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The reactivity of the rutheniumamido bond in RUH(NHCMe,CMe;NH)(PPh), (1) toward weak
acids HX and the influence of the X group on the catalytic activity of the resulting complex are explored
here. Complext reacts with the weak acids HX (3 OPh, 4-S@H,OMe, OPPh, OP(OEt), CCPh,
NCCHCN, CH(COOMeg) to form complexes of the type RuHX(tmen)(RRh(tmen = 2,3-diamino-
2,3-dimethylbutane). The complexes with %X PhOH-OPh, 4-SGH,OMe, OP(OEt), CCPh, CH-
(COOMe) have been characterized by X-ray crystallography. The X group is situated trans to the hydride
in all cases and is bonded to ruthenium via the donor atoms O, S, P, C, and O, respectively. The phenol
in the phenoxide adduct RuH(Ph@8Ph)(tmen)(PP§), bridges via hydrogen bonds between the alkoxide
oxygen and an amino hydrogen to form a six-membered-R&®---HN ring. One carbonyl oxygen of
the malonate bonds to the Ru, while the other accepts a hydrogen bond from an amino hydrogen. The
analogous complexes RuHX(dach)(BRlidach= (R,R-1,2-diaminocyclohexane) were synthesized by
the reaction of RuUHCI(dach)(PBh (2) with an equimolar amount of potassiuert-butoxide and HX.
For all of the complexes the RtH vibrational frequency and thtH NMR chemical shift of Ru-H
correlate with the electronegativity of the trans atom X. The amido combkexd the complexes with
X = CH(COOMe) and OPh are active catalysts for the Michael addition of dimethyl malonate to
2-cyclohexen-1-one. RUH(NCCHCN)(tmen)(RRHhreacts with the Michael acceptor 2-cyclohexen-1-
one to give RUH(NCC(6H,0)CN)(tmen)(PP¥)., a trapped Michael adduct that has been characterized
by X-ray crystallography. On the basis of these observations a catalytic cycle for the Michael addition
reactions is proposed that involves the addition of theHCbond of the Michael donor to the RN
bond followed by attack on the Michael acceptor and elimination of the Michael adduct, possibly by a
1,3-proton migration as observed for the malononitrile adduct. Only the complexes wititH XCCPh
are catalysts or precatalysts for the hydrogenation of neat acetophenone to 1-phenylethanol in the absence
of added base under 10 atm of & 20°C. Evidence is provided that the phenylacetylide complexes are
precatalysts that are converted to the actrems-dihydride catalysts (%= H).

Introduction

splits heterolytically across the ruthenitramido bond to form
thetrans-dihydrido diamino complefransRuHx(tmen)(PPh)2.

Late-transition-metal amido complexes are of interest as Complex1 reacts reversibly with other weak acids, including

catalysts for polar bond transfer hydrogenation and H
hydrogenatiofr3 and as intermediates in catalytic hydroami-
nation and other EN bond-forming reactions such as arylamine
synthesis. The amido hydrido complex RuH(NiEMe,CMe,-
NH)(PPhy). (1)3is a catalyst for the Hhydrogenation of ketones

acetophenone aPMSO = 24.7)] to give the enolate complex
RUH(OCPR=CHy)(tmen)(PPB), and with the alcoholBuOH
and’PrOH (K .PMSO = 30—32) to give the alkoxide complexes
RuH(OR)(tmen)(PP4),.2 It reacts irreversibly with formic acid
(pKLMSO ~ 11) to give the formate complex RUH(OGHD)-

to alcohols. Metal- and nitrogen-based reactivity are key to the ([men)(PP@)z_3 These are reactions of a 16-electron complex
catalyst’s activity. In the catalytic cycle, dihydrogen, a very weak with a dativé amido group.

acid (KoTHF(Ho/H™) > 445 pKMeCN(H,/H™) = 76/1.37= 55),
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nb-arene complexes Ru(aren§8-NHCHPhCHPhNTSs}. These
are catalysts for the asymmetric transfer hydrogenation of
ketones and iminésand the Michael addition of malonates and
B-keto esters ta,S-unsaturated keton¥s!tand nitroalkene?

In these reactions the €H bond of the Michael donor is
proposed to add across the-Ramido bond, and in one case a
carbon-bonded malonate complex, Ru[CH{CB3),][(RR)-
Tsdpen]g8-mesitylene), was structurally characteriZz8Reac-
tion of then®-cymene complex with an acidic alcohol produces
the unstable alkoxide complexes Ru(cymene)(QUH)(((SS)-
NHCHPhCHPhNTSs}2 We show here that complexand some

of its derivatives are also catalysts for the Michael addition

reaction, although they operate via an oxygen-bonded malonate

route. In addition, a Michael adduct has been trapped at the
metal in one case.

Fryzuk and co-worket41> and Caulton and co-workéfs
have observed HX addition reactions, including intramolecular
C—H addition across the Rtamido bond in pincer ligand
complexes of the type Ru(N(SiMEH.PPh),)(PPh)CI and
Ru(N(SiMeCH,PBu,),)OTf. There is also much recent chem-
istry concerning nondative amido complexes in 18-electron
ruthenium complexes where the nitrogen is the site of reactivity,
serving as a very strong bas¥ 21 For example, the 18-electron
ruthenium amido complex RuH(Nj{dmpe}Z° reacts with weak
acids with a range ofl{, values: methanol (29.0 in DMSO),
water (31.2 in DMSO), phenol (18 in DMSO), aniline (30.6 in
DMSOQ), dihydrogen ¥44 in THF), phenylacetonitrile (22.3
in DMSO), fluorene (22.9 in THF), phenylacetylene (28.7 in
DMSO), and triphenylmethane (31.5 in THF). These reactions
are thought to proceed via protonation at nitrogen without
coordination to the metal to produce an ion pair.

An objective of the current work is to determine the influence
of the X group trans to hydride in the complexes RuHX-
(diamine)(PP}). on catalytic activity toward klhydrogenation
of ketones and Michael addition reactions. It is known that X
= H is an active catalyst, while X= ClI is inactive for the
hydrogenation reaction in the absence of added H&s®&.
Similarly, in the related RuHX(diamine)(diphosphine) com-
plexes X= H,® BH,* are catalysts in the absence of base, while
X = Clis inactive. The complexes RuH(B}binap)(phosphine-
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Chart 1. Coordination Mode of the X Ligand in the
Complex trans-RuHX(diamine)(PPhg), Arranged by the
Group in the Periodic Table of the Atom Attached to
Ruthenium and the pK,°MSC Values of the Weak Acid HX
Used To Generate the Complex According to Eq 1 or 2
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amine¥® and RuH(BH)(diamine)(diphosphinité§ allow the
successive enantioselective Michael addition reactions of ma-
lonates with enones followed by enantioselective hydrogenation.
Ruthenium-amido chemistry is suspected to be key to this
reactivity.

Results and Discussion

Preparation. The complexes RuHX(tmen)(PRh are syn-
thesized by reacting with the appropriate weak acid in toluene
under argon, as shown in eq 1, where HX is HOCHAOPh,
CHy(COOMe), 4-HSGH4OMe, NCCHCN, OPHPh, OPH-
(OEt), Hz3 or HCCPh.

H II{ H,
PhsP. N
Ph;P:, H 350, w
’ I//‘Ru"N + H—X _> (Il/ RU\\\\ i
N
Ph3P( VE toluene ~ PhsP )l( H,
2

1 M

A variety of weak acids with a range oKgPMSO(HX) values
was employed to produce a range of structures with O, S, N, P,
H, and C donor atoms, as listed in Chart 1. The weak acids
aniline (K,PMSO = 30.6), triphenylmethane K = 31.5), and
triethoxysilane as reagents in eq 1 gave no reaction.

