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Abstract: The catalytic hydrogenation of benzaldehyde and acetophenone with the Shvo hydrogenation
catalysts were monitored by in situ IR spectroscopy in both toluene and THF. The disappearance of organic
carbonyl compound and the concentrations of the ruthenium species present throughout the hydrogenation
reaction were observed. The dependence of the hydrogenation rate on substrate, H, pressure, total
ruthenium concentration, and solvent were measured. In toluene, bridging diruthenium hydride 1 was the
only observable ruthenium species until nearly all of the substrate was consumed. In THF, both 1 and
some monoruthenium hydride 2 were observed during the course of the hydrogenation. A full kinetic model
of the hydrogenation based on rate constants for individual steps in the catalysis was developed. This
kinetic model simulates the rate of carbonyl compound hydrogenation and of the amounts of ruthenium
species 1 and 2 present during hydrogenations.

Introduction Scheme 1. Catalytic Cycle for the Hydrogenation of Aldehydes
with the Shvo Catalyst
Ligand—metal bifunctional hydrogenation catalysis is dra- H,
matically changing the face of reduction chemistryhese k2
transition metal catalysts contain electronically coupled hydridic m
and acidic hydrogens that are transferred to polar unsaturatec
species under mild conditions. The first such catalyst, Shvo's  pp _(©HO+_Ph Ph_O
(hydroxycyclopentadienyl) diruthenium bridging hydride, / Ph HP“ SN b A'-@—O "L *‘;\‘r%
Ru—"""Ru

was developed ir_l the mid_ 19808 Mqre ret_:ent_ly, No_yori hast Ar %rc’: Vo Tk oc 1 Uy oIy
developed a series of chiral ruthenium(diamine)(diphosphine) co co oc oc

catalysts, including ruthenium(dpen)(tol-BINAP) (Figure 1), 1-8 Ar=Ph 2-8 Ar=Ph A-S Ar=Ph
. . . L . Lo 1 Ar=Tol 2 Ar=Tol A Ar=Tol
which display extraordinary activity and enantioselectivity in
the hydrogenation of a diverse range of ketohes. WKO
1} ks !
C. CyH
0---H- - - “ ‘
Ph = Ar @ Ph oo TR
PR P Ph P.. @ A=
P’ o \Ru...—u-.__nu/ Ph /Tu\ at high temperatures (14%C) and pressures (35 atfh)The
oc éo | “co Erz H Hz Ph bridging diruthenium hydrid&-Sis unreactive for the stoichio-
co

metric reduction of aldehydes, whereas the monoruthenium hy-
dride 2-Srapidly reduces ketones and aldehydes. In 1986, Shvo
proposed a catalytic cycle in which the diruthenium bridging

For hydrogenation of aldehydes and ketones, Shvo used thelYdride reversibly dissociaties to monoruthenium hydie®

diruthenium bridging hydride as the precatalyst and operated and a reactive intermediate-S (Scheme 1j. Reduction of
aldehydes by2-S produces an alcohol and the reactive inter-

(1) For reviews of ligand-metal bifunctional catalysis, see: (a) Noyori, R.; MmediateA-S. The reactive intermediat&-S reacts with H to

Ohkuma, T.Angew. Chem., Int. EQ2001 40, 40-73. (b) Noyori, R; ; ; P ; _
Kitamura, M.; Ohkuma, TProc. Natl. Acad. Sci. U.S.2004 101, 5356— regenerate the active reducmg agm This Workmg hypoth

5362. (c) Clapham, S. E.; Hadzovic, A.; Morris, R. Goord. Chem. Re

1-S
Figure 1. Examples of liganermetal bifunctional catalysts.

2004 248 2201-2237. (d) Ikariya, T.; Murata, K.; Noyori, FOrg. Biomol. (4) (a) Menashe, N.; Shvo, YOrganometallics1991, 10, 3885. (b) Menashe,
Chem.2006 4, 393-406. N.; Salant, E.; Shvo, YJ. Organomet. Chenl996 514, 97.
(2) Blum, Y.; Czarkie, D.; Rahamin, Y.; Shvo, Yorganometallics1985 4, (5) (a) Noyori, R.; Ohkuma TPure Appl. Chem1999 71, 1493. (b) Ducet,
1459. ; Ohkuma, T Murata, K.; Yokozama, T.; Kozawa, M.; Katayama, E.;
(3) Shvo, Y.; Czarkie, D.; Rahamin, Y.; Chodosh, D.J.Am. Chem. Soc. England A F,; Ikanya T, Noyor| RAngew Chem., Int. Ed998 37,
1986 108 7400. 1703.
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Scheme 2 Scheme 3. Loss of H, from 2 in the Presence of Alcohol
Ph q Ph Ph Ph _O..
Tol<&57—0. Tol@_o., Z Ty
Tol>2—<Ph H) To> T %0 “H ToI—@—O\ Tol |
oo“'lRu“‘H o OC,I}u % Tol” | Ph H _—~ | Tol Fl' Ph O
3 R i .-Ru
ocC .\' C// ocC H— C/ oco“‘ l u\H-—'H/o\ fast Og;:/ ':‘/H R
R |y oc R
.H2
esis remains the generally accepted mechanism for the reduction slow
of aldehydes, ketones, and imines by the Shvo catalyst. oh O on G
There are two complementary ways of studying the mecha- Tol_ﬁ mﬁ
nism of a catalytic process. One focuses on studies of the To” T ph 2PPhs 2T Spn
organometallic species thought to be involved in the process ocw;““\ fast oc+;RY
. ) ) . od PPh 7 g
and on the kinetics and mechanisms of their reactions. Measure- s oc’

ments of rates and activation parameters for the individual steps
in a proposed catalytic mechanism can provide a kinetic model

was independent of trapping [P#land was 3.7 times faster in
for the catalytic system. The other way of studying catalytic P pping [P

hani invol di b . fth i the presence of alcohol. Exchange of label between RuD and
mechanisms involves direct observation of the catalytic System oy a5 faster than loss of HD. DFT calculations supported a

and focusgs on rate of substrate_, conversion, the dependence % ansition state for dihydrogen complex formation involving an
the catalytic rates on concentrations of reactants, and the natureethanol bridge between the acidic CpOH and hydridic RuH of
of the organometallic species present during catalysis. Whenz; the alcohol facilitates proton transfer and accelerates the

the kinetic model developed from studies of ilndividual steps | aversible formation of dihydrogen compléxScheme 3). The
adequately accounts for the observed catalytic rates, depend'rate-limiting step in the presence of alcohol was proposed to
encies on reactants, and nature of species _present durlngoe the loss of hydrogen frof.

catalys_ls, mcreas_ed confldence can be placed in the proposed To develop a full kinetic model of the hydrogenation based
catalytic mechanism. This combination of approaches leads ©4n rate constants for individual steps in the catalysis, we report

a fuller understanding of the catalytic process. here the determination of the rate of dissociation of diruthenium

qu the past severa_l years, our group has been working tObridging hydridel (to 2 andA, ki), and the determination of
elucidate the mechanism of hydrogenations catalyzed by thethe equilibrium constante) for the reaction of diruthenium

Shvo catalyst). Many of our studies have i_nvolved NMR mea- _ bridging hydridel with H, giving two equivalents of monoru-
surements of complexes related to catalysis and for these studiey, . ,ium hydride2. The ratio of the rate constantifk_1) for

we haye used a 3,4-ditolyl variant on the Shvo .catalyst .that the reactions of unsaturated intermediatavith H, and with2
have signature tolyl methyl NMR resonances. We first examined was obtained indirectly from these measurements.dé, and

the detalled mechanism of the reduction of aldehydes by Keq The kinetic model was used to simulate the rate of carbonyl

monoruthenium hydridg, the active reducing agent in the Shvo compound hydrogenation and of the amounts of ruthenium
catalytic cycle. We found that benzaldehyde reacted Rith speciesl and?2 present during hydrogenations

pelow O°F: ina k.inet.icr.;llly second-order process. The observa- We also reporin situ IR spectroscopic monitoring of the
tion of primary kInetIC.ISOtOpe effects for transfer of t?Oth Rub catalytic hydrogenation of benzaldehyde and acetophenone with
and OD and on the failure &to undergo exchange wifiCO 1 — 2. The disappearance of organic carbonyl and the
Moncentrations of the ruthenium species present were followed
throughout the hydrogenation reaction. The rate dependence on
§ubstrate, kpressure, total ruthenium concentration, and solvent
was measured.

The remarkable agreement found between the experimental
observations of the operating catalyst system and those from
kinetic model simulations provide deeper insight into the
mechanism of catalysis and additional support for the basic
outline of the mechanism shown in Scheme 1.

for aldehyde reduction bg (Scheme 2§19 DFT calculations
support this outer sphere mechanism and gave close estimate
of the activation energ$?2Noyori has proposed a similar outer
sphere mechanism for his liganthetal bifunctional hydrogena-
tion catalystd! These are rare examples of reactions of transition
metal complexes without prior coordination of the substrate.
Previously, we studied the loss of,Hrom ruthenium
monohydride2 as a way of gaining information about the
microscopic reverse, the activation of Hy intermediateA.

We reported mechanistic studies of the loss effidm 2 in Results
toluene in the presence of a_IcohoI and of trappingg>®hich Direct IR Observation of the Hydrogenation of Benzal-
produces ruthenium phosphine comp8&% The rate of H loss dehyde by 1< 2 in Toluene. The hydrogenation of benzal-

(6) Casey, C. P.; Singer, S. W.; Powell, D. R.; Hayashi, R. K.; Kavanal. M. dehyde (0‘965 M) b)l =2 ([1]0 = 3.8 mM, 130:1 RCHO:Ru

Am. Chem. So2001, 123 1090-1100.

(7) Casey, C. P.; Johnson, J. Ban. J. Chem2005 83, 1339. (11) For mechanistic and computational work on other ligameétal bifunctional
(8) Casey, C. P.; Johnson, J. B.Am. Chem. SoQ005 127, 1883. hydrogenation catalyst systems, see: (a) Yamakawa, M.; Ito, H.; Noyori,
(9) Backvall has suggested an alternative jnner sphere mechanism that requires R. J. Am. Chem. Soc200Q 122 1466-1478. (b) Abdur-Rashid, K.;
n>—n3 ring slippage. (a) Csjernyik, G.;IEA. H.; Fadini, L.; Pugin, B.; Clapham, S. E.; Hadzovic, A.; Harvey, J. N.; Lough, A. J.; Morris, R. H.
Béckvall, J.-E.J. Org. Chem2002 67, 16571662. (b) Samec, J. S. M.; J. Am. Chem. So@002 124, 15104-15118. (c) Sandoval, C. A.; Ohkuma,
Ell, A. H,; Aberg, J. B.; Privalov, T.; Eriksson, L.; B&vall, J.-E.J. Am. T.; Mufiiz, K.; Noyori, R.J. Am. Chem. So2003 125 13490-13503.
Chem. Soc2006 128 14293-14305. d) Casey, C. P.; Johnson, J. B.Org. Chem2003 68, 1998-2001. (e)
(10) In the case of imine reduction, intramolecular trapping experiments support berg, J. B.; Samec, J. S. M.; Bavall, J. -E.Chem. Commur2006 2771~
the outer sphere mechanism. (a) Casey, C. P.; Bikzhanova, G. A.; Cui, Q.; 2773.
Guzei, I. A.J. Am. Chem. SoQ005 127, 14062-14071. (b) Casey, C. (12) Casey, C. P.; Johnson, J. B.; Singer, S. W.; CuiJQAm. Chem. Soc.
P.; Clark, T. B.; Guzei, I. AJ. Am. Chem. So@007, 129 11821-11827. 2005 127, 3100-3109.
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1 0.006 Table 1. Initial Rates (—d[PhCHOQ]/dt) for the Hydrogenation of
09 |e Benzaldehyde (0.965 M) by 1 < 2 at Various Temperatures, Initial
I nand 0005 Concentrations of 1, and Hydrogen Pressures?
08 |, L temp [t H, initial
o7 b °* s entry (°C) (mM) (atm) —d[PhCHOJ/dt x 105 M s*
= e ———— L 100045
PR S ™ g 1 22 5.2 35 5.76: 0.02
) . -4 2 35 3.7 35 26.5 0.2
05 ‘ LA 0.003 2 3 35 3.8 55 37.8:0.9
o4 . ", 2 4 45 3.3 11 37.305
3 . KO . ) 1 0002 £ 5 45 35 11 39.9%-0.4
03 . : T @ 6 45 1.9 35 73t 3
02 . ak " uansnag, 7 45 3.9 35 791
", - 1 0-001 8 45 5.1 35 88t 3
01 “ 9 45 3.3 55 99.9- 0.8
0 Lhseatinaas spun"theny o . asttosad o 10 45 35 55 106 1
0 50 100 150 200 11 60 3.8 18 2459
time (min) 12 60 2.4 35 254 6
13 60 3.8 35 34@ 9

Figure 2. Concentrations of benzaldehyde (bla®}, 1 (red W), and 2

(blue A) during hydrogenation of benzaldehyde (0.965 M) with 3.8 mM

a . § ) .
[1]o under 35 atm hydrogen at 8C in toluene. Errors for rate are from linear least-squares fits. The error in the

temperature ist1 °C, which corresponds to an error of about 5% in the

time (min) rate.

—40 °C5 Thus, 2, the proposed active reducing agent for
benzaldehyde is not present in measurable concentration during
most of the hydrogenation.

The initial nearly linear portion of the concentration versus
time plot (first 25% reaction, Figure 2) was used to determine
initial rates of hydrogenation. These initial rates were used to

0 20 40 60 80 100

% 5 determine the dependence of the rate on hydrogen pressure, total
& ruthenium concentration, and temperature (Table 1). The initial
£ _4 rate of benzaldehyde hydrogenation in toluene at@Qnder
35 atm B with [1]o = 3.8 mM was (3.4x 104 M s™1) (Figure
st 2).

The rate of benzaldehyde hydrogenation increased as the total
6 ruthenium concentration was increased, but the rate dependence

Figure 3. Plot of In[PhCHO] vs time for hydrogenation of benzaldehyde Was less than first order in total ruthenium. At 46 and 35

(0.965 M) with 3.8 mM Lo under 35 atm hydrogen at 8C in toluene. atm H, a 2.5 fold increase in the initial concentration of the

bridging diruthenium hydridel resulted in only a 1.2 fold

atom) under 35 atm hydrogen at 8D in toluene was monitored  increase in the initial rate of hydrogenation (Table 1, entries

by in situ IR spectroscopy. The conversion of benzaldehyde 6—8). At 60°C and 35 atm ki a 1.6 fold increase in Rul]p

was monitored by following the disappearance of its IR carbony! |ed to a 1.3 fold rate increase (Table 1, entries-13).

band at 1709 cm* (Figure 2). Simultaneously, the concentra-  The rate of benzaldehyde hydrogenation increased as the

tions of the ruthenium species present were monitored by hydrogen pressure was increased, but the rate dependence on

following the metal carbony! IR bands of bridging diruthenium  hydrogen pressure was less than first order. At@5a 5 fold
hydride1 at 2036, 2004, and 1997 cthand ruthenium hydride  increase in hydrogen pressure from 11 to 55 atm resulted in

2 at 2018 and 1957 cm. Quantitative measurement bfwas only a 2.7 fold increase in the initial rate of benzaldehyde
made using the clean 2036 thband, and2 was assumed to  hydrogenation whenl], was held constant at either 3.3 mM
be the remaining material. (Table 1, entries 4 and 9) or 3.5 mM (Table 1, entries 5 and
The disappearance of benzaldehyde did not follow a simple 10). At 60 °C, a 2-fold pressure increase gave an initial rate
rate law. At low conversion, benzaldehyde conversion occurred increase of 1.4 (Table 1, entries 11 and 13). Similarly, at
at a nearly constant rate (approximately zero order in benzal- 35 °C, a pressure increase of 1.5 times from 35 to 55 atm gave
dehyde); but at higher conversion, the rate of hydrogenation an initial rate increase of 1.4 times (Table 1, entries 2 and 3).
slowed. A plot of In[PhCHO] vs time showed pronounced  Mechanistic and Kinetic Modeling of Benzaldehyde Hy-
downward curvature (Figure 3). Clearly, the rate of conversion drogenation. Any mechanistic model for the hydrogenation of
of benzaldehyde is not simply first order in [PhCHO]. Empiri- benzaldehyde catalyzed ty= 2 faces the formidable challenge
cally, the hydrogenation is less than first order in benzaldehyde. of explaining the relative concentrations of ruthenium species
Diruthenium bridging hydridel was the only ruthenium  present during catalysis and the complex kinetics of hydrogena-
species observed by IR unti90% of the benzaldehyde had tion, which have less than first-order dependences on aldehyde,
been consumed (Figure 2). At equilibrium under 35 atm total ruthenium, and hydrogen pressure. The mechanistic model
hydrogen,2 is the dominant species, bAtwas not observed  originally proposed by Shvo (Scheme 1) involves both diru-
until after most of the benzaldehyde had been hydrogenated.thenium bridging hydridd and monoruthenium hydride The
Previous stoichiometric studies had shown that diruthenium steps involved include (1) the dissociation dfto 2 and
complexl is unreactive toward benzaldehyde and that monoru- unsaturated intermediate (k;), (2) the reduction of aldehyde
thenium hydride2 reacts rapidly with benzaldehyde even at by 2 which generates unsaturated intermediatéks), (3) the

J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008 2287
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Scheme 4
Ky ks
1 + H; _— 2 + A + H, _ 22
K ks
2 K k
K =Kk _ [2] Therefore, 2 e 2

loss of H from 2 to generatéA (k-p), (4) reaction ofA with

H, to regenerate monohydrid@xk,), and (5) reactio with 2

to regeneratéd (k-;). Knowledge of the rate constants for the
first three reactions combined with the ratio of rate constants
for the reactions of unsaturated intermediateith H, and with

2 provides sufficient information to model the kinetics of
benzaldehyde hydrogenation completely. If the kinetic model

adequately mimics the observed complex kinetic behavior, then

added confidence can be placed in the mechanistic model.

Previously, we had determined the rates and activation
parameters for the stoichiometric reduction of benzaldehyde
2 (ks),%>7 and for the loss of kifrom 2 (k-,).12 Measurement of
the rate of dissociation of diruthenium hydridegto 2 and A,
ki) is detailed below. The ratio of the rate constarkgk(,)
for the reactions of unsaturated intermediateith H, and with
2 can be obtained by measuring the equilibrium constant for
the reaction of diruthenium bridging hydridewith H, giving
two equivalents of monoruthenium hydri@eand combining it
with the rates of dimer dissociation and loss of flom 2
(Scheme 4).

The Rate of Dissociation of Bridging Diruthenium Hy-
dride 1 in Toluene-dg was determined by monitoring the
reaction ofl with excess PPhby IH NMR spectroscopy. The
reaction proceeded cleanly at 80 to monoruthenium hydride
2 and Ru-PPh complex3 (Scheme 5). The kinetics of the
reaction were conveniently followed at 682 °C in a heated
NMR probe by monitoring the disappearanceld® —17.78,
RuHRu) and concurrent appearance of resonances(fbl.90,
CpTolCHs) and 2 (6 —9.22, RuH). Pseudo first-order rate
constants were obtained from the first order nonlinear least-
squares fit of the disappearance of diruthenium bridging hydride
1. The rate of disappearance bfwas independent of [PEh
(0.06-0.10 M), consistent with a unimolecular dissociation
process with the rate law-d[1]/dt = ki[1]. First-order rate

by

1.8+ 0.2 x 104 s (t32 = 1.1 h) was determined, in close
agreement with measurements by NMR spectroscopy. The rate
of dissociation ofl at 60°C was also measured in the added
presence of 0.95 M benzyl alcohol using Eis the trapping
agent k; = 3.8+ 0.2x 10*s™! t;, = 0.5 h). Benzyl alcohol
sped up the dissociation dfby about a factor of 2.

Rate of Hydrogen Loss from Monoruthenium Hydride
2. Although loss of H from 2 is too slow to be an important
step in catalytic hydrogenation of carbonyl compounds, its
microscopic reverse, the reaction of Mith the unsaturated
speciedA, is a crucial step. In addition, knowledge of the rate
of H, loss from2 is required to obtain a quantitative estimate
of the partitioning of unsaturated intermediate between
reaction with H and reaction with2 (ko/k-1).

Previously, we reported mechanistic studies of the loss of
H, from 2 in toluene in the presence of trapping BPhich
produces ruthenium phosphine comp8¥% The rate of H loss
was independent of trapping [P$hand loss of HD was faster
than exchange of label between RuD and OH in labeled
2-RuDOH. Rate measurements between°&3(t;, = 1.8 h)
and 110°C (tiz = 7 min) gaveAH* = 26.14 1.4 kcal mof?
andASF = —3.7 + 3.6 eu. Hydrogen loss froat 95°C was
3.7 times faster in the presence of alcohol and exchange of label
between RuD and OH was faster than loss of HD from labeled
2-RuDOH. DFT calculations supported a transition state for
dihydrogen complex formation involving an ethanol bridge
between the acidic CpOH and hydridic RuH 2)fthe alcohol
facilitates proton transfer and accelerates the reversible formation
of dihydrogen complexB (Scheme 3). The rate-limiting step
in the presence of alcohol was proposed to be the loss of
hydrogen fromB.

We have estimated rate constants ferléss fromz2 in the
presence of alcohol in toluene by multiplying the rate constant
calculated from activation parameters obtained under dry
conditions by 3.7, the acceleration due to alcohol measured at
95 °C. The rate estimated at 6C isk , = 3.01 x 105s!

(tl/z =6.4 h)

The Equilibrium of Bridging Diