydride diamine and hydrido
amido—amine complexes as shown in Scheme 1. For example,

(11) Abdur-Rashid, K.; Lough, A. J.; Morris, R. Krganometallic200Q 19,
2655-2657.

(12) Abdur-Rashid, K.; Lough, A. J.; Morris, R. ldrganometallic2001, 20,
1047-1049.

(13) Cobley, C. J.; Henschke, J. Rdv. Synth. Catal2003 345 195-201.

(14) Henschke, J. P.; Zanotti-Gerosa, A.; Moran, P.; Harrison, P.; Mullen, B.;
Casy, G.; Lennon, |. CTetrahedron Lett2003 44, 4379-4383.

(15) Noyori, R.; Yamakawa, M.; Hashiguchi, $.0rg. Chem2001, 66, 7931~
7944

(16) Noyori, R.; Koizumi, M.;
73, 227-232.

(17) Abdur-Rashid, K.; Faatz, M.; Lough, A. J.; Morris, R. 5. Am. Chem.
S0c.2001, 123 7473-7474.

(18) Abdur-Rashid, K.; Clapham, S. E.; Hadzovic, A.; Harvey, J. N.; Lough,
A. J.; Morris, R. H.J. Am. Chem. So@002 124, 15104-15118.

(19) Alonso, D. A.; Brandt, P.; Nordin, S. J. M.; Andersson, PJGAm. Chem.
Soc.1999 121, 9580-9588.

(20) Haack, K. J.; Hashiguchi, S.; Fuijii, A.; Ikariya, T.; Noyori,Agew. Chem.,
Int. Ed. Engl.1997, 36, 285-288.

(21) Yamakawa, M.; Yamada, I.; Noyori, Rngew. Chem., Int. EQ001, 40,
2818-2821.

(22) Casey, C. P.; Johnson, J. B.Org. Chem2003 68, 1998-2001.

(23) Casey, C. P.; Singer, S. W.; Powell, D. R.; Hayashi, R. K.; Kavand, M.
Am. Chem. SoQ001, 123 1090-1100.

(24) Cenini, S.; Porta, F.; Pizzotti, M. Mol. Catal.1982 15, 297—308.

(25) Pamies, O.; Backvall, J. Ehem=—Eur. J.2001, 7, 5052-5058.

(26) lkariya, T.; Ikehira, H.; Murata, K.; Kiyofuji, N.; Ooka, K.; Hashiguchi,
S.; Okuma, T.; Noyori, RIpn. Kokai Tokkyo KohdP, 1999. CAN: 131:
87713.

(27) Hartmann, R.; Chen, Angew. Chem.,

Ishii, D.; Ohkuma, TPure Appl. Chem2001,

Int. ER001, 40, 3581-3585.

t,c-isomer c.c-isomer ¢.t-isomer
(0C-6-22) (0C-6-32) (0C-6-13)
(A or A at Ru)
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{vell-characterized ruthenium complexes witans-dihydride

and cis-phosphine ligandst,c-Ru(H)(tmen)(PPB),, tmen =
NH.CMe,CMe;NH», and trans-Ru(H)(tmen)(R)-binap), are
active ketone hydrogenation catalysts without the need for
activation by a bas¥:'8 The dihydrides react directly with
ketones to produce alcohols and are regenerated by the reaction
of the hydrido amide-amine complexes RuH(NHCMEMe,-
NH,)(PPh), and RuH(NHCMeCMeNH,)((R)-binap) with
hydrogen gas (Scheme 1). The heterolytic splitting across a
ruthenium-amido bond of amy?-dihydrogen ligand that is
weakly coordinated to ruthenium is the turnover limiting step
of the catalytic cycle. The completansRuH(HBH:)((R)-
tolbinap)(R R)-dpen), tolbinap= 2,2-bis(ditolylphosphino)-
1,2-binaphthyl, dpen= 1,2-diphenylethylenediamine, is also
an active catalyst without the need of added Wasthis
precatalyst was used in a kinetic study that supported the
mechanism of Scheme 1 for basic conditions in 2-prop#hol.
Hartmann and Chen have proposed an alternate mechanism
where potassium is located on a hydridoamido intermediate and
serves to activate the ketone and promotes the heterolytic
splitting of dihydrogen by positioning an alkoxide ion for an
efficient deprotonation reactici:3° Similarly, a dihydride
complex RuH(P—NH—NH—-P) and amide-amine complex
RuH(P-N—NH—P) were proposed to be the active hydrogena-

(28) Sandoval, C. A.; Ohkuma, T.; Mim K.; Noyori, R.J. Am. Chem. Soc.
2003 125 13490-13503.

(29) Hartmann, R.; Chen, RAdv. Synth. Catal2003 345 1353-1359.

(30) Hartmann, R.; Chen, RAngew. Chem., Int. EQ001, 40, 3581—3585.
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Table 1. Compound Numbering

diamines

amido—amine ligands
(R, R)-NHC@H]_()NH27
NHCH,CHaNH»™
NHCMe,CMesNH,~

ago

(OC-6-43)-RuHCI(PP¥),(diamine) frans-H---Cl, cis-P---P)
RuH(PPh)2(amido—amine)

(OC-6-22)-RuH(PPh)x(diamine) (withtrans-H-++H, cis-P---P)
A-(OC-6-32)-RuH(PPh),((R R)-dach) (withcis-H++-H, cis-P-++P)

6-32)-RuH(PPh)2((R,R)-dach) (withcis-H---H, cis-P---P)

(OC-6-32)-RuH(PPhy)2(en) (withcis-H---H, cis-P---P)
(OC-6-13)-Ru(PP$);(H)2(diamine) (withcis-H---H, trans-P---P)
(OC-6-14)-[Ruf?-Ho)H(PPh)((R,R)-dach)]BPh

22)-RuH(GPPh)(PPh),((R,R)-dach)

a trans-(1R,2R)-diaminocyclohexane R/R)-dach)
b 1,2-diaminoethane (en)
c 2,3-diamino-2,3-dimethylbutane (tmen)
complexes
1a, 1b, 1c
2d, 2b, 2¢
H
H,
iNW/B / -
2NN
o N pph,
H
2¢'
t,c-3a, 3b, 3c
A-c,c-3a
A-cc-3a A-(OC-
c,c-3b
ct-3a, 3b, 3c
4
5 (OC-6-.
6

RuH2(PPR)4(u-n%5* HN=CHCH=NH)

tion catalysts for a tetradentate ligand syst&R)-cyclo-GHio-
{NHCH,CgH4PPh} .31

Dihydrido diamine complexes of ruthenium with monodentate
phosphine ligands can potentially exist as four geometric
isomers, two of which are enantiomers (Chart 1). Tae
stereochemistry of the hydride and diamine at ruthenium has
been proposed to be a requirement for catalytic activithe
t,c and c,c isomers have this stereochemistry and potentially
have hydridie-protonic interaction®-34 between a ruthenium
hydride and an amino hydrogen that is axial with respect to the
diamine-Ru ring. However, theis-dihydride complexc,t-Ru-
(H)2(PPR)2((R,R)-dach) has amerdiamine-hydride stereo-

chemistry and yet was also reported to be an active hydroge-

nation catalyst! Noyori and co-workers have provided evidence
for two dihydride isomers of the corresponding ethylenediamine
(en) systent t-Ru(H)(PPh),(en) andc,c-Ru(H):(PPh)2(en)26

In this article, we address the questions: which of these isomers.

are competent catalysts or precatalysts for ketone hydrogenatio
and what is the effect of the structure of each catalyst isomer
on the reactivity and obtained ee values? Although the ee of
the alcohol produced by thé&rR)-dach catalyst under study
here is lower than that observed for Noyori's synthetically
valuable RuCi(binap)(diamine) precatalysts, it is high enough
to answer some of these questions for the first time.

Results and Discussion

Starting Complexes.The starting complexes for this work
are the known yellow hydrido chloro complexes RuHCI(BRh
(diamine}*1-35that have hydride trans to chloride (OC-6-483,(
diamine= (RR)-dach,1b, en; see Table 1 for the numbering

(31) Rautenstrauch, V.; Hoang-Cong, X.; Churlaud, R.; Abdur-Rashid, K.;
Morris, R. H.Chem=—Eur. J. 2003 9, 4954-4967.

(32) Stevens, R. C.; Bau, R.; Milstein, D.; Blum, O.; Koetzle, TJFChem.
Soc., Dalton Trans199Q 1429.

(33) Crabtree, R. H.; Eisenstein, O.; Sini, G.; PerisJEOrganomet. Chem.
1998 567, 7—11.

(34) Morris, R. H. InRecent Adances in Hydride ChemistryPeruzzini, M.,
Poli, R., Eds.; Elsevier: Amsterdam, 2001; pp38.

(35) James, B. R.; Wang, D. K. Whorg. Chim. Actal976 19, L17—L18.
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scheme). They are prepared here by the reaction of RUHCI-
(PPhy)3 with the appropriate diamine (eq 1).

RuHCI(PPh); + diamine—
(OC-6-43)-RuHCI(PP)),(diamine)+ PPh (1)

Occasionally, a second, purple, insoluble diastereom#aof
is produced in small amount in eq 1. It is thought to be the
(OC-6-32) isomer withrans-PPh ligands. The structure dfa
has been confirmed by X-ray crystallography (see Supporting
Information).

Observation of Amido—Amine Complexes.The reaction
of RUHCI(PPR),(tmen) 1c in THF under Ar with the strong
base potassiurtert-butoxide produced the red amidamine
complex RuH(PP§)(HNCMe,CMe;NH,), 2¢, as described
elsewheré® This complex is stable and completely character-
ized. By contrast, the red solutions of complexes RuHgRPh

HNCeH10NH,) 28 and RuH(PPH(HNCH,CH.NH,) 2b',

when prepared in a similar fashion (eq 2 shows the reaction for
2d), are stable only for short periods of time. The neutral
phosphazene ba8uNP(NP(NMe)3)33¢ (pKa™HF &~ 40°7:39 can

be used in place of KBu in eq 2, although an excess is required
to drive the reaction to completion. The low-temperature NMR
spectra of2d in tolueneds are complex, probably because of

a monometdimer dynamic equilibrium (see Supporting In-
formation). NMR spectra of §Dg solutions of2a under Ar for

1 h start to show the presence of uncharacterized products of
its decomposition as well as the dihydridg-3a. The latter
compound likely forms from the abstraction Bgt of H, from
other species in solution. The amido comp®x has not been
produced in a pure state because decomposition starts im-

(36) Schwesinger, R.; Schlemper, H.; Hasenfratz, C.; Willaredt, J.; Dambacher,
T.; Breuer, T.; Ottaway, C.; Fletschinger, M.; Boele, J.; Fritz, H.; Putzas,
D.; Rotter, H. W.; Bordwell, F. G.; Satish, A. V.; Ji, G. Z.; Peters, E. M.;
Peters, K.; vonSchnering, H. G.; Walz, lLiebigs Ann1996 1055-1081.

(37) Abdur-Rashid, G.; Fong, T. P.; Greaves, B.; Gusev, D. G.; Hinman, J. G;
Landau, S. E.; Morris, R. HJ. Am. Chem. So200Q 122, 9155-9171.

(38) Hinman, J. G. MSc. Thesis, University of Toronto, Toronto, Canada, 2001.
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Table 2. NMR Properties of the RuH(PPh3)2(amido—amine)

Complexes 2 in CeD Hy
p 606 PhyP "’”R “\.. N PP, | N )
2 2’ 218 . N
Ph3 (C¢Dg) Ph;P | N
On (ppm) —20.7 (brt) —20.9 (1) —21.1(t) H
2Jp (Hz) 33 34 36
Op (ppm) 72.5 (A of AB) 72.0 (m) 71.1(s) 2a'+H, te-3a
73.0 (B of AB) 73.2 (br)
2\]pp(HZ) 25 H
PhyPony e PhyPu, | S
Ry RO] @
1 / X j Php® | N
0.9 PhsP ‘) N ©eDo " ]L H,
0.8
0.7 ) 2b'+H -3b
506 2a B c,t-3a 2 Le
€05 . . :
E 04 Thetrans-dihydride complexegc-3aandt,c-3b are not easily
0.3 detectable because of their short lifetimes. Howelyei3a can
0.2 be observed when a solution & in tolueneds is prepared,

0.1

0 T T T T

2000 4000 6000 8000
time (s)

Figure 1. Plot of the fraction of the dihydride specigs-3a (H), A/A-

c,c-3a (a), andc,t-3a (x) produced in the reaction of compl@d (#)
(0.08 M) in tolueneds with dihydrogen (1 atm) as monitored By NMR.

B
10000

mediately. An interesting dimeric product of the decomposition
of 2b' is discussed below. The spectra and chemical properties
of 2d and2b’ in solution are similar to those &c (Table 2).

H g, o
H, X KO'Bu N /
Nu,,// \\“\\\‘PP 3 ’ll// (2)
Ru /Rull"PPh}
v \Y e
\\\( ]\{ PPhy  C,Dg, 15 min o \ PPhy
H H-- -Cl H

1a 2a'

Reaction of the Amido—Amine Complexes with Dihydro-
gen To Producetrans-Dihydrides. Understanding the course
of the reaction of these amid@mine complexes with dihy-
drogen is important since this is thought to be a step in the
catalytic cycle in the hydrogenation of ketones (Scheme
1)79.11.17.18nd imines'! When hydrogen is added && or 2b'
in solution, the resulting dihydrides undergo a succession of
isomerization reactions, leading from the least stabdms
dihydride, cis-PPhy isomer t,c-3, via the intermediatecis-
dihydride,cis-PPh isomersA/A-c,c-3a, to the most stableis-
dihydride,transPPh isomerc,t-3. In contrast, the reaction of
2c¢ with dihydrogen stops at the isomérc-3c, presumably

because the methyl groups on the backbone of the diamine

hinder the formation of the other isoméfdzigure 1 shows how
the concentrations &fa’ and the dihydride isomers change with
time after the addition of hydrogen gas to a solutior2dfin
tolueneds. As long as the amido andjHare present there is
always a small amount of thieans-dihydridet,c-3a

The species that are formed first from the reaction of
dihydrogen at 1 atm pressure wifld and 2b’ are the very
reactivetrans-dihydride complexesc-3aor t,c-3b, respectively
(egs 3 and 4). Because the formation of this isomer requires
the lowest degree of structural reorganization, it is reasonable
that it is produced fastest. This has also been observezcfor
and calculated fo2b'.18 Evidence for the structural assignment
of t,c-3a andt,c-3b comes from the NMR spectra (see Table
3).

frozen in liquid N, and then reacted with 1 atm of dihydrogen

at—60 to—20 °C. After 40 min at—20 °C, there is about 40%
conversion ta,c-3a; someA/A-c,c-3a also forms by isomer-
ization of t,c-3a. After 10 min at 20°C, t,c-3a has almost
disappeared while,c-3a continues to grow in and then it, in

turn, isomerizes t@,t-3a.

Isomerization of the Dihydrides. Two different diastereo-
mers (A-c,c-3aandA-c,c-3a) are produced in the isomerization
of t,c-3a (Scheme 2) in a ratio of about 1:2. These result from
chirality at Ru A/A) and at the enantiopur®(R)-dach ligand.

It is not clear which is the major diastereomer, although we
argue below that it may be th& isomer on the basis of the
results of the reaction the diastereomers with the prochiral
ketone, acetophenone. The ethylenediamine compteb
isomerizes tac,c-3b (Scheme 3). Compleg,c-3b exists as a
racemate (chirality at Ru only).

The isomerg,c-3aandc,c-3b have half-lives of 40 min and
about 1 h, respectively, at 20C with respect to further

Table 3. NMR Properties of the trans-Dihydride Complexes, t,c-3,
in CsDs

trans-H, cis-PPhs tc-3a tc-3b tc-3c18
On (ppm) —5.45 (1) —5.90 (1) —5.50 (t)
2Jup (Hz) 18 20 18
Jp (ppm) 86.5 (s) 86.0 (s) 87.8 (s)
cis-H, trans-PPh, c,t-3a c,t-3b
On (ppm) —18.30 (t) —18.35 (t)
2Jup (H2) 27 27
Op (ppm) 66.0 (s) 66.0 (s)
Scheme 2. Isomerization of the Dihydride f,c-3a
T H, . li'Ph; gz
Ph;P( | ‘N H | N
PPh; *2

fc-3a minutes hours ct-3a
(CM (c(,D@

PPh PPh.

| 3H2 I 3H2

Moyl e Nj\j PhsPr g N
Phyp” | ‘N H” | N

H H 2
A-c,c-3a A-c,c-3a
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isomerization that allows an approach to equilibrium wittisa Scheme 3. Isomerization of the Dihydride t,c-3b

dihydride that hasrans-phosphinesq;t-3a andc,t-3b; Schemes H, PPhy

2 and 3). The minor diastereomeraé-3aappears to isomerize PhsP..y, | \“N H. ,,,,R| = N]

at a slightly greater rate than the major diastereomer on the basis Ph P/R| \N] | vy

of changes in the intensities of the hydride resonances between ’ PPh3 H,

—5 and—6 ppm. At equilibrium there is about 8%c-3a and
92%c,t-3a. When a pure sample of crystalliog-3ais dissolved

in CgDsg, thec,c-3aisomers can be observed to grow in over a
period of a day until equilibrium is established, although there
is also some decomposition. An equilibrium mixture3if is
richer in thecis,cis isomer tharBa and consists of about 30%
c,c-3b and 70%c,t-3b.

The NMR experiments showed that the rate of the isomer-
ization ofc,c-3ato c,t-3ain CgDg is independent of the starting
dihydride concentration and therefore appears to be a unimo-
lecular process. The addition of PA©.012 M PPhto 0.016

M of complex) did not cause a significant change either. CeDs

)

PPhy g

W N
Ph,p”” | ‘N]

H M

¢,c-3b

t.c-3b minutes hours o t-3b
<cm\ (CeDs)

Table 4. NMR Properties of the cis-Dihydride Complexes ¢,c-3 in

Therefore, the isomerization could involve a trigonal twist of A-cc3a A-cc3a c.c-30
groups on the octahedral metal. However, this result does not du (ppm) —5.65 (ddd) —5.35 (ddd) - 6.00 (ddd)
rule out a mechanism where isomerization takes place after the ZJHR'a"(Sg";)Z) %go égz ??3?
rate-limiting dissociation of a phosphine. The rate of isomer- ZJ::CI(SHz) 6 6 6
ization fromc,t-3ato c,c,3ais about 10 times slower than the On (ppm) —15.4 (m) —15.4 (m) —15.75 (td)
reverse process, makimg-3a a less active ketone hydrogena- zJHP (Hz) not resolved not resolved 24
tion precatalyst in benzene tharc-3a (see below). éJpHFpg-g)) 25.5 %7'5 656'5

The isomerization betweasis- andtrans-dihydrides has been p (PPM) 84.0 84.0 83.5
reported in a few cases. Milstein and co-workers reported a case 2Jep(Hz) 13 13 14

where thecis-dihydride I{ CeHz(CHoP'Pr2)2} (H)2(CO) isomer-
izes to the more stableans-dihydride3® Theoretical calcula-
tions provide evidence for two consecutive trigonal twists as
the mechanism for this reaction; that is, there is no ligand
dissociation involved? The complex Ru(H(PPhCH,PPh),
exists as a mixture ofis- andtransisomers in a ratio of 1:4
and in dynamic equilibrium! while other complexes, M(H)
(diphosphinegy*243and M(H)(phosphine)** M = Fe, Ru, Os,
tend to have a more stabbés-isomer than dransone.
Preparation of the cis-Dihydrides. Two effective procedures
to synthesize mixtures @fc-3 andc,t-3 in high yield are given
by egs 5 and 6.

RUHCI(PPR),(diamine)+ KO'Bu + H, (1 atm)—
c,c-3+ ct-3+ KCl + HO'Bu (5)

RUHCI(PPh),((R,R)-dach)+ KHB®*Bu, —
c,c-3a+ ct-3a+ KCI + B*Bu, (6)

In either case, the ratio af,c-3 to c,t-3 depends on the
reaction time and the time until precipitation of the product.

a Arbitrarily assigned to the major isomer with ratios of intensities of
peaks of 2:¥A: A. These assignments may need to be reversed.

The KOBuU/H, method (eq 5) produces small amounts of side
products in low concentrations that are difficult to remove. This
might be because this reaction proceeds via unstable amido
amine complexes. The potassium selectride (RBiB) method
(eq 6) might proceed via the initial formation of (OC-6-22)-
RuH(HBBus)(PPh),((R,R)-dach) (cf.transRuH(HBHs)((R)-
binap)(dpeny?) followed by its decomposition, first to theans-
dihydride t,c-3a, and then rapidly to the observed mixture of
cis-dihydrides that becomes enrichedd-3a over time.

Some spectroscopic properties of ttis-dihydridesc,c-3a
andc,c-3b are summarized in Table 4, while those @f-3a
andc,t-3b are listed in Table 3. The NMR properties and X-ray
crystal structure ot,t-3a have already been report€dThe
transphosphine stereochemistry af-3b was also verified by
NMR using a!®N labeled diamine in the complex Ru(H)
(PPh)2(*>NH,CH,CH,*NH,) (see the Experimental Section).

Reaction of the Dihydrides with Ketones and Alcohols.

Shorter reaction times produce the mixtures enriched up to 85%0nly the isomers of Rup{PPh),(diamine) withcis-phosphine

in the c,c-3 isomers. The same 1:2 ratio of diastereomers of
AIA-c,c-3a is produced by both methods. The ratio of the

ligands react with acetophenone (PhMeQ) and benzophenone
(Ph,C=0). Cold solutions containing a mixture of thens

isomers remains unchanged after storage in the solid state. Thalihydride t,c-3a and the amido comple®a react with ac-

cis-dihydrides c,c-3b and c,t-3b have been mentioned in a
patent?6

(39) Rybtchinski, B.; BenDavid, Y.; Milstein, DOrganometallics1997, 16,
3786-3793.

(40) Li, S.; Hall, M. B.Organometallics1999 18, 5682-5687.

(41) Ayllon, J. A.; Gervaux, C.; Sabo-Etienne, S.; Chaudre©Q®&janometallics
1997 16, 2000-2002.

(42) Earl, K. A,; Jia, G.; Maltby, P. A.; Morris, R. H.. Am. Chem. S0d.991,
113 3027-3039.

(43) Bautista, M. T.; Cappellani, E. P.; Drouin, S. D.; Morris, R. H.; Schweitzer,
C. T.; Sella, A.; Zubkowski, 3. Am. Chem. S0d.991, 113 4876-4887.

(44) Jesson, J. P. Aransition Metal HydridesMuetterties, E. L., Ed.; Marcel
Dekker: New York, 1971; Ch. 4.
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etophenone to produce predominate§-ghenylethanol (see
below). This parallels the high activity of complé)-3c in
rapidly transferring dihydrogen to acetophenone to produce
1-phenylethanol®

The cis,cissisomersA/A-c,c-3a andc,c-3b in solution at 20
°C are consumed completely within 3 min after the addition of
acetophenone or benzophenone, whiledkgransisomersc,t-
3a andc,t-3b remain unchanged. When dihydrogen is added,
thecis,cis-dihydrides are regenerated, presumably viarties
dihydridest,c-3, while the amount of the dihydridest-3 still
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Scheme 4. Stoichiometric Hydrogenation of Acetophenone by
tc-3a

e\
;N OH
H. é
Rul -8 Me
Phsp” | g
PhyP
tc-3a 2a' ee 63% (S)

remains unchanged. This demonstrates thatiheis-isomers
are potential catalysts for the hydrogenation of these ketones.
In contrast, thecistransisomers need at least several days to
fully react and can even be detected after the addition of a large
excess of PhCOMe. Thas,transisomers may have to isomer-
ize to thecis,cis-isomer to react since the time scale of the
reaction with thec,t-3 compounds is similar to the time scale
for the c,t-3 to c,c-3 isomerization. This is the explanation for
the report of a reaction betweent-3a and acetophenone in
CeDe.ll

The metal-containing products of the stoichiometric reaction
of benzophenone and acetophenone with3a or c¢,c-3b in

Scheme 5. Stoichiometric Hydrogenation of Acetophenone by the
Diastereomers of c¢,c-3a To Produce 1-Phenylethanol

O\\C/Me
Heeefy b
H, | H Ph Me
N. gy | qwPPhs . 3
Ru —> 2a + C—OH
SNy
2 PPhy
A-c,c-3a mainly (S)
0~\__C/Ph
H <.
‘H Me Ph
N | H Me,,,3
(\E TR 2+ c—OH
oW\ N( | \Pth. /
Hy  ppp, H
A-c,c-3a mainly (R)

by the hydride. A concerted transfer of tnd H™ equivalents
gives the §-alcohol and the amideamine complex2d. A
similar mechanism has been establishedtfans-dihydrides
3c and Rub((R)-binap)(tmen}):8 The existence of rotamers of
the PPHh ligands int,c-3a could explain why the enantioselec-

benzene have not been completely characterized. These couldivity is poor.

be alkoxide complexes or the adducts of amido species and
alcohols (see the Supporting Information). Only the-3a
isomer in a mixture ot,c-3alc,t-3a reacts quickly with added
rac-1-phenylethanol in €Dg under Ar, probably to give FHand

the alcohol adduct oRa, RuH(OHCHMePh)(PP):((RR)-
dach), with a broadH NMR resonance at-20.4 ppm. This
behavior was observed for the reaction of the amidmine
complex2c with this alcoholt®

Enantioselective Stoichiometric Hydrogenation of Ac-
etophenone by the Dihydride Isomers of 3a.Solutions
containing increasing amounts of ttiens-dihydridet,c-3a (and
smaller amounts of theis,cis-dihydrides,c,c-3a) were prepared
by reacting the amideamine complexXd in toluene at—20
°C with dihydrogen for time intervals increasing from 10 to 40
min. When these were reacted with PhCOMe for approximately
1 min at—20 °C, the conversion to 1-phenylethanol that was
isolated after workup increased from 18 to 42% in accordance
with the amount ofrans-dihydride present, while the ee stayed
at 63+ 2% (9. The fact that the dihydrogen transfer to the
ketone is very fast, even at20 °C, supports the mechanism
proposed below for the catalytic ketone hydrogenation. If the
ketone is left in contact with the hydrides for longer periods of
time (5-30 min at—20 °C), thecis,cis-dihydride isomers begin
to react to give a higher conversion to the alcohol, but with a
lower ee (56-30% (9).

By examining the postulated structure of the transition state
(Scheme 4), we can explain the production of the excess of the
S enantiomer of 1-phenylethanol by hydrogen transfer to
PhCOMe from thetrans-dihydride t,c-3a that contains the
optically active RR)-dach ligand. There is one axial NH aligned
with the Ru-H bond at each side of thi€;-symmetrical
molecule. Hydridie-protonic interactions are postulated to favor
this alignment with a RuH-HN distance of 2.2 A as is observed
for transRuHy(tmen)(R)-binap)1” The ketone approaches either
side of the dihydride so that the oxygen forms a hydrogen bond
with an axial NH. Then the smaller Me group fits between the
bulky cis-PPh ligands, while the carbonyl carbon is attacked

When a mixture containing predominantly tlees,cis-dia-
stereomerd-c,c-3aandA-c,c-3ais reacted with acetophenone
at 20°C, an ee of 1618% (§) is obtained. If it is assumed that
the most important reason for stereoselectivity is the avoidance
of the bulkysynPPh ligand by the large phenyl group of the
acetophenone docked by hydrogen bonding in the second
coordination sphere, then the following model provides a
possible explanation for the reduction in enantioselectivity. The
proposed transition state fai-c,c-3a should favor §-1-
phenylethanol, whereas that farc,c-3a should favor the R)-
enantiomer (Scheme 5) with the assumption that the larger Ph
group of the ketone is placed over the smaller hydride ligand.
The result will be a low overall ee.

The very low reactivity of the dihydride,t-3a with the ke-
tone may be due to poor positioning of the amine protons and
hydrides for the dihydrogen transfer reaction. The X-ray crystal
structure ofc,t-3a'! revealed that these are not aligned by
RuH:--HN hydridic—protonic interactions unlike thérans
dihydride Rub((R)-binap)(tmen) that does react readily with
ketones.”18

Hydrogenation of Acetophenone Catalyzed by Complexes
3a in Benzene.The dihydride Ru(HYXPPh).((R,R)-dach)3a
was reported to be an active catalyst for the hydrogenation of
neat acetophenone to 1l-phenylethanol with an enantiomeric
excess of 60%9).11 However, the role of the different isomers
of 3ain catalysis was not studied.

Here we find that a mixture of about 85%/A-c,c-3a and
15%c,t-3a*> in benzene that is prepared according to eq 5 serves
as an active catalyst precursor to hydrogenate PhCOM8-o (
PhCH(OH)Me with an ee of about 50%. When a sample of
this mixture of3ais left to isomerize to an equilibrium mixture
of about 8% A/A-c,c-38/92% c,t-3a in benzene, almost no
catalytic activity is observed using exactly the same procedure.
In general, we observe that the catalytic activityBafdecreases

(45) During catalyst preparation and loading, this mixture should evolve into a
mixture of approx 75%,c-3a and 25%c,t-3a
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Scheme 6. Proposed Catalytic Cycle and Routes into the Cycle Kinetic Study of the Hydrogenation of Acetophenone
cc-3a+MePhC=0 —=  ¢1-3a+MePhC=0 Catalyzed by Dihydrides 3a in Benzene.The rates of
hydrogenation as a function of concentrations of the dihydrides

3a ketone and dihydrogen in benzene, benzgner 2-propanol

1 “MePhCH(OH)
2

were studied by withdrawing samples from a thermostated
m . reactor at set time intervals and analyzing them by NMR and
2\ H gas chromatography over a chiral column. The conditions for
TN obtaining reproducible results are exacting (see the Experimental
ﬁ""'Rlu““"N;II{{ Section). Itis necessary to.determine by NMR Fhe starting ratio
(Scheme 4) Ph3P/ | oy of c,g—3a/c,t-3a isomers smqe only the,c-3a |somers are
PhyP effective catalyst precursors in benzene as shown in Scheme 6.
Hence, fresh catalyst solutions have to be made up before each
oH te-3a run. The activity of a precatalyst benzene solution enriched in
T -KCl | c,c-3a decreases with time, decreasingcas3a isomerizes to
4 Me PhMeC=0 c,t-3a. When a solution of3a is added to the ketone solution

H
Ph : )
la + KO'Bu under H at the start of the hydrogenation reaction, the3a

present at that instant rapidly reacts with the ketone to start the
reaction.

The catalytic reaction in benzene was found to be first-order
) . with respect to the initial concentration at-3ain the catalyst

Samples of3a that c_ontaln thec,c-3§1 Isomer prepa_red mixture, first-order in dihydrogen concentration, and zero-order
according to eq 6 provide the alcohol in-561% ee §) in in ketone concentration (eq kg, = 7.5+ 0.4 M~ s at ketone
catalytic hydrogenation reactions. Samples prepared according.qncentrations of less than 0.02 M (Table 5). The presence of
to eq 5 with similar amounts af,c-3a give a product of lower 0.01 M PPh or 0.05 M racemic 1-phenylethanol (Table 5,
ee (48-51% ee §)). We suspect that a small amount of o wies 4 and 5) did not significantly alter the reaction rate as
racemization of the RR)-dach ligand occurs by reversible expected on the basis of Scheme 6. The first-order dependence
p-hydride elimination from the amideamine intermediate of \4ha initialc,c-3a concentration is illustrated in Figure 2, while
reaction 5 to give an imine intermediate as in the formation of o first-order dependence on hydrogen concentration is dem-
6 discussed below. This would result in some loss of enan- . «rated in Figures 3 and 4 (entries 2, 7, and 8 of Table 5).
tiopurity. The approximately linear dependence of concentration with time

The 48-61% ee §) of the product in the catalytic hydroge- 5 ghout the reaction indicates that the catalytic reaction is
nation approaches the 63% ee of the alcohol observed in theindependent of the ketone and alcohol concentrations.

stoichiometric reaction of predominantly ttrans-dihydridet,c-
3awith acetophenone at low temperature and not the ee-ef 16 d[alcohol] —d[ketone]

18% (9 of the stoichiometric reaction of main/A-cc-3a  Tate=——q—— = — 54— = klc.c-3ala[Hol,

(see above). Therefore, th@nsdihydridet,c-3ais the active _ -1 1
catalyst along with the amideamine compleXd, whereas the ky=7.5£04M7%s " (7)

isomersA/A-c,c-3aare only catalyst precursors to these active The second entry route into the catalytic cycle of Scheme 6

catalysts. is the addition ofla to the KOBu/ketone/H/benzene mixture

Scheme 6 shows the proposed catalytic cycle for the v, to:m o4 This results in a catalyst mixture that is about twice
hydrogenation of acetophenone conducted in benzene solutlon%S active as one fronda on the basis of total ruthenium

by analogy to that proposed fac'/t,c-3c. The amido complex concentration. It seems that this route provides a better yield of

24 reacts with H to producet,c-3a that rapidly transfers the 54 't hossibly at the expense of partial racemization of the
hydride and proton to the ketone to produce 1-phenylethanol (RR)-dach ligand, as mentioned above.

in 50-60% ee §) (cf. Scheme 4). This transfer is apparently it e addition of dihydrogen t@a is the turnover limiting
more rapid than the isomerization t%d/A-c,c-3a because the step of Scheme 6 as it is f@c (k= 110 M1 1 at 20°C) 18
ee obtained is 5860% (), not the 16-18% () resulting from then a rate law like that of eq 7 would be expected except that

the reaction of theciscisisomers with acetophenone (cf. o concentration of the amido compl2& is used instead of
Scheme 5). Scheme 6 shows two possible entries into the cycle.[C c-3aliniial (€Q 8).

The catalyst precursors cange-3a, by the reactions of Scheme

5 to produce2d and other ruthenium species,I=a, by reaction d[alcohol]

with base to produce mainlga. The reaction of,c-3a with rate= —a ke[2a][H ] (8)

the ketone in benzene is very fast, and thus there is no induction

period for catalyst formation while there is an induction period ~ We conclude thaktgis 8 M~1 s or slightly greater depending

of several seconds starting witlaand a suspension of KBu. on the yield of catalysd from the precatalyst,c-3a or la.

The second entry, the addition of complga to a mixture of The rate constant increases with temperature, but the interpreta-
ketone and base undep,Hrovides the most active system in  tion of the temperature dependence will be complicated by the
benzene and gives the alcohol in-562% ee § depending on presence of the various dihydride and alkoxide equilibria.

as the ratio ofc,c-3alc,t-3a decreases. Therefore, we can rule
out ¢c,t-3a as being the active catalyst or catalyst precursor in
benzene.

the conditions. The isomet,t-3a is apparently not a good Figure 5 shows three runs at higher catalyst and ketone
precatalyst in benzene but will, over the course of several hours,concentrations. As mentioned previously, when maty3a
isomerize toc,c-3a that is a precatalyst. is present, there is almost no catalytic activity. When 75
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Table 5. Dependence of the Zero Order Rate of Production of Alcohol on the Concentrations of the Precatalyst c,c-3a and Hydrogen in

Benzene?
[Ruliotay % c,c-3a [c,c-3a]i, [Hal, Vo, initial rate, k= wl([c,c-3a][H]),
run M (£5%) M (£5%) M M~ts~1 (+5%) M-tst Y%conversion/% ee
1 1.1x 104 35 3.6x 10°° 0.013 3.5x 1076 6.9+ 0.5 7161; 31/55
2 2.2x 104 35 7.7x 107° 0.013 7.8x 1076 7.7+0.5 16/60; 30/59; 73/55
3 3.3x 104 40 1.3x 104 0.013 1.3x 105 75+ 0.5 49/62; 96/61
4 2.2x 104 40 8.8x 107 0.013 9.5x 1076 8.2+ 0.5 15/63; 90/55
5 2.2x 104 40 8.8x 107%¢ 0.013 9.4x 1076 8.1+ 0.5
6 2.2x 104 10 2.2x 1075 0.013 2.8x 1076 9+1 14/60; 24/58
7 2.2x 104 40 8.8x 10°° 0.021 1.37x 10°° 7.6+0.5 20/59;77/58
8 2.2x 104 30 6.6x 10°° 0.029 1.40x 1075 7.3+£0.5 32/58; 96/56
9 1.1x 1073 75 8x 107% 0.013 4x 1075t0 1.2x 107% 4t012 8/47; 30/50

a[Acetophenone]= 0.0167 except for run 9 where it is 0.167 M; constarf][=# 0.013 M (5 atm), 0.021 M (8 atm), or 0.029 M (11 atm); 293 K; [Ru]
= [activec,c-3d] + [inactivec,t-3a]. ® [PPh] = 0.01 M. ¢ [rac-1-phenylethanaj}= 0.05 M. ¢ A solution of 35%c,c-3a after sitting for 2.5 he [acetophenong]

= 0.167 M (Figure 5).

0.025
002
=
2 0.015 .
o ] 3
z 0.01
5 0 i
= 7y
= 0.005 B s 3
3
0
1] 200 400 600 8O0 1000 1200 1400 1600
time (s)

Figure 2. Plots of production of 1-phenylethanol as a function of time in
the hydrogenation of acetophenone (0.0167 M) by precataajistbenzene

at 20°C, 5 atm H, with total initial concentrations da of 3.3 x 1074 M
(40%c,c-33, M), 2.2 x 1074 M (35%c,c-33 4), and 1.1x 1074 M (35%
c,c-33, #). The solid lines represent the numerical integration of eq 7 with
k; = 7.5 M1 s71 with the initial conditions as indicated above. The ee
values decrease from 60 to 55% Qver the course of the reaction.
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Figure 3. Plots of 1-phenylethanol concentration as a function of time in
the hydrogenation of acetophenone (0.0167 M) by precataajistbenzene

at 20°C, with total initial concentrations &aof 2.2 x 1074 M and constant
hydrogen concentrations of 0.0132 M (5 atm, 36%3a, ), 0.0212 M

(8 atm, 40%c,c-3a, x), and 0.0292 M (11 atm, 30%c-3a, ®). The solid
lines (dotted line for the 8 atm run) represent the numerical integration of
eq 7 withk; = 7.5 M1 s~1 and the hydrogen concentrations as indicated.
The ee values decrease from 60 to 58ocver the course of the reaction.

3ais present, there is good activity and the plot of conversion
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Figure 4. Plot of rate of alcohol formation divided by the starting
concentration of the isomer,c-3a as determined by NMR versus the
hydrogen concentration. The slope of the line is the rate condtast,7.5
M-1sL
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Figure 5. Plot of 1-phenylethanol concentration versus time during the
hydrogenation (5 atm) of acetophenone (0.167 M) in benzene &C20
catalyzed by 0.0011 Ma as 75%c,c-3a/25% c,t-3a (®) or >95%ct-3a

(a) or >95%c,t-3athat was preactivated by reaction with 0.05 M racemic
1-phenylethanol for 15 min under,H{H). The ee range from 49 to 51%

®.

tion precatalyst RUHG{R,R)-(PPhCsH4CH2NH),CsH1g} 3L The
latter acceleration might be due to the high concentration of
the alcohol product that assists in the activation of dihydrogen
as observed in 2-propanol.

The upper curve in Figure 5 demonstrates that ttaes
phosphine isomeg;t-3acan be activated by reaction with excess
racemic 1-phenylethanol (0.05 M) for 15 min under héfore
adding the ketone. Again there is also increasing activity with
time. Lower concentrations of the dihydridg-3a and alcohol

versus time curves upward. The initial rate is lower than that do not display this activation phenomenon. The higher concen-
expected on the basis of eq 8, while the maximum rate is slightly tration of this acidic alcohol may allow the protonation of this
higher than expected (Table 5, entry 7). A possible explanation dihydride to give a transient dihydrogen complex that losgs H

for the former low rate might be an inhibition by ketone; this

to produce an alkoxide complex RuH(OCHMePh)(BRh

has been observed previously for the related ketone hydrogena{(RR)-dach). This alkoxide complex might then isomerize to
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the transisomer and eliminate alcohol to give the ketone
hydrogenation catalys2d. Thus, catalytically inactive,t-3a

R R R R

u , U ’
is converted into activea. Chaudret and co-workers have - (\)‘ITI‘H i ‘IﬁwH
reported observing the first steps of such a reaction sequéénce. phoo] H Pl
The cis-dihydride cissRuH;(dppm), dppm = PPhCH,PPh, ;&P‘\"d P&C“'O

reacts with phenol to produce first the dihydrogen-bonded
complextrans-Ru(H:--HOPh)(H)(dppmy) along with the dihy- i
drogen complexrans[Ru(Hz)(H)(dppm}][OPh], and then the
alkoxide complexrans-RuH(OPh)(dppm)

While no dihydrogen-bonded or dihydrogen complexes have

Figure 6. Structure i, analogous to the transition state structure ii.

Scheme 7. Preparation of the Phosphinate Complex 5

been detected by reaction of complga with alcohols under H, PP Ph,P(0)(OH)
H, thus far, the related dihydrogen complex (OC-14)-pRu( N"'IIIIJU\\\\\“
H,)(H)(PPh)2((R R)-dach)]BPh (4) with transphosphines has w N7 v H,
been observed in solution by reactiig3awith [HNEt3][BPh,] Hy  ppn,
under 1 atm H (eq 9). Equation 9 shows that the dihydride H H
ct-3ais more basic than triethylamine in THF. Therefore, it is Ph3P~~u,,R|u\\w-'NH ““‘
reasonable that the acidic alcohol 1-phenylethanol could pro- Phyp” | \N‘
tonate this dihydride when in high enough concentration. Noyori Phh?. ;
and co-workers have reported evidence for the formation of 0
trans-[Ru(Hz)(H)((S-tolbinap)(S,9-dpen)] in alcohol solu- - Ph 5
tion28 No, [/
C[ ///Ru‘\“"'PPh3
. + W g PPh,
[, PPh g, PPhs PhyP(O)(OH)
N'z,,,,, |\\“\.-H [NEt;H]BPh, N'zu,,, o o
o N/R|U\H N |u\H/H to 60% ) in 2-propanol, while they decrease in benzene. The
Hy  ppp, H, PPh, complexities of this system would require further extensive

investigation.

The dihydrogen compoundlis only stable in solution under
an atmosphere of Hgas. The!H NMR spectrum of the salt in
THF-dg shows a single triplet at+10.65 ppm Jup =15.0 Hz)
for the hydride and dihydrogen ligands in rapid exchange, while
a singlet and a quartet at 52.0 ppm in 84 1H} and3!P NMR

Diphenylphosphinate Complex with Similar Structure to
the Proposed Transition State for Ketone Hydrogenation
in Benzene.The diphenylphosphinate group has been used as
an analogue (Figure 6, i) of the transition state for the transfer
of hydride and proton from a ruthenium transfer hydrogenation

spectra, respectively, are consistent with the presence of threecatalyst Rug®-arene)(REHsSO:NCH,CH,NH)(H), arene=

coordinated hydrogens and mutualigns-PPh ligands. When

a solution of the salt in THs is sealed under deuterium gas,
the 'TH NMR spectrum shows the presence of the three
observable isotopomer4;Hs, 4-H,D, and4-HD.. After equili-
bration under a large excess of deuterium gas, dtHD, was
detected. The hydride region of tHe{3P} NMR spectrum of

cymene, R= CH,=CH—, to benzophenone (Figure 6, 1.

In a similar approach, the reaction of diphenylphosphinic acid
with complex3a (Scheme 7) resulted in the slow evolution of
H gas and the gradual formation of the sparingly soluble, air-
stable diphenylphosphinato compléy,which was isolated as
pale yellow air-stable crystals. This compound was also prepared

this species shows a nonbinomial quintet with a averaged HD by adding solid diphenylphosphinic acid to a freshly prepared

coupling constant of 4.5 Hz, which was used to calculdtiya
coupling constant of 13.5 Hz in the HD ligand. This value is

solution of2d, whereuporb was formed without the evolution
of H, gas. Two diastereomers are in the unit cell of a crystal of

consistent with the presence of an elongated dihydrogen |igand5. The structure of each consists of a distorted octahedron, with

with an H-H distance of 1.2 X647 The dihydrogen complexes
[RUH(H2)(PCys)2(L)]*, L = bipy or phen, have very similar
properties to complex.*8

Study of the Hydrogenation of Acetophenone Catalyzed
by Dihydrides 3a in 2-Propanol. Solutions of3ain 2-propanol

cis-phosphines and with the hydride ligand trans to the
coordinated phosphinato oxygen. In one isomer (Figure 7), there
is a PO--HN hydrogen bond between the noncoordinated
phosphinato oxygen €PO) and the amine hydrogen (H1BB)

of the dach ligand that is axial with respect to the-f+—C—

in the absence of added base change over time and have variablE—N— ring. The O(2B)-*N(1B) distance is 2.944(5) A. A

catalytic activity in the hydrogenation of acetophenone. The ketone oxygen is proposed to form a similar hydrogen bond to
plots of 1-phenylethanol production versus time in the catalytic an axial NH in the concerted hydrogen transfer transition state
hydrogenation reactions are curved with decreasing rate with (Scheme 4), and thus this diastereomeba$ an interesting
increasing time (see the Supporting Information). The initial transition state analogue. The other isomer in the crystal has a
rates are higher than those for corresponding conditions with PO-+*HN hydrogen bond with a longer O(2A)N(2A) distance
benzene as a solvent. The ee values increase with time from 560f 3.016(5) A involving an amine hydrogen that is bisectiéhal
with respect to the five-membered ring. The latter hydrogen
bond is similar to the one observed in Ré{arene)(RGH,-

(46) Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris, R. H.;
Klooster, W. T.; Koetzle, T. F.; Srivastava, R. £.Am. Chem. S0d.996
118 5396-5407.

(47) Luther, T. A.; Heinekey, D. MJ. Am. Chem. S04997, 119, 6688-6689.
(48) Heinekey, D. M.; Mellows, H.; Pratum, 0. Am. Chem. So200Q 122,
6498-6499.
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(49) Polborn, K.; Severin, KChem—Eur. J.200Q 6, 4604-4611.

(50) Bisectional: between axial and equatorial. See Luger; PovBLR. J.

Appl. Crystallogr.1983 16, 431—432 for ring descriptor classifications.
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Figure 8. Structure and atomic humbering of the diazabutadiene complex
5.

Figure 7. Molecular structure of isomer B of RuH@®Ph)(PPh)2((RR)- o-fashion by the nitrogens to Ru(1) and in@hC=N, 5?-C'=
dach)s. N' z-fashion to Ru(2). The planar Rudjliimine grouping acts
SONCH,CHoNH,)(O:PPB) with O--N 2.972(3) A% One like an#®-cyclopentadienyl analogue in its bonding to the second
difference is the much shorter R® distance in the latter ~ ruthenium. This type ofy%»*-bridging diimine interaction has
complex of 2.155(3) A where the oxygen is trans to a-Ru been observed previously in the structures of derivatives of the
bond than in comple (Ru—0 2.295(3) or 2.298(3)) where ~ compounds MRN=CHCH=NR)(CO}(Xz), M = Fe, Ru, Os,
oxygen is trans to a ReH bond. In solution, there must be R = alkyl, aryl>2~>* where X represents a bridging carbonyl,
rapid isomerization between the hydrogen-bonded structures ofalkyne, or Ru(CQjunit. Therefore, the diimine bridges between
5 because only one hydride resonance (broad triplet) and threetWo “MX(CO)2" groups in this case. Such complexes have imine
inequivalent phosphorus resonances are observéid bpd3!P CH resonances in thidéd NMR spectrum that range between 5
NMR, respectively. and 8 ppm (cf. 5.1 ppm fo6). The Ru-Ru distances fall in
Decomposition of 2B. The 'H and3!P {1H} NMR spectra the range from 2.7 to 2.9 A, similar to that 6fRu(1)-Ru(2)
of the amide-amine complex2b’ indicate that this compound ~ 2-9735(3)).
decomposes in §Ds under Ar via a dehydrogenation of the ~ The'H and*'P{*H} NMR signals of6 in CsDg are concordant
ethylenediamine ligand (eq 10) to produce two dihydride species,With a molecular mirror plane containing the two inequivalent
c,c-3bandc,t-3b, and at least two other complexes, one of which Ru—H groups. The CHN *H NMR resonance is a doublet at
is likely to be the dinuclear comple& After 60 min, all of the  5-1 ppm, and pairs of PRligands produce singlets in t#p-
amido complex2b is gone. Therefore, hydrogen is transferred {*H} NMR spectrum at 70.0 and 70.5 ppm. The hydride
from one molecule o2b' to another to generate the dihydrides esonances are triplets-a?.15 and—19.85 ppm in théH NMR
and the diimine species. This process may be initiated by SPectrum.

B-hydride elimination from the amideamine ligand in2b’, a The decomposition of the amig@mine complexa’ under
process that is shut down by the methyl groups in the stable Ar may also produce a similar dinuclear complex (a disordered
complex RuH(NHCMgCMe;NH,)(PPh), (2¢). crystal structure with some of the featuresofias obtained in
one case) along with a multitude of other compounds.
H

Ph3Pv.,H\ Hy PhyPus, | N Conclusions

R CAr ORI )+ RuHy(PPhyyen)  (10) _ _ _
PhaP” Ny CaDe PhsP \ ) The reactive amideamine complexes RUH(NHR—NH,)-

= Rﬁ‘:PPh“ c,c-3b +c.t-3b (PPh), 2 can be prepared by dehydrohalogenation of the
2 ¢ H T complexes RuHCI(diamine)(PBh 1. The stability of the amido

+ other species . . .
P complexes decreases as the diamine changes in the orger NH

To reduce the complexity of the reaction, acetophenone was CM&2CMe:NH; > (RR)-dach> en. The last complex decom-
added to act as the dihydrogen acceptor in place of equivalentsP0ses to dihydrides and an interesting dinuclear complgith
of 2b'. Indeed, the main product of the reactionbfwith KO- a bridging#?n*-diazabutadiene ligand.
Bu in the presence of PhCOMe under Ar ig05 is the dinuclear The amide-amine complexes react with dihydrogen to
complex RuH(PPh)s(HN=CHCH=NH) 6, which can be produce a succession of dihydride isomers Rdimine)-
isolated from this reaction in a yield of about 30% but still (PPR)23when the diamine isR,R)-dach or en: first, th&rans
contaminated by at least one other compound that also appear

%51) Lane, B. C.; Lester, J. E.; Basolo,F-.Chem. Soc., Chem. Comm(@fa7],

to have an imine ligand on the basisf NMR. 1618-1610.
The determination of the crystal structure of complex 2 ;ﬂigf’g; 4%-? Polm, L.; Koten, G. V.; Vrieze, Knorg. Chem.1984 23,
reveals that it is composed of the rare diimine ligand, 1,4- (53) Keijsper, J.: Polm, L. H.: Koten, G. V.: Vrieze, K.; Seignette, P. F. A. B.:
; B 51 ; Stam, C. H.Inorg. Chem.1985 24, 518-525.
dlazabmadlene' H:NCHC_HZNH’ that b_r_ldges _between tWO (54) Muller, F.; Koten, G. v.; Vrieze, K.; Heijdenrijk, Dinorg. Chim. Acta
RuH(PPR), fragments (Figure 8). The diimine is bonded in a 1989 158, 69-79.
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dihydride isomers, then theis,cisisomers, and finally an (10 mL) in toluene (150 mL) was degassed with hydrogen and RuCl
equilibrium mixture of thecis,cis- and cistransisomers. This (PPh); (20.0 g, 20.9 mmol) added under a flow of hydrogen gas. The
isomerization possibly proceeds via two trigonal twists of the re_sglting mixtu_re was refluxed f® h under hydrogen with vigorous _
octahedral coordination geometry. The fast, stoichiometric, _St'”'(’igr-])The g"’;‘“re W‘TS thel_'(‘jcoo'eglto r‘éom gemperat“re a”s t;‘e”_ II'?
: : : : Ice , and the purple solid was filtered under argon, washed wit
tergigg?ss:ﬁsg\r/i(ejgeiizﬁ?gg nga;itg?gagzﬁﬁﬁhp;j ;n: ethanol (3x 20 mL), then ether (% 20 mL), and dried under vacuum
A o ' _ _ . (17.2 g, 89%)H NMR (CsDs, 8): —17.9 (qrt,Jup = 26 Hz, 1H, RuH),
significant mechanlst_|c result. The low enantlo_merlc eXCess in 7 57,0 ppm (m, 45H, PhP{3H} NMR: 58.8 ppm (s, br).
Fhe_alcohol producec_zl in the reactions of tf,reSadlastere_omers RUHCI(PPhs)s((R.R)-dach) (1a)!* RUHCI(PPR)s (600 mg, 0.65
indicates that these isomers are only precatalysts, while the 63%mmo|) and RR)-dach (80 mg, 0.70 mmol) were mixed in an

ee from reaction witt,c-3a strongly suggests that thtsans atmosphere of By 4 mL of THF was added, and the reaction mixture
dihydride is the catalyst in benzene and in 2-propanol. The was stirred for 4 h, producing a dark yellow solution that was filtered.
original report! that the dihydridec,t-3ais likely to be within In a few instances, a small amount of an insoluble deep blue compound,

the catalytic cycle is incorrect, although this isomer can serve thought to be (OC-6-32)-RuHCI(PRK(RR)-dach), was recovered. The
as a precatalyst when reacted with an alcohol. This is yet anotherfiltrate was concentrated to 1.5 mL in vacuo, and 5 mL of hexanes
instance where an isolated, stable “catalyst” turns out to be only Was added to give a yellow precipitate. This was filtered, washed with
a precatalyst. Thus, teis-phosphine isomers are more reactive > ML of hexanes, and dried in vacuo to gileas a pale yellow powder
than thetransphosphine one. The very active and selective (*70 M9 93%). Yellow crystals were obtained by layering D&

. : - solution with hexaneda E. A. Calcd for G:HasCIN,P,Ru: C, 64.98;
Noyori-type catalysts for the asymmetrie-Hydrogenation of '5.84: N, 3.61. Found: C, 62.97: H, 5.63: N, 3.87. IR (Nujol) &m

ketones contai.n a chelating, enantiopure diphosphine ligand and; 987 (s), 1957 (spur), 3332 (), 3270 (M), 3229 (Mys). *H NMR
thus necessarily have phosphorus donors that are mutually Cis(c,p, ): —17.99 (t, 24 = 26 Hz, 1H, RuH), 0.120.31 (m, 2H,
This appears to be an important structural feature of the catalystscH), 0.45 (br, 2H, NH), 0.80.98 (m, 4H, CH), 1.752.04 (m, 3H,
The turnover-limiting step in the hydrogenation of acetophe- CH), 2.38 (br, 2H, NH), 2.83 (t, 1H, CH), 6.97.20, 8.00 (m, 30H,
none in benzene catalyzed by the dihydrides appears to be theh).*P{*H}: 70.6 ppm (s). (OC-6-32)-RuHCI(PRK(R,R)-dach): *H
activation of dihydrogen at the ami¢@mine complex, as itis =~ NMR (DMF-dy, 6): =12.07 (t,2Jup = 21.75 Hz, 1H, RuH), 0.44.48
for the tmen systen2c/t,c-3c. The complex RuH(gPPh)- (m, 14H), 7.63-7.91 (m, 30H, Ph)*P{*H}: 48.06 ppm (s).
(PPh)»((RR)-dach) is a good model of the transition state for ~ RUHCI(PPhs)s(en) (1b)** RuHCI(PPR)s (600 mg, 0.65 mmol) and
the concerted transfer of hydride and proton to the ketone. The & (40 mg, 0.67 mmol) were mixed in an atmosphere of\mL of

; ; THF was added, and the resulting mixture was stirragd4fdn under
mechanism when the solvent is phenylethanol/benzene or neahz It was filtered and reduced in \?acuo to about 1 mL, and 10 mL of

2-propanol is more complex and would require extensive h o . X !

o . L. exanes was added to precipitate a yellow solid after being stirred for
additional study. The (_:atalyst Is more active |_n the_ presenc_e of 10 min. The precipitate was collected by filtration, washed with 2 mL
alcohol. 2-Propanol is the solvent of choice in Noyori's s hexanes, and dried in vacuo for 1 h. This was recrystallized twice
enantioselective catalysts for ketone hydrogenation. to remove free PRby adding hexanes to a concentrated solution of

The dehydrogenation of the amine ligand during amido  1bin CH,Cl,. Yield of 1b as a pale yellow powder: 460 mg 95%).
amine formation, as observed for the ethylenediamine complex,*H NMR (CsDs, 0): —18.15 (t,2Jup = 26 Hz, 1H, RuH) 1.60, 1.85,
could explain why the dihydrides prepared by the RUHER)- 2.05, 2.40, (br s, 8H, CHand NH), 6.9-7.2, 7.85, (m, 30H, Ph).
dach)(PPk)./KO'Bu/H; route provide 1-phenylethanol of lower ~ *P{*H} NMR (CeDe): 70.0 ppm (s).
ee when used as hydrogenation catalysts than dihydrides Preparation of a Solution of RuH(PPhy)x((R,R)-HNCeH10NH>)
prepared by the RUHCR(R)-dach)(PPE)-/KseBusBH route. (2d). The monohydridda} (62 mg, 0.08 mmol) and KBu (20 mg,
The dehydrogenation and rehydrogenation of the dach ligand %-18 mmol) were mixed in an atmosphere aof ReD (1.0 mL) was
could result in some racemization of this ligand and cause the added, and the reaction mixture was stirred for 15 min, resulting in the

. . formation of 2&. The NMR data were quickly collected without
formation of other diastereomers of Re(Hach)(PPH).. isolation, using the filtered, dark red reaction mixtdt¢ NMR (hydride

region, GDs, 0): —20.70 (br t,2Jup = 33 HZz).3P{*H} NMR (CsDe):
72.5 (d,?Jpp = 24.5 Hz), 73.0 ppm (BJpp = 24.5 Hz).

General. All preparations and manipulations were carried out under Observation of RUH(PPhs)2(NHCH 2:CH2NH,) (2b). The mono-
hydrogen, nitrogen, or argon atmospheres with the use of standardhydridelb (60 mg, 0.08 mmol) and KBu (20 mg, 0.18 mmol) were
Schlenk, vacuum line, and glovebox techniques in dry, oxygen-free mixed in an atmosphere of NCsDs (0.6 mL) was added, and the
solvents. All of the chemicals were purchased from Aldrich Chemical reaction mixture was stirred for 3 min, resulting in the formation of a
Co. unless otherwise noted. The 99.3%-labeled ethylenediamine red solution. This was frozen by cooling with liquicb,\H, gas was
was obtained from CDN ISOtOpes. Instruments and the methods of added’ and the mixture was warmed to room temperature]:H'WR
solvent pUriﬁcatiOn have been described preViOﬂ%TShe acetophenone Spectrum’ obtained 3 min after memng' showed the presence of an
was distilled and deoxygenated before use. amido speciegb' (37%) and the three dihydride isoméns3b (2%),

X-ray Structure Analysis. Crystals were obtained by the slow  ¢c-3b (54%), ct-3b (7%), and a small amount of the dinuclear
diffusion of either diethyl ether or hexanes into THF or benzene compounds. *H NMR (hydride region, @s, 0) 2b': —20.9 (br t,2J4p
solutions of the desired compounds under a nitrogen atmosphere. Data= 33 Hz).t,c-3b: —5.9 (t, 2Jyp 20). ¢,c-3b, c,t-3b, and6 (see below).
were collected on a Nonius Kappa-CCD diffractometer using Mo K 31p{1H} NMR (CsDg): 2b': 72.0 (br), 73.1 ppm (br),c-3b: 86.0 (s);
radiation ¢ = 0.71073 A; see the Supporting Information). The CCD c,c-3b, c,t-3b and 6 (see below).
data were integrated and scaled using the DENZO-SMN software  gpservation of the Successive Formation of the Dihydridesc-
package, and the structures were solved and refined using SHELXTL 3a, A/A-c,c-3a and c,t-3a. (a) Complexla (31 mg, 0.04 mmol) and
V5.0. Wherever reported, hydrides were located and refined with o, (10 mg, 0.09 mmol) were mixed in an atmosphere of N
isotropic thermal parameters.

Synthesis. RUHCI(PP@?" A modification of the reported proce- (55) Schunn, R. A.; Wonchoba, E. R.; Wilkinson, Borg. Synth.1971, 13,
duré® was used to prepare this complex. A solution of triethylamine 131-134.

Experimental Section
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tolueneds (0.6 mL) at—20 °C was added, and the resulting mixture
was stirred for 10 min while it warmed to room temperature and was
filtered and frozen in liquid M Hydrogen gas was added, and the
mixture was allowed to warm te 78 °C and stored at that temperature
for 45 min.*H and3!P spectra were taken at60, —20, and 25'C. At
low temperatures, they clearly showed the conversio2afto the
dihydride species,c-3athat then started isomerizing t-c,c-3a and
A-c,c-3aat —20°C and totally disappearing at room temperature after
2d was consumed (Figure I)c-3a *H NMR (hydride region, toluene-
dg, 0): —5.40 (t,2Jup = 18 Hz).3'P{*H} NMR (tolueneds): 86.5 ppm
(s). Similar experiments were conducted usirgD&£to monitor the
conversion of thec,c-3a isomers toc,t-3a

Ru(H)2(PPhs)2((R,R)-dach) (3a, Enriched in Isomerc,t-3a). THF
(2 mL) was added to the monohydride (1.0 g, 1.28 mmol) and
potassium trisecbutylborohydride (1.5 g of a 1.0 M solution, 1.7
mmol), and the mixture was stirredrfd h under nitrogen. The resulting

Observation of (OC-14)-[Ru(H)(H)(PPhs)2((R,R)-dach)|BPh, (4).
Cold THFds (—30°C, 0.6 mL) was added to a mixture of-3a (30
mg, 0.04 mmol) and [HNE}BPh, (17 mg, 0.04 mmol) in an NMR
tube. The mixture was then sealed under hydrogen gas. The NMR
spectra showed the clean formation of the dihydrogen salt [Re)H(H
(PPh),(dach)]BPh. *H NMR (THF-dg) 6: —10.65 (t,2Jup = 15.0 Hz,
3H, RuH), 0.372.67 (m, 14H), 6.697.71 (m, 50H)3*P{*H} ¢: 51.9
ppm (s).

RuH(PPh3)2(Ph,PO,)((R,R)-dach) (5). A suspension of diphen-
ylphosphinic acid (87 mg, 0.40 mmol) in THF (5 mL) was added with
stirring to a solution of the dihydridet-3a (300 mg, 0.40 mmol) in
THF (5 mL). Evolution of H gas was accompanied with the formation
of a yellow crystalline solid over a period of 4 h. The solid was collected
by filtration, washed with ether and then hexanes, and dried under
vacuum (353 mg, 92%). A crystal from this preparation was chosen
for the X-ray diffraction study*H NMR (CeDs, 0): —21.93 (br t or td,

mixture was filtered and evaporated to dryness. Hexanes (10 mL) and?Jyp = 20.2,3J4p 4.2 Hz, 1H, RuH), 0.2%33.25 (m, 12H), 2.47 (b, 1H,
a few drops of 2-propanol were added, precipitating a bright yellow NH), 5.55 (b, 1H, NH), 6.96:8.20 (m, 40H)3*P{'H} NMR: 71.1 (d,
solid. This was collected by filtration, washed with hexanes, and dried 2Jpp38.6 Hz), 69.0 (d), 25.0 (s). IR (Nujol): 2000 cin(vRuH), 3207
under vacuum to give the yellow solid (782 mg, 82%) as a mixture of (br), 3251, 3279, 3319, 3324, 3333, 3340 ém(¥NH). E. A.

c,t-3a (72%), A-c,c-3a (8%), andA-c,c-3a (20%) ¢ Crystals ofc,t-3a

Cs4HssN,O,PsRu, Caled: C, 67.70; H, 5.79; N, 2.92. Found: C, 67.27,

were obtained by diffusion of hexanes into an ether solution as describedH, 5.98; N, 2.76.

previously*! E. A. Calcd for GoHaeN2P,RU: C, 68.0; H, 6.2; N, 3.9.
Found: C, 67.3; H, 6.2; N, 3.3. IR (Nujol): 1833 (s), 1944 (s)¢m
(vrur), 3266 (W), 3282 (W), 3327 (m), 3337 (W) ci(vnm). *H NMR
(CsDs, 300 MHz, 6) ct-3a —18.26 (t,2Jup 26.7 Hz, 2H), 0.17 (m,
2H), 0.37 (t, 2H), 0.96 (d, 4H), 1.20 (m, 4H, GH NH), 2.04 (d,
Jun 6.3 Hz, 2H, NH), 7.02 (t,a\]HH 7.2 Hz, 6"!)3”5), 7.15 (dd,g\]HH 7.2,
6.6 Hz, 12hhety, 8.18 (dt,2Juy 6.6,%Ipn + 5Jpn 3.9 Hz, 12Hiho). A-C,C-
3a —15.5 (dt,2Jup 23, 23un 6 Hz, RuH),—5.5 (ddd,2J4p 103, 34,234n
6 Hz, RuH), 0.1-2.1 (m, 14H, CH, NH), 6.1 (s br, 2, 6.9-8.0
(m, 28 H).A-c,c-3a —15.4 (dt,2Jup 23, 2Jun 6 Hz, RuH),—5.6 (ddd,
2Jnp 100, 32,234n 6 Hz, RuH), 0.0 (br, 2H), 0.1 (br, 2H), 0:2.1
(8H), 2.3 (m, 2H), 2.6 (m, 2H), 6:98.0 (m, 30 H).3*P{*H} (CsDs)
ct-3a 67.2 ppm (s)A-c.c-3a 84.4 (d,2Jpp 13.7 Hz), 57.7 (d2Jpp
13.7 Hz);A-c.c-3a: 84.6 (d,2Jpp 13.7 Hz), 55.5 (d2Jpp 13.7 Hz).
Ru(H)2(PPhs)2((R,R)-dach) (3a, Enriched in Isomers c,c-3a).
Complex 1a (200 mg, 0.26 mmol) and KBu were mixed in an
atmosphere of B toluene (1.5 mL) was added, and the mixture was
stirred for 3 min, yielding a dark red solution, which was filtered. H
was bubbled through the filtrate for 2 min while being stirred, and
then 15 mL of hexanes was added. After being stirred for 1 h, the light
beige precipitate was collected by filtration and dried in vacuo to give
a yellow powder (150 mg, 0.20 mmol; 78%) as a mixture\et,c-3a
(30%), A-c,c-3a(55%), andc,t-3a (15%)°¢ NMR properties as above.
Ru(H)2(PPhs),(en) (3b as a Mixture of Isomersc,c-3b and c,t-
3b). Complex1b (360 mg, 0.50 mmol) and K8u (60 mg, 0.52 mmol)
were mixed in an atmosphere ob,NTHF (2 mL) was added, and the
mixture was stirred for 1 min, yielding a dark red solution, which was
filtered. H, was bubbled through the filtrate for 2 min while being
stirred, and then 20 mL of hexanes was added. After being stirred for
30 min, the brown precipitate was collected by filtration and dried in
vacuo to give an orange solid (154 mg. 0.24 mmol, 45%) as a mixture
of ¢,c-3b (85%) andc,t-3b (15%).*H NMR (CeDs, 300 MHz,d) c,c-
3b: —15.7 (td,zJHp 24, ZJHH 6 HZ, RUH),_G.O (ddd,zJHp 99, 3312\]HH
6 Hz, RuH), 0.8-1.6 (m, 5H, CH, NH), 1.8 (s br, 1H), 2.0 (s br, 1H),
2.2 (s br, 1H), 5.8 (s br, 1), 6.9-7.1 (m, 17H), 7.7 (td, 6H), 7.8
(m, 6H).c,t-3b: —18.35 (t,2Jup 27 Hz, 2H), 1.2 (M, 4H), 1.4 (m, 4H),
7.0 (m, 6H), 7.15 (m, 12H), 8.10 (i 7, 3Jpn + 5Jpn 4 Hz, 12Hy1no).
SIP{1H} (CsDs, 0) c,c-3b: 83.5 (d,2Jpp 14 Hz), 56.5 (d2Jpp 14 Hz, P
trans to hydride)¢,t-3b: 66.0 ppm (s)cis,transRu(H)2(PPhs)2(H2'N-
(CH32)2'5NH2): *H NMR (CgDs, 0): —18.26 (AA part of AAMM'X,
where A,A =H, M,M’' = 15N, X = 3P, 2Jp 26.9,%Juntrans 75, 2Jrincis
—0.8, 2~]HH 6.5,2JNN < 1 Hz, RUH).

(56) The assignment of the major isomer to theonfiguration is not certain.

RuzH2(PPhg)s(HN=CH—CH=NH) (6). Complex1b (100 mg, 0.14
mmol), KOBu (31 mg, 0.28 mmol), and acetophenone (18 mg, 0.15
mmol) were mixed, 1 mL of THF was added, and the resulting mixture
was stirred fo 4 h under N, giving a red-brown suspension that was
filtered to leave a white solid (KCI) and a dark red-brown filtrate. About
10 mL of hexanes was added to the filtrate, and the mixture was stirred
for 1 h to produce a yellow-brown suspension. A yellow solid was
collected by filtration and dried in vacuo (32%). Recrystallization from
THF/hexanes did not result in the separatio fom the other species
present. A recrystallization from benzene/hexanes gave cryst&s of
in one instance6: H NMR (CgDs, d): 6.9-7.8 (m, Ar), 5.10 ppm
(d, 3 = 6 Hz, CH=NH), —7.15 ppm (t,2J4p 23 Hz, RuH),—19.85
ppm (t, J 30 Hz, RUH)P{*H} NMR (CsDs): 70.0 (s), 70.5 ppm (s).
Other species:'H NMR (C¢Dg, 9): 5.35 (d,J = 6 Hz, CH=NH),
—9.55 (m, RuH),—13.30 (t,J = 32 Hz, RuH).3'P{*H} NMR (CsD):

67.0 ppm (s).

Kinetic Measurements. (a) GeneralKinetic runs were carried out
at constant pressures of lsing a 50-mL Parr hydrogenator reactor.
A constant temperature (20C) was maintained by use of a Fisher
Scientific Isotemp 1016D water bath. All solutions were handled under
an Ar or N, atmosphere in a glovebox. It is important that the glovebox
is free of traces of vapors such as £H, and HCI that react with the
dilute solutions of the dihydrides. The benzophenone should be
deoxygenated and distilled before use and the solvent dried, distilled,
and deoxygenated carefully. For runs in benzene, standard solutions
of acetophenone (0.083 M3a (0.0055 M), andla (0.0026 M) were
prepared by dissolving the required amounts of acetophenone and
ruthenium complexes in 10 mL (for ketone) or 5 mL (for catalyst
precursors) of gHe. In parallel, a solution o8ain CsDs was prepared
to determine by use of NMR thec-3a(active)t,t-3a(inacative) ratio
at the time of the addition of the solution 8&to the reactor. For runs
in 2-propanol, standard solutions of acetophenone (0.083 M)3and
(0.0013 M) were prepared by dissolving the required amounts in 10
mL of 2-propanol. These standard solutions were further diluted to the
required concentrations. In all of the runs (except for the run described
in section f), the solution of the ketone, followed by the solution of a
ruthenium complex, was injected into the already-thermostated reactor
under the required Hpressure to give a final working volume of 5
mL. The reaction time was measured from the time of the injection of
the precatalyst solution. Anisole (phenylmethyl ether) was added as
internal standard when needed (see below). In the cases when base
was needed, a suspension of potasdiutoxide (10 mg, 0.089 mmol)
was added. Solutions containiBg were always prepared and handled
last to keep the time from making the stock solution to injection at
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approximately 10 min and hence to ensure a known ratio of isomersin  (e) Kinetics with RUHCI(PPh3),((R,R)-dach) as Catalyst Precur-
the precatalyst. The largest errors in the kinetic study are the sor. For this run, a suspension of potassitivutoxide (10 mg, 0.089
approximately 5% error in the estimate of the percentage of the isomer mmol) in GHg (0.2 mL) was added after the solutionIzfwas injected
c,c-3aand 5% error in the determination of the initial rates. into the reactor, giving the final concentration of base of 0.011 M.

(b) Sampling and Sample Analysis.In all of the kinetic runs, Timing was started after the base was added. Reaction conditibas: [
sampling was done at regular time intervals of 5 min for a total reaction = 2.1 x 107 and 1.0x 10™* M, [acetophenone}= 0.0167 M, H
time of 25 min. The samples were withdrawn from the reactor with a Pressure 5 atm, temperature, 273 K
syringe against a flow of hydrogen. The pressure in the reactor dropped ~ (f) Activation of c;t-3a by Reaction with rac-MeHC(OH)Ph. A
to nearly atmospheric during the sampling time of about 10 s. These solution (4 mL) containing,t-3a and rac-MeHC(OH)Ph in benzene
samples were analyzed for conversion and ee using a Perkin-Elmerwas stirred under 5 atmz#t 20°C. After 15 min, a solution containing
Autosystem XL gas chromatograph with Chrompack capillary column anisole and acetophenone was injected, giving a total volume of the
ChirasilDex CB 25 mx 0.25 mm). The carrier gas was it column reaction mixture of 5 mL and the following concentrations;t-Ba] =
pressure of 5 psi, with an oven temperature of T&) injector 0.0011 M, fac-MeCH(OH)Ph]= 0.05 M, [acetophenonef 0.167
temperature of 250C, and FID temperature of 27&. The retention M, and [anisole}= 0.17 M. The reaction time was measured from the

times were: anisole 3.0 min, acetophenone 5.0 nig1(phenyle- addition of the ketone. Samples were taken as described above.

thanol 8.5 min and$-1-phenylethanol 9.1 min. The injected sample ~ (9) Numerical Analysis. The differential equations were ap-

volume was 1uL. proximated and integrated using dynamic models on a spread$heet.
(c) Effect of Added PPh. The hydrogenation of a solution Acknowledgment. We thank NSERC and the Petroleum

containing acetophenone (0.0167 M) &&{2.2 x 10~* M) in benzene Research Fund, as administered by the American Chemical
was conducted for 10 min, and during this time, two samples were Society, for grants to R.H.M. and Johnson-Matthey for a loan
withdrawn to establish a baseline rate. Then a benzene solution (O.Zof RuCk. Deutscher Akademischer Austauschdienst provided

mL) containing PPH(14 mg, 0.053 mmol) was injected, giving the -
final PPh concentration of 0.01 M in the reaction mixture. After the funding to R.A. a.nd M.F. We thank Prof. Jeremy Harvey for
valuable suggestions.

addition of PPk solution, sampling was continued as described in

section b. Supporting Information Available: Further details of the
(d) Effect of Added 1-Phenylethanol A standard solution ofac- synthetic and kinetic studies (PDF). Crystallographic data in

1-phenylethanol (0.5 M) in s (5 mL) was prepared under Ar. After  electronic form (CIF). This material is available free of charge

a baseline rate was verified by withdrawing one sample at 5 min, 0.3 via the Internet at http://pubs.acs.org.

mL of alcohol stock solution was injected into the reactor to give the

starting alcohol concentration of 0.03 M. Other reaction conditions: JA039396F

[38] = 2.2 x 10 M, [acetophenonef= 0.0167 M, [anisole internal (57) Atkinson, D. E.; Brower, D. C.; WcClard, R. W.; Barkley, D.[3ynamic
standard}= 0.0167 M, H pressure 5 atm, temperature 273 K. Models in ChemistryN. Simonson: Marina del Rey, CA, 1990.

1882 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005