In the reaction of eq 1, the red solutiondin toluene quickly
becomes yellow upon addition of the weak acid. The charac-
teristically yellow products are precipitated with the addition
of hexanes. Solutions were found to be very air sensitive, readily
turning black upon exposure to air. Solid samples are less air
sensitive, gradually darkening within minutes to hours.

The modes of coordination of the X ligands shown in Chart
1 were determined by a combination of NMR, IR, and X-ray
crystallographic studies, as described below.
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Figure 1. (a) Transition-state structure for dihydrogen splitting at
RUH(NHCH,CH,NH,)(PHs)2.2 (b) Possible transition-state structure
for H—X bond splitting.

The mechanism of the HX addition reactions (eq 1) may
be similar to that observed for compléxwith dihydroger?
where a weakly interacting?-dihydrogen ligand on ruthenium

Organometallics, Vol. 25, No. 22, 2006479

1-one in toluene to give RUH(NCC{BoO)CN)(tmen)(PP¥),
according to eq 3. This is an unusual case where the Michael

h o i PhsP
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adduct is trapped on the metal. Usually the adduct falls off in

is deprotonated by the amido nitrogen (Figure 1a). In a similar the reaction of coordinated anions derived from nitriles with

fashion the H-X bonds could be activated and cleaved
heterolytically (Figure 1b). If the metal has a coordination site
as in complex, then a weak interaction of HX with Ru would
increase the acidity of HX. With HX coordinated, the amido
nitrogen can no longer act aswadonor to ruthenium and thus
becomes more basic. This metdiband bifunctional effect
allows the cleavage of unactivated bonds. An alternative
mechanism involving the addition of weak acids to ruthenium-
(0) by oxidative addition, a mechanism known for 50 yeass,

is much less likely. For example, the complex R{P(CH-
CH,PPh)3} is thought to add phenylacetylene to give RuH-
(CCPh] P(CH,CH,PPh)3} by a reductive elimination/oxidative
addition routeé?® The reductive elimination of one end of the
tmen ligand to give a transient ruthenium(0) intermediate, Ru-
(PPh)2(tmen), has not been observed.

The yellow complexes RuHX(dach)(P£hcontaining the
diamine R,R-1,2-diaminocyclohexane are synthesized in a
metathesis route by reacting RuHX(dach)(BR{R) with potas-
siumtert-butoxide and the appropriate weak acid in THF under
nitrogen (eq 2). This route gives significantly improved yields
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electrophiles® However, Hayashi and co-workers have ob-
served, by use of NMR, a Michael adduct intermediate in the
asymmetric 1,4-addition of organoboronic acids to enones
catalyzed by [Rh(binap)(OHF! In addition, Michael adducts
are retained in the metal complex resulting from the addition
of Michael acceptors tg?-arene complexes, a powerful method
for regio- and stereospecific-&C bond formatior$2—34

X-ray Crystallography. Complexes containing the tmen
ligand crystallized much more readily than those containing the
dach ligand. Seven pseudo-octahedral tmen-containing com-
plexes, those with X= OCHO2 PhOH--OPh, 4-SGH,OMe,
PO(OEt), CCPh, OC(OMe)CHCOOMe, NCC(HgO)CN),
have been characterized by X-ray crystallography (Figureg 2
all but the ipso phenyl carbons of the RHigands have been
removed for clarity). The structure of the distorted square
pyramid defined by the fragment RuH® to which the X
ligand is attached varies only slightly from complex to complex.
The P-Ru—P angles vary between 96 and 1@®d the diamine
bite angles between 73 and°76

The complex RuH(OPh)(tmen)(PPhcrystallizes when an
extra 1 equiv of phenol is present in solution (Figure 2a). This
phenol is hydrogen-bonded in a six-membered-Ryr-H—
O(PhY--H—N- ring in the resulting pseudo-octahedral complex
(Figure 2b). The rutheniumoxygen bond length of 2.364(2) A
is much longer than previously observed-Ralkoxide distances
(e.g. 2.239(2) A in trans-RuH(4-O¢8:Me)(PMeCH,CH,P-
Me)2)%® and longer than the RtO distance of 2.29 A in the re-
lated formate complex RuH(OCHO)(tmen)(BRR The complex
has considerable [RuH(diamine)(Rph [PhO--HOPH] ion pair
character, with a weakly interacting biphenoxide ligand analo-
gous to a bifluoride ligand, as in [RuH(PMeH,CH,P-

relative to a two-step procedure where a solution of the unstableMe,);] F[FHF]~ with Ru—F = 2.284(5) A36:37 The hydrogen-

red hydrido amido complex RuH(NHB810NH,)(PPh),23 is first
generated by reaction @with base and then reacted with the

bonded ring structure is related to those of the alcohol-assisted
splitting of dihydrogen on ruthenium catalysts, as proposed by

weak acid HX. The structures of the complexes all have X trans Ito et al.3® Sandoval et aP? Casey et al¥? and Hedberg et

to hydride except for the phenoxide complex, where cis isomers

are also observed in minor amounts (see below).
A short-lived red color due to the amido intermediate is ob-

served when adding the reactants together with stirring. The
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A. J. Am. Chem. S0d.995 117, 12436-12451.

(31) Hayashi, T.; Takahashi, M.; Takaya, Y.; Ogasawara,JMAm.

dach-containing complexes are more soluble than the tmen com-Chem. Soc2002, 124, 5052-5058.

plexes and are readily soluble in THF. The sensitivity of these 137

complexes to air was found to be similar to that for the tmen
analogues.

An additional complex was prepared by the Michael addition
reaction of RUH(NCCHCN)(tmen)(PB)a with 2-cyclohexen-
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Figure 2. (a) Molecular structure of RuH(OPh)(tmen)(R]2h
HOPh. Selected bond distances (A) and angles (deg): R@(()
= 2.364(2), Ru(13H(1RU) = 1.53(3), Ru(1}N(1) = 2.177(2),
Ru(1)}-N(2) = 2.179(2), Ru(1)y P(2)= 2.2690(7), Ru(1yP(1)=
2.2697(8); H(IRUy}Ru(1)-N(1) = 88(1), N(1)-Ru(1)-N(2)
75.20(9), N(1yRu(1)}-P(2) = 163.57(7), N(2yRu(1)}-P(2)
92.01(7), N(1yRu(1)}-P(1) = 93.13(7), N(2yRu(1)-P(1)
167.31(7), P(2rRu(1)}-P(1) = 98.49(3), N(1}Ru(1)}-0O(1)
83.83(8), N(2yRu(1)-0O(1) = 80.87(9), P(2yRu(1)-0(1)
104.62(5), P(1yRu(1)-0O(1) = 103.14(6). (b) The six-membered

ring. (c) Related ring structures proposed for the alcohol-assisted

splitting of dihydrogen.

al.*where the phenoxide ligand takes the place of the hydride
(Figure 2c).

The molecular structure of the thiolate complex RuH(4-
SGH4,OMe)(tmen)(PP$), shows a pseudo-octahedral structure
with the thiolato ligand trans to hydride (Figure 3). The-R
distance of 2.5274(9) A is similar to the 2.526(1) A R8
distance in the complettansRuH(SPh)(PP{CH,CH,PPR),,
with thiolate trans to hydridét

The crystal structure of RuH(OP(OB(tmen)(PPh). has an
intramolecular electrostatic interaction between O(3) on diethyl
phosphonate and H(2A) on a nitrogen of the tmen ligand, as
indicated by the short distance of 2.1 A (Figure 4). The
03:--H2A—N(2) angle is~139. There are no other structurally

characterized ruthenium phosphonate complexes for comparisongg 03(6), N(2)-Ru(1)-P(3) = 83.79(5), P(1}Ru(1)-P(3)

However, there is an iron phosphonate complex, FefED)—
N—C)(PO(OMe)), that has a similar intramolecular NHOP
hydrogen bond with H-O = 2.3 A42

The phenylacetylido complex RuH(CCPh)(tmen)(p)Rtis-
plays a similar pseudo-octahedral geometry with hydride trans
to phenylacetylide, as shown in Figure 5. The-Rlibond at
2.071(3) A is the same as the R@ distance of 2.079 A in the
other hydrido phenylacetylido complex that has been structurally
characterized, cis-RuH(CCRB(CHCH,PPh)3}.2°
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S0c.2005 127, 3100-3109.
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(42) Fruehauf, H. W.; Seils, F.; Stam, C. Brganometallics1989 8,
2338-2343.
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Figure 3. Molecular structure of RuH(4-SE,0CH:)(tmen)-
(PPh),. Selected bond distances (A) and angles (deg): Ru(l)
H(1RU) = 1.57(3), Ru(1yN(1) = 2.181(2) Ru(1}N(2) =
2.205(2), Ru(1}P(1)= 2.2695(8), Ru(1}P(2)= 2.2715(9), Ru-
(1)-S(1)= 2.5274(9); N(1}Ru(1)-N(2) = 73.54(9), N(1)-Ru-
(1)—P(1) = 92.05(7), N(2FRu(1)-P(1) = 165.54(7) N(1}
Ru(1}-P(2) = 163.66(7), N(2yRu(1)-P(2) = 94.46(7), P(1y
Ru(1)-P(2) = 99.46(3), N(1}Ru(1)-S(1) = 84.12(7), N(2)-
Ru(1}-S(1) = 88.24(7), P(1yRu(1)}-S(1) = 91.41(3), P(2y
Ru(1)-S(1) = 106.99(3).

Figure 4. Molecular structure of RUH(OP(OEJ}jtmen)(PP#)..
Selected bond distances (A) and angles (deg): Rt{JRU) =
1.63(3), Ru(1y N(1) = 2.166(2), Ru(1)N(2) = 2.181(2), Ru(1)
P(1)=2.2772(5) Ru(1yP(2)= 2.2872(5), Ru(1)yP(3)= 2.3486-
(5); HARU)Y-Ru(1}-N(1) = 82.0(9), H(IRU}Ru(1}-N(2) =
91.6(9), N(1»Ru(1}-N(2) = 75.19(7), HARU}Ru(1)}-P(1) =
86.4(9), N(1)-Ru(1}-P(1) = 163.52(5), N(2)-Ru(1)-P(1)
93.50(5), H(IRU}-Ru(1)-P(2) = 85.0(9), N(1yRu(1)}-P(2)
92.27(5), N(2y-Ru(1)-P(2) = 167.37(5), P(yRu(1)-P(2)
98.42(2), HARUYRu(1}-P(3)= 171.7(9), N(1)y Ru(1)-P(3)

100.79(2), P(2yRu(1)-P(3) = 97.98(2).

The reaction ofl with dimethyl malonate produced a complex
with a rare monodentate oxygen-bonded ligand (Figure 6). In
most instances this ligand acts as a bidentate ligand in metal
complexes. In this case, only one carbonyl oxygen, O(1), binds
to the metal, while the other carbonyl oxygen, O(2), is hydrogen-
bonded to one of the protons on N(1). The planar ©Q{7)—
C(8)—-C(9)—0(2) chain and short, similar ©©C (1.239(4),
1.225(4) A) and &C distances (1.404(5), 1.413(5) A) signal
the presence ot delocalization. Wang et al. have reported the
observation by NMR of a ruthenium methyl acetoacetonate
complex where both oxygen- and carbon-bonded ligands are
thought to be preseft. There has been one structural charac-
terization of a carbon-bonded malonate on ruthenium in the
complex RU[CH(CGCHz),][(R,R)-Tsdpen]fs-mesitylene):



RuHX(diamine)(PP¥),

Figure 5. Molecular structure of RuH(CCPh)(tmen)(Rph Se-
lected bond distances (A) and angles (deg): RuH(LRU) =
1.68(3), Ru(1)-C(7)= 2.071(3), Ru(1yN(1) = 2.198(3), Ru(1y)
N(2) = 2.208(3), Ru(1)P(1)= 2.2550(9), Ru(L)P(2)= 2.2599-
(9); C(7-Ru(1)}-N(1) = 86.9(1), C(7r-Ru(1}-N(2) = 87.1(1),
N(1)—Ru(1}-N(2) = 74.6(1), C(7Ru(1)-P(1)= 89.8(1), N(1}»
Ru(1}-P(1) = 167.83(8), N(2)-Ru(1)»-P(1) = 93.51(8), C(7y
Ru(1)}-P(2) = 102.4(1), N(1)-Ru(1)}-P(2) = 93.75(8), N(2)-
Ru(1)}-P(2) = 164.68(9), P(1yRu(1)-P(2) = 98.40(3).

Figure 6. Molecular structure of RuH(CH(COOMgjtmen)-
(PPhy),. Selected bond distances (A) and angles (deg): Ru(1)
H(1RU)= 1.50, Ru(1)-N(1) = 2.154(3), Ru(1)N(2) = 2.180(3),
Ru(1)}-P(2) = 2.2392(9), Ru(1yP(1) = 2.2494(8), Ru(1)}O(1)

= 2.265(2); N(1>Ru(1)-N(2) = 75.6(1), N(1)-Ru(1)-P(2) =
170.26(7), N(2yRu(1)-P(2) = 94.72(8), N(1)yRu(1)-P(1) =
91.85(7), N(2Ru(1)-P(1) = 163.82(8), P(2yRu(1)-P(1) =
97.35(3), N(1)-Ru(1}-0O(1)= 77.3(1), N(2-Ru(1)}-O(1) = 78.9-
(1), P(2)-Ru(1)-0(1) = 102.61(7), P(yRu(1y-O(1)= 108.70-
(7).

The Michael adduct formed in eq 3 retains aRubond, as
shown in Figure 7. The Ru(£)N(3) bond distance of 2.137(5)
A'is similar to that of the RN bond (2.16(2) A) for the nitrile
trans to hydride in the related complex RuH(BRINCCH,-
COEt)(NCCHCQE)® and the Os-N bond (2.116(3) A) to
the malononitrile anion trans to hydride in OsH(NCCHCN)-
(PPh)2(tmen)#3 The new G-C bond created in eq 3 is between

Organometallics, Vol. 25, No. 22, 2006481

0(1) & C(13) C4)

Figure 7. Molecular structure of RUH(NCC@EIsO)CN)(tmen)-
(PPh),. Selected bond distances (A) and angles (deg): Ru(1)
H(1RU)= 1.63, Ru(1)-N(3) = 2.137(5), Ru(1}N(1) = 2.190(4),
Ru(1)}-N(2) = 2.199(5), Ru(1)}P(1) = 2.259(1), Ru(1}P(2)=
2.267(1); N(3yRu(1)-N(1) = 86.3(2), N(3>Ru(1)-N(2) = 86.7-
(2) N(1)-Ru(1)-N(2) = 76.1(2), N(3)-Ru(1)-P(1) = 92.2(1),
N(1)—Ru(1)-P(1) = 92.7(1), N(2)-Ru(1)-P(1) = 168.8(1),
N(3)—Ru(1)-P(2) = 101.3(1), N(1)yRu(1)-P(2) = 166.4(1),
N(2)—Ru(1)-P(2) = 93.0(1), P(1}yRu(1)}-P(2) = 98.08(5).

>

Figure 8. Exchange of groups by the ring flip of the 2,3-diamino-
2,3-dimethylbutane ligand.

(AX or AB spin system) and two methyl resonances in tHe
NMR spectra. Due to the lack of symmetry caused bytithes
HRuX system, four of each of these resonances might have been
expected for axial or equatorial groups syn to the X or H sides
of the molecules. The rapid flipping of the five-membered-Ru
tmen ring causes an exchange of groups and averaging of
chemical shifts of pairs of these groups that are syn to X and
syn to H, respectively (Figure 8). In the cases where the X
groups (OCHO, PORhPO(OEt), OC(OMe)CHCOOMe) form
NH---O hydrogen bonds (or electrostatic attractions) with the
NH groups (see Chart 1 and Figures 4 and 6), there must also
be exchange between hydrogen bond partners to achieve the
averaging of the signals. The presence of these hydrogen bonds
in solution is manifested by a downfield shift by about 2 ppm
of one of the averaged NH signals (syn to the X ligand).

The triplet for the hydride in théH NMR spectrum is in
keeping with the hydride trans to X geometry observed in the
X-ray crystal structures. The chemical shift of the hydride varies
systematically with a change in the electronegativity of the atom
of the X ligand trans to the hydride (Figure 9). A rough
correlation is observed showing an upfield hydride shift as the
electronegativity of the atom trans to the hydride increases. This

trigonal-planar C(8) and tetrahedral C(10). There is a delocalized correlation provides support for the bonding modes proposed

m system over N(3)C(7)—C(8)—C(9)—N(4) with N—C dis-
tances of 1.170(7) and 1.149(8) A ane-C distances of 1.389-
(8) and 1.397(9) A.

NMR Characterization. There are several features of the

in Chart 1 for the ambidentate ligands. As expected from the
correlation in Figure 9, the hydride peak for the dimethyl
malonate complex is found upfield at21.8 ppm for oxygen
trans to hydride, not downfield for carbon trans to hydride. The

NMR spectra of the tmen-containing complexes that are chemical shift of the hydride in the malononitrile anion complex
common to all. There are only two amine proton resonances RUH(NCCHCN)(tmen)(PRj) is —15.4 ppm: more consistent,

(43) Clapham, S. E.; Morris, R. HOrganometallics2005 24, 479-
481.

according to Figure 9, with nitrogen coordination instead of
carbon coordination. Indeed, the structure of the analogous
osmium complex shows that it is monodentate and bonded via
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7] em OP(OEt)2
* t
P * CCPh a
£ 91 * OPPh2 l
& .
e .
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$QPh
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Figure 9. Correlation between hydriddH NMR shifts and the
electronegativity of the atom trans to hydride in the complexes
RUHX(tmen)(PP}).. |

|

nitrogen?® and the structurally characterized Michael adduct 1 |
(Figure 7) has a similar chemical shift f15.3 ppm. AY |

When X is OP(OEY and OPP} the usual hydride triplet W R T
pattern is split into a doublet of triplets. As expected, the trans e T T T e T
coupling to the phosphorus of the diethyl phosphonyl and Figure 10. PPh peaks in thé'P{*H} NMR spectrum at 300 MHz
diphenylphosphinyl ligands is large with respect to the cis of RUH(OP(OEB)(dach)(PPH).: (a) simulated; (b) experiment.
coupling to the triphenylphosphine ligands and shows that these

X ligands are bonded to ruthenium via phosphorus. g% T o, E% PPh;\H II\{I%, Tphi -
The complex RuH(NCC(gHs0)CN)(tmen)(PP¥), has unique U 2N U NN O’ N

NMR spectra compared to those of the other tmen complexes, (N 4 | “ppp, | “pph, | Vu

due to the chiral carbon C(10) (Figure 7). The phosphine ligands H, OPh H, OPh H, OPh

are diastereotopic, and so tH®{H} NMR spectrum displays

an AB pattern. Although the NH peaks are masked by the ‘“———— \__ J

cyclohexanoyl multiplet, four distinct methyl peaks are observed Y

for the tmen ligand. major minor

The chira_lity of the dach Iigand_ results in more comp_lex l_\lMR Figure 11. Major and minor isomers of RuH(OPh)(dach)(RBh
spectra for its complexes. The diastereotopic phosphine ligands

produce an AB pattern in thi8P{1H} NMR spectra, except in 2150
the case of RuH(4-E1,0Me)(dach)(PP¥),, where a coinci- 2100 CH(COOMe)2 W
dental overlapping of peaks produces a singlet. The similarity 2 2050 |
of the environments of the phosphine ligands still produces a 2 acl m OPh
triplet pattern for the hydride peaks in thE NMR spectra. 20001
The hydride chemical shifts for the dach complexes follow the § 1950 B NCCHCN
same electronegativity correlation found with the tmen com- & ;g9 | = opPh2 W SC6H40Me
plexes in Figure 9. The phosphorus NMR spectra for the diethyl % 1850 | = OP(OEN?
phosphony! (Figure 10) and diphenylphosphinyl complexes are *
interesting because of the ABX patterns produced. 1800 1 - CCPh

The NMR spectra of RuH(OPh)(dach)(Rphprovide evi- 1750 : : : : . : , .
dence for one major and two minor isomers. The major hydride 2 22 24 26 28 3 32 34 36
resonance is a triplet at24.4 ppm. The relative peak intensities Electronegativity

indicate that this pattern corresponds with an AB pattern in the Figure 12. Correlation between the RtH stretching frequency
31P{1H} NMR spectrum withda 69.0 anddg 65.9 ppm. The  and trans-atom electronegativity.
similarity to the spectra of the other dach complexes suggests
that the major isomer is the usual hydride trans to X isomer. to the hydride, much like that found for the hydride NMR shifts.
The minor hydride patterns consist of a triplet-at3.4 ppm The metal hydride stretches occur between 1770 and 2108 cm
and a doublet of doublets at13.7 ppm. These peaks correspond The more electronegative atoms trans to the hydride tend to
with two doublets at 82.0 and 67.7 ppm and two doublets at increase the stretching frequency, as shown in Figure 12.
80.0 and 67.4 ppm, respectively, in tA¥{*H} NMR. Cis The CN stretching wavenumber from the IR spectrum of
isomers of this type have been characterized for the complexesRuH(NCCHCN)(diamine)(PRJp, diamine= tmen (2127 cm?),
RuH,(dach)(PP§), and Rub(en)(PPh),.22 The isomers that dach (2124 cm?t), was useful in determining the coordination
have a hydride trans to a phosphine givdacoupling constant mode of the dicyanomethyl ligand. This ligand can coordinate
close to 100 Hz. AllJup constants for the minor isomers of through the deprotonated carbon or through one of the nitrile
RuH(OPh)(dach)(PRJ are significantly smaller, suggesting nitrogens. The CN stretches between 2120 and 2130 ane
that the hydride is always trans to an amine ligand. The three indicative of a nitrogen-bound ligand. Carbon-bound ligands
isomers are shown in Figure 11. would be expected to give a stretching wavenumber above 2200
Infrared Characterization. The ruthenium hydride stretches cm1.4445The X-ray crystal structure of the analogous osmium
found in the IR spectra of the tmen and dach complexes follow complex, OsH(NCCHCN)(tmen)(PBh, has been reported to
a rough correlation with the electronegativity of the atom trans have a nitrogen-bound dicyanomethyl ligand and a CN stretch
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Table 1. Catalysts for the Michael Addition of Dimethyl Scheme 1. Proposed Mechanisms of the Michael Addition
Malonate to 2-Cyclohexen-1-one in THF at 20°C? Reactions Catalyzed by Complex 1 and
[cat], [sub], sub: time, conversn, TOF, RUH(CH(COOME),)(tmen)(PPh),
cat. mM M cat. h % h—t CH,(COOMe),
1 2.5 0.23 104 18 98 5.7
RuH(CH(COOMe))- 31 033 108 18 100 =6.0 H g H oy
(tmen)(PPB)2 PhSP'”/}R N Ph3Pury, | W N
RUH(OPh)(tmen)(PR), 2.0 020 101 24 94 4.0 AR Ph3P'R“‘NH
RUHCI(tmen) (PP}, 3.0 0.33 110 18 0 0.0 Ph;P H, (|) H
0 5

maintained when 2-cyclohexen-1-one is added to the dicya-
nomethyl ligand, as indicated by the X-ray crystal structure

aA 3 mL amount of solvent was used. Abbreviations: cat., catalyst; \0 0 \O&C‘)
sub, substrate. 0
o~ o~
of 2126 cnm1.43 A similar CN stretch at 2102 cm for the 8/( <:§
trapped Michael adduct suggests that this coordination mode is ° X y

(Figure 7). 0oy CH,(COOMe),
The CO and CC stretching absorptions at 1632 and 1538 cm PhsP"u/,RI weN PhiPos,. [ 132

. . v Ru'y - PPy NN

in the spectrum of RUH(CH(COOMgftmen)(PPE), are similar PhyP | NH 1,3 proton transfer PhsP"™ Y NH

to those of the acac ligand and suggest that an electron- 0 H ’ I H

delocalized enolate form of the ligand is coordinated. This is () o

consistent with an oxygen-bonded, as opposed to carbon-bonded, _ o

malonate ligand. A O

Michael Addition. The amido complet and the complexes  ©
RuH(CH(COOMe))(tmen)(PPK), and RuH(OPh)(tmen)(PBka
all catalyze the Michael addition of dimethyl malonate to
2-cyclohexen-1-one to produce 3-[bis(methoxycarbonyl)methyl]-
cyclohexanone in THF at room temperature (eq 4 and Table
1).

enone carbonyl group with an amineI¥ group, but this would
need to be probed in a future, more detailed study. The adduct
complex might quickly react with more malonate and release
the Michael adduct. Alternatively, there may be a proton shift
from the Michael donor to the-carbon of the Michael acceptor

| (4 0 in a fashion analogous to eq 3. Deprotonation of the amine
0-° catalyst 0 ligand and release of the Michael product would complete the
\ﬁ?o * THF' O catalytic cycle.
-0 o
0 )

The mechanism in Scheme 1 is slightly different from that
proposed by Ikariya and co-workefswhere a malonate that
is carbon-bonded to the metal attacks an enone that is positioned

The amido and malonate complexes have similar activities, PY @1 N(@mineyH—O(carbonyl) hydrogen bond. _
possibly suggesting that the addition of the-i& bond of The complex RuH(OPh)(tmen)(P§h also catalyzes this
dimethyl malonate to the amido complex is a step in the catalytic Michael addition reaction (Table 1). This is explained by the
cycle. Their activity is more than 10 times that of the complexes fact that the phenoxide complex rapidly reacts with an equimolar
RUH(BH,)(S-binap)(R,R-PPRCHPhCCHMeNH) (TOF 0.4 amount of dimethyl malonate to give a rapidly equilibrating
h-1 at 20°C),25 Ru(CsMeg)(NHCHPhCHPhNTS) (TOF 0.6 # mixture of the phenoxide complex and the complex RuH(CH-
at 30°C),2° and La(OPr))/S,Slinked binol (TOF 0.13 htat ~ (COOMep)(tmen)(PPh).. The *H and*!P{*H} NMR spectra
20 °C)# although these other catalysts are highly enantiose- of this reaction show hydride and phosphorus peak positions
lective in the reaction. Tetrahydrofuran was chosen as the with chemical shifts that are at an average of the positions found
solvent, because it was found to be optimum for our borohydride for the individual malonate and phenoxide complexes. A
catalyst€526 The chloro complex RuHCI(tmen)(PPhand the broaqlt_enlng of some peaks is a_Iso observed. Under catalytic
malononitrile complex are not catalysts under these conditions, cOnditions, the large excess of dimethyl malonate would result

While the malononitrile complex can be used as a Michael N @ large concentration of the malonate complex, which would
donor to 2-cyclohexen-1-one in a stoichiometric reaction (eq then catalyze the reaction. o
3), the malonate complex may not react in this way. NMR _Hydrogenation of AcetophenoneThetransdihydride com-
spectra of a mixture of RuH(CH(COOMg#{tmen)(PP}), and plexes Ruki(diamine)(PPR,, diamine= tmen?, dach?® are
the enone in €Ds did not provide direct evidence for a reaction. KNOWn to be extremely active ketone hydrogenation catalysts.
At the moment we propose two possible mechanisms of catalysis ' "€ dihydride RukAtmen)(PPB), is generated by reacting
(Scheme 1). Starting with the amido complixthe Michael complexl with dihydrogen, while the unstab_teansdlhydrlde
donor is first deprotonated by the amido nitrogen and then Rubz(dach)(PPk. can be actcessed by reaction of the precursor
coordinated to the metal. The Michael acceptor is attacked at RUHCI(dach)(PP4), with KO'Bu under dihydrogen. The only
its electrophilic carbon to form a ruthenium-coordinated adduct. ©ther complexes of the X trans to hydride series that are active

This attack might be promoted by hydrogen bonding of the for the hydrogenation of acetophenone to 1-phenylethanol
without base at 20C are the phenylacetylide complexes RuH-

(44) Baddley, W. H.; Choudhury, Rl. Organomet. Chenl973 60, (CCPh)(tmen)(PRj, and RuH(CCPh)(dach)(PB)a (eq 5 and
C74-C76. Table 2).

(45) Bailey, N. A.; Higson, B. M.; McKenzie, E. Dnorg. Nucl. Chem. ; ;
Lett. 1071 7 591593, The turnover frequencies of the phenylacetylide complexes

(46) Kim, Y. S.; Matsunaga, S.; Das, J.; Sekine, A.; Ohshima, T.; RuH(CCPh)(diamine)(PRJ2 for the hydrogenations in neat aceto-
Shibasaki, M.J. Am. Chem. SoQ00Q 122, 6506-6507. phenone are less than those of the corresponding complexes
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Table 2. Comparison of the Activity and Enantioselectivity of the Catalysts RuHX(diamine)(PP¥), in Neat Ketone or Benzene
Solution at 20°C

cat. [cat.], mM [ketone], M H pressure, atm time, h conversn, % eé, % TOF ht
In Neat Acetophenone
1 55 8.6 10 1 100 0 >1559
RuHCI(dach)(PP¥)./base 1.8 8.6 3 <8 100 62 >625
RuH(CCPh)(tmen) (PR} 14 8.6 10 3.3 2 0 4
14 8.6 10 24 100 0 >26
RuH(CCPh)(dach)(PRJ 9 8.6 10 35 100 62 >288
In Benzene
1 1 0 1076
RuHCI(dach)(PP4)./base 5 55 715
RuH(CCPh)(dach)(PRJ 1.0 0.017 5 0.33 1 62 0.5
1.0 0.017 5 1.7 3 a7 0.1
1.0 0.017 5 21 6 33 0.05

a (9-Phenylethanol’ Maximum rate= (112 M~! sT9)[Ru][H;].3 ¢Rate= (14 M~! s~ H[Ru][H,].23

o 10 atm H, OH Scheme 2. Hypothetical Cycle for the Hydrogenation of

)L Acetophenone Catalyzed by the Complexes

Me™ “Ph - WHCCPh(diamine)(PPhy), Mediam;};:tmen 0% o ® RuHX(dach)(PPhs), with X Trans to H2
r.t. diamine = dach 62 % ce.
/H H-H H
and the RuHCl(dach)(PBJa complex when activated by KBu, yy N\\\'H /\ "y /\ WH
. . . / N

especially at low conversion. The enantiopure complex RuH- H-NA | He |
(CCPh)(dach)(PR)r produces 1l-phenylethanol from neat ac- TRunnX HvN"'//Ru\\\“‘X
etophenone in 62% €8 which is exactly the same optical /\pph3 \:H( | \Pph3
purity as is observed for hydrogenations using the dihydride PhsP >‘< Ve PPhs
complex RuH(dach)(PP§), (as a mixture of isomergy. OH (I)' p

When benzene is used as a solvent, the TOF values for the é“ &
phenylacetylide complexes are much less than those for the e L S

dihydride precursors. For the dach complex, the ee of the athe cycle has been established forXH.
1-phenylethanol starts off at 62% but degrades over time.

A stoichiometric mixture of RuH(CCPh)(dach)(Pfzhand benzene. Catalysis is proposed to occur via Scheme 2 with X
acetophenone in benzedgunder Ar does not react after 3h. = H only. Side products in the reaction appear to catalyze the

When the solution is placed under 1 atm of hydrogen and is yacemization of the alcohol that is produced, thus explaining

observed (eq 6). Apparently the degradation of ee at these high
ruthenium concentrations is even more serious.

Conclusions
1 atm H.
2 —2> OH A variety of potential catalyst precursors RuHX(diamine)-
Me” “Ph 1 eq. RuH(CCPh)(dach)(PPh;), Me” “Ph ©) (PPh), with X trans to hydride are generated by the reaction
C¢Ds 00 of weak acids HX with the amido complex RuH(NHC)Me,-
it %ee. NH,)(PPh),. Similar complexes with the dach ligand are

produced by reaction of the KBu/HX with RuHCl(dach)-
The mechanism of action of the phenylacetylide complexes (PPh),. Acids with a range of strengths can be used, but aniline
(X = CCPh) does not appear to follow the cycle established with pK,PMSC = 30.6 does not react. The X ligands with
for the dihydrides (X= H) (Scheme 2). When X= H, the hydrogen-bond acceptors, including@H+, OPPh, OP(OEL),
dihydride transfers HH* equivalents rapidly to the ketone to  and CH(COOMe), form O--HN hydrogen bonds with a cis
produce the hydridoamido complex. In contrast, this step is not amino group. The ambidentate ligands NCCHCN and CH-
observed for the phenylacetylide complexes. Even though this (COOMe) bond to ruthenium @ a N or Odonor, respectively,
carbon-donor ligand has a low electronegativity and hence ainstead of the more hindered carbon centers. The mode of
high trans influence, it does not make the hydride trans to CCPh coordination is signaled by distinctive chemical shifts of the
hydridic enough for the transfer reaction to acetophenone underhydride resonance in thié! NMR spectrum and characteristic
comparable conditions. wavenumber values for the Rid stretch that vary with the
These results are best explained by the conversion of theelectronegativity of the donor atom on X. The amido complex
phenylacetylide complexes to the active dihydrides, which are RuH(NHCMe&CMe;NH,)(PPh), and the related malonate and
the actual catalysts (eq 7). This reaction must be faster in neatphenoxide complexes are active catalysts or precursors to
catalysts for the Michael addition reaction. The activation of

RuH(CCPh)(diamine)(PRJ} + H, — O—H, P—H, and S-H bonds at the rutheniusmitrogen bond
RuH,(diamine)(PPk), + HCCPh+ unidentified products has been demonstrated and opens the possibility of new catalytic
@ processes involving these elements.

Only the complexes with X= H, CCPh have activity as
acetophenone than in benzene solution, because the TOF valuesatalysts for acetophenone hydrogenation at room temperature.
are much larger under the former conditions (Table 2). A peak The phenylacetylide complexes RuH(CCPh)(diamine)gpPh
for free phenylacetylene is observed by gas chromatographyare likely converted to the dihydrides under the conditions of
for reactions performed both in neat acetophenone and inthe hydrogenation reaction, and so only the=XH complexes,
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out of all of the X complexes tested, are true ketone hydrogena- (70%).H NMR (CgDs, 6): 6.8—8.0 (m, phenyl, 30 H), 4.14.5
tion catalysts. (m, NH and CH, 6 H), 1.8 (d, NH, 2 HJuy = 10.2 Hz), 1.2 (t,
CHs, 6 H, Juy = 7.0 Hz), 1.0 (s, Ckl 6 H), 0.9 (s, CH, 6 H),
—6.5 (dt, RuH, 1 HJypr = 146.1 Hz,Jup2 = 22.3 HZ).31P{1H}
NMR (Cg¢Dg, 6): 121.3 (t, OP(OE#) 1 P,Jpp= 30.4 Hz), 70.4 (d,
General Considerations.All preparations and manipulations  PPh, 2 P). IR (Nujol, cnt?): 3347 ¢(NH)), 1853 ¢(RuH)). Anal.
were carried out under an argon, nitrogen, or hydrogen atmosphereCalcd for RuUBO3N.CaeHs720.25GHs: C, 63.51; H, 6.59; N, 3.10.
using standard Schlenk, vacuum-line, and glovebox techniques. Dry,Found: C, 63.48; H, 6.43: N, 3.01.
oxygen-free solvents were always used. Hexanes, tetrahydrofuran, RyH(CCPh)(tmen)(PPhy),. Phenylacetylene (18 mg, 0.176

and diethyl ether were dried and distilled under argon from sodium mmol), 1 (100 mg, 0.135 mmol). Yield: 55 mg (48%% NMR

benzophenone ketyl. Toluene was dried and distilled under (c;p, ¢): 6.9-8.2 (m, phenyl, 35 H), 2.6 (d, NH, 2 Hiyy =

argon from molten sodium. Deuterated solvents were degassed and .6 Hz), 2.0 (d, NH, 2 HJuy = 10.6 Hz), 0.9 (s, Chl 6 H), 0.7
dried over activated molecular sieves. NMR spectra were recorded(s CH,, 6 H), —7.5 (t, RuH, 1 HJyp = 22.2 Hz).3'P{1H} NMR

on a Varian Gemini 300 MHz spectrometer (300 MHz ¥drand (CeDe, 0): 73.9 (s, PP 2 P). IR (Nujol, cnrl): 3347 (¢(NH)),

121.5 MHz for3'P). All 3'P chemical shifts are reported relative to - 3323 ¢(NH)), 3285 ¢(NH)), 3264 ¢(NH)), 2053 ¢(CC)), 1778
85% HPQ, as an external reference. Al chemical shifts are  (,(RuH)). Anal. Calcd for RuRN,CsoHsz: C, 71.16; H, 6.21; N,
reported relative to TMS but referenced to partially deuterated 3 32, Found: C, 71.21: H, 6.34; N, 3.46.

solvent signals. All infrared spectra were recorded on a Nicolet RUH(NCCHCN)(tmen)(PPhy),. Malononitrile (15 mg, 0.227
550 Magna-IR spectrometer. Elemental analyses were done in themmol) and1 (150 mg, 0.202 mmol) were used. Yield:l 151 mg

Chemistry Department on samples handled under argon. The(gs%).lH NMR (CeDe, 9): 6.7—7.8 (m, phenyl, 30 H), AB pattern
complexes containing the dach ligand were spectroscopically pure, o (A, NH, 2 H, Jas _ 10.9 Hz) and 1.9 (B’ NH. 2 H), 0.6 (s

and free of potassium salts, and yet they were reproducibly analyzedCH3 6 H), 0.5 (s, CH, 6 H), —15.4 (t, RuH, 1 HJup = 25.2 Hz)

Experimental Section

with low carbon (about 2% below the calculated values, even when 31P{1H} NMR (C¢Ds, 8): 70.3 (s, PP 2 P). IR (Nujol, cn):

oxidants were added).

Synthesis oftrans-RuHX(tmen)(PPhs),. All syntheses involv-
ing the addition of a weak acid, HX, t& were performed in
the following manner: HX and were added to a flask under

argon and dissolved in toluene (1 mL). The orange solution quickly
became yellow when stirred. The solution was stirred for

30 min. Hexanes (3 mL) was added to precipitate the product. The
yellow solid was filtered, washed with hexanes, and dried under

vacuum.
RuH(OPh)(tmen)(PPhg),. Phenol (46 mg, 0.489 mmol) arid

(300 mg, 0.404 mmol) were used. Crystals of quality sufficient for
X-ray crystallography were grown by slow diffusion of hexanes

into a concentrated solution of RuH(OPh)(tmen)(BPith an
extra 1 equiv of phenol in benzene. Yield: 260 mg (77%)NMR
(CeDe, 0): 6.6—8.2 (m, phenyl, 35 H), 3.4 (d, NH, 2 Hyy =
10.0 Hz), 2.0 (d, NH, 2 H)4y = 10.0 Hz), 0.72 (s, CH 6 H),
0.65 (s, CH, 6 H), —20.2 (t, RuH, 1 HJyp = 27.1 Hz).3'P{H}
NMR (C¢Dg, 0): 67.7 (s, PPH 2 P). IR (Nujol, cntl): 3319 ¢-
(NH)), 2029 ¢(RuH)). Anal. Calcd for RUFEDN,CygHs,: C, 68.96;
H, 6.27; N, 3.35. Found: C, 68.36; H, 6.18; N, 2.99.

RuH(OPh-ds)(tmen)(PPhs)2. *H NMR (C¢Dg, 9): 6.0—8.5 (m,
phenyl, 30 H), 3.5 (br s, NH, 2 H), 2.0 (br s, NH, 2 H), 0.7 (s,
CHs, 12 H), —20.7 (t, RuH, 1 HJup = 27.4 Hz).3'P{'H} NMR
(CGDG, (3) 67.2 (S)

RuH(4-SCsH4OCH?3)(tmen)(PPh),. 4-Methoxybenzenethiol (24
mg, 0.171 mmol) and (100 mg, 0.135 mmol) were used. Yield:
85 mg (71%)H NMR (CgDg, 0): 6.6—-8.1 (m, phenyl, 34 H), 3.4
(s, OCH;, 3 H), 3.2 (d, NH, 2 HJyy = 10.3 Hz), 1.9 (d, NH, 2 H,
Jun = 10.3 Hz), 0.7 (s, Ck 6 H), 0.5 (s, CH, 6 H), —13.4 (t,
RuH, 1 H,J4p = 24.6 Hz).3'P{1H} NMR (CgDs, 6): 67.7 (s, PP}

2 P). IR (Nujol, cntl): 3340 (¢/(NH)), 3321 ¢(NH)), 3270 ¢-
(NH)), 3217 @(NH)), 1907 ¢(RuH)). Anal. Calcd for RuSf
ON;CsgHs4-0.25GHg: C, 67.35; H, 6.24; N, 3.10. Found: C, 67.39;
H, 6.31; N, 3.12.

RuH(OPPhy)(tmen)(PPhg),. Diphenylphosphine oxide (34 mg,
0.164 mmol) and. (122 mg, 0.168 mmol) were used. Yield: 102
mg (66%)."H NMR (CgDsg, 0): 6.6—-8.3 (m, phenyl, 40 H), 5.4 (s
br, NH, 2 H), 2.0 (d, NH, 2 HJ44 = 9.3 Hz), 0.9 (s, ChHl 6 H),
0.8 (s, CH, 6 H), —9.0 (dt, RuH, 1 HJup1 = 99.9 Hz,Juyp, =
24.7 Hz).3'P{*H} NMR (CgDs, 6): 80.1 (t, OPPh 1 P,Jpp =
17.5 Hz), 65.7 (d, PRh2 P). IR (Nujol, cntl): 3342 @(NH)),
1926 ¢(RuH)). Anal. Calcd for RuUBDN,CsHs72C;Hg: C, 70.71;
H, 6.32; N, 2.70. Found: C, 70.01; H, 6.29; N, 2.70.

RuH(OP(OEt),)(tmen)(PPhy),. Diethyl phosphite (67 mg, 0.485
mmol) and1 (300 mg, 0.404 mmol) were used. Yield: 250 mg

3318 ((NH)), 3221 ¢(NH)), 3155 ¢(NH)), 2127 ¢(CN)), 1953
(v(RuH)). Anal. Calcd for RupN,CysHsg: C, 66.90; H, 5.99; N,
6.93. Found: C, 66.40; H, 6.02; N, 6.45.

RuH(CH(COOMe) ,)(tmen)(PPhs).. Dimethyl malonate (27 mg,

0.2044 mmol) and. (120 mg, 0.1618 mmol) were used. Yield: 95
mg (67%).'H NMR (CgDg, 6): 6.8—7.8 (m, phenyl, 30 H), 4.6 (s,
CH, 1 H), 4.3 (d, NH, 2 HJyy = 10.6 Hz), 3.5 (s, OCH 6 H),
2.1 (d, NH, 2 H,Jyy = 10.6 Hz), 1.0 (s, Ckl 6 H), 0.7 (s, CH,
6 H), —21.8 (t, RuH, 1 HJyp = 27.1 Hz).3%P{H} NMR (CgDs,
0): 69.4 (s, PPH 2 P). IR (Nujol, cm?): 3349 (¢(NH)), 3302
(v(NH)), 3112 ¢(NH)), 3057 ¢(NH)), 2098 ¢(RuH)), 1682 ¢-
(C0O)), 1538 ¢(CC)). Anal. Calcd for RupO,N,Cy7Hs: C, 64.59;
H, 6.23; N, 3.21. Found: C, 64.0; H, 6.41; N, 3.11.

RUH(NCC(CsHO)CN)(tmen)(PPhg),. 2-Cyclohexen-1-one (9
mg, 0.0936 mmol) and RuH(NCCHCN)(tmen)(PPh832 mg,
0.396 mmol) were added to a flask under argon and dissolved in
toluene (1 mL). The yellow solution was stirred for 3 h. Hexanes
was added to precipitate the product. The yellow solid was filtered,
washed with hexanes, and dried under vacuum. Yield: 34 mg (95%).
IH NMR (C¢Ds, 0): 6.8-7.8 (m, phenyl, 30 H), 122.7 (m,
cyclohexanoyl, NH, 13 H), 0.64 (s, GH3 H), 0.63 (s, CH, 3 H),
0.57 (s, CH, 3H), 0.48 (s, CH, 3 H),—15.3 (t, RuH, 1 HJyp =
24.7 Hz).31P{1H} NMR (C¢De, 6): AB pattern, 70.6 (A, PPh1
P, Jag = 37.8 Hz), 69.7 (B, PRh1 P). IR (Nujol, cnr?): 3401
(v(NH)), 3321 ¢(NH)), 3154 ¢(NH)), 3051 ¢(NH)), 2102 ¢-
(CN)), 1959 ¢(RuH)), 1704 ¢(CQ)). Anal. Calcd for Rup
ON4Cs1Hs6:0.25GHe: C, 68.28; H, 6.28; N, 6.07. Found: C, 68.38;
H, 6.16; N, 6.04.

Synthesis oftrans-RuHX(dach)(PPhg),. All of the syntheses
involving the substitution of HCI for HX ir2 were performed as
follows: HX, potassiuntert-butoxide, an® were added to a flask
under nitrogen and dissolved in THF (1 mL). A small amount of
red-orange solution was formed when the solvent was added, but
the solution became yellow upon stirring. The yellow solution was
stirred for 15 min and then filtered through Celite. The filtrate was
reduced to dryness, the residue was stirred in 2:1 hexaethsr
(3 mL), this mixture was filtered, and the solid was washed with
hexanes and dried under vacuum.

RuH(OPh)(dach)(PPh),. Phenol (19 mg, 0.202 mmol), potas-
sium tert-butoxide (20 mg, 0.178 mmol), ar@i (127 mg, 0.164
mmol) were used. Yield: 45 mg (33%H NMR (CgDg, 0): 6.5~
8.1 (m, phenyl, 35 H), 0.63.8 (m, diamine, 14 H);-20.4 (t, RuH
major isomer Jyp = 26.1 Hz),—13.4 (t, RuH minor isomer 1}4p
= 27.7 Hz),—13.7 (dd, RuH minor isomer 3yp; = 33.8 Hz,J4p2
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= 24.4 Hz).31P{*H} NMR (C¢De, 0): major isomer, AB pattern,
69.0 (A, PPB, Jag = 38.9 Hz) and 65.9 (B, PB) minor isomer
1, 82.0 (d,Jpp = 36.5 Hz), 67.7 (d); minor isomer 2, 80.0 (@hp
= 37.2 Hz), 67.4 (d). IR (Nujol, cmt): 3319 ¢(NH)), 2028 (-
(RuH)).

RuH(4-SGH4OCHj3)(dach)(PPh),. 4-Methoxybenzenethiol (30
mg, 0.214 mmol), potassiunert-butoxide (22 mg, 0.196 mmol),
and2 (140 mg, 0.180 mmol) were used. Yield: 135 mg (85%).
NMR (CgDg, 9): 6.5-8.3 (m, phenyl, 34 H), 3.3 (s, OGH3 H),
0.0—2.8 (m, cyclohexyl, 14 H);-13.8 (t, RuH, 1 HJp = 23.7
Hz). 31P{*H} NMR (C¢Ds, 0): 69.2 (s, PP¥. IR (Nujol, cnrb):
3340 (¢(NH)), 3322 ¢(NH)), 1907 ¢(RuH)).

RuH(OPPhy)(dach)(PPh).. Diphenylphosphine oxide (31 mg,
0.153 mmol), potassiutert-butoxide (17 mg, 0.151 mmol), ard
(110 mg, 0.142 mmol) were used. Yield: 70 mg (52%).NMR
(CeDg, 0): 6.5-8.5 (m, phenyl, 40 H), 0863.3 (m, diamine, 14
H), —9.0 (dt, RuH, 1 HJyp1 = 98.7 Hz,Jyp, = 23.5 Hz).31P{1H}
NMR (CgDg, 0): ABX pattern, 80.8 (X, OPPh 1 P), 66.7 (A,
PPh, 1 P,Jax = 16.2 Hz,Jag = 33.7 Hz), 66.1 (B, PPH1 P,Jgx
= 18.8 Hz). IR (Nujol, cn?): 3328 ¢(NH)), 3271 ¢#(NH)), 1877
(v(RuH)).

RuH(OP(OEt),)(dach)(PPhy),. Diethyl phosphite (24 mg, 0.148
mmol), potassiuntert-butoxide (17 mg, 0.151 mmol), ard(104
mg, 0.134) were used. Yield: 20 mg (17%j NMR (C¢Dg, 0):
6.8-8.2 (m, phenyl, 30 H), 4.5 (dq, GH4 H, J4p = 3.3 Hz,Jun
= 7.0 Hz), 0.6-4.3 (m, diamine, 14 H), 1.1 (t, G416 H), —6.6
(dt, RuH, 1 H,J4p1 = 142.5 Hz,Jyp, = 20.8 Hz).3'P{*H} NMR
(CsDs, 0): ABX pattern, 118.8 (X, OP(OEf) 1 P), 71.4 (A, PP
1 P,Jax = 29.2 Hz,Jpg = 35.2 Hz), 70.7 (B, PPh1 P,Jsx =
30.4 Hz). IR (Nujol, cmt): 3337 ¢(NH)), 3279 ¢(NH)), 3232
(»(NH)), 1791 ¢(RuH)), 1575 ¢(OP)).

RuH(CCPh)(dach)(PPhy),. Phenylacetylene (23 mg, 0.225
mmol), potassiuntert-butoxide (22 mg, 0.196), an? (140 mg,
0.180 mmol) were used. Yield: 40 mg (26%H NMR (CgDs, 0):
6.6—-8.4 (m, phenyl, 35 H), 083.4 (m, diamine, 14 H);-7.5 (t,
RuUH, 1 H,Jyp = 21.6 Hz).31P{1H} NMR (CgDs, 0): AB pattern,
74.9 (A, PPB, 1 P,Jag = 42.8 HZz), 74.5 (B, PPH1 P). IR (Nujol,
cm1): 3323 ¢(NH)), 2053 ¢(CC)), 1778 {(RuH)).

RuH(NCCHCN)(dach)(PPhg),. Malononitrile (10 mg, 0.151
mmol), potassiuntert-butoxide (17 mg, 0.151 mmol), ard(107
mg, 0.138 mmol) were used. Yield: 61 mg (55%).NMR (C¢Ds,
0): 6.7-8.1 (m, phenyl, 30 H), 0:863.6 (m, diamine, 14 H);-15.8
(t, RuH, 1 H,J4p = 25.0 Hz).31P{'H} NMR (C¢Dg, 0): AB pattern,
71.2 (A, PPh, 1 P,Jss = 38.3 Hz) and 70.4 (B, PBhl P). IR
(Nujol, cm™1): 3324 @(NH)), 2124 ¢(CN)), 1959 ¢(RuH)).

Hydrogenation of Neat AcetophenoneUnder an argon atmo-
sphere, RuH(CCPh)(tmen)(P£h (11 mg, 0.0130 mmol) was
dissolved in acetophenone (999 mg, 8.315 mmol) (S:638:1).
The solution was transferred by syringe to a reactor under hydrogen
and the reactor pressurized with 10 atm of hydrogen gas. Aliquots
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were collected at 3.25 and 24 h. Analysis by GC showed 2% and
100% conversion to 1-phenylethanol, respectively.

The above procedure was used with RuH(CCPh)(dach}jPPh
(7 mg, 0.00832 mmol) and acetophenone (1.008 g, 8.3895 mmol)
(S:C=1008:1). An aliquot was taken at 3.5 h and analyzed by
chiral GC. The chromatogram showed 100% conversion and 62%
ee.

Hydrogenation of Acetophenone in BenzeneA solution of
RuH(CCPh)(dach)(PRJ» was prepared in benzene with a concen-
tration of 3.33x 1073 M. A 1.5 mL portion of this stock solution
was diluted in 2 mL of benzene. The solution was drawn into a
syringe. A solution of acetophenone (10 mg) was prepared in
benzene (3 mL). This was drawn into a syringe. Both solutions
were injected into a reactor under 5 atm of hydrogen gas, giving a
total sample volume of 5 mL and catalyst and substrate concentra-
tions of 1.00x 1072 and 0.0167 M, respectively. Aliquots were
taken at 1200, 2400, 3600, 4800, 6000, and 77 100 s and analyzed
by chiral GC for conversion and ee. Conversion (%)/ee (%) values
for the above aliquots were 1/62, 1.5/57, 2/54, 2.5/52, 3/47, and
6/33, respectively.

Stoichiometric Reaction. RuH(CCPh)(dach)(PRJ» (10 mg,
0.0119 mmol) and acetophenone (2 mg, 0.0166 mmol) were reacted
in C¢Dg in an NMR tube with a gas adaptor. Aft8 h noreaction
was observed byH and3P NMR spectroscopy. The sample was
placed under 1 atm of hydrogen gas. At this point, 1-phenylethanol
was observed in thtH NMR. The sample was left under hydrogen
for 24 h and then analyzed by GC. The chromatogram showed 27%
conversion and 1% ee.

Michael Addition. 2-Cyclohexen-1-one, dimethyl malonate, and
a catalyst were dissolved in THF (ca. 3 mL) under argon and stirred.
An aliquot was taken and exposed to oxygen to kill the catalyst.
The sample was analyzed by chiral GC to determine conversion to
the Michael product. Specific conditions and conversions are shown
in Table 1.

Reaction of RuH(OPh)(tmen)(PPh), with Dimethyl Mal-
onate.RuH(OPh)(tmen)(PR} (54 mg, 0.0646 mmol) and dimethyl
malonate (12 mg, 0.09083 mmol) were dissolved gDgLunder
argon. Equilibrium was observed B and 3'P{*H} NMR. 'H
NMR (C¢Ds, d): 6.5-7.9 (m, phenyl), 3.4 (s br, NH), 3.2 (s,
OCH), 2.9 (s br, NH), 1.9 (s br, NH), 0.7 (s br, GH —20.7 (t,
RuH, Jup = 27.9 Hz).3'P{*H} NMR (C¢Ds, 0): 68.4 (S).
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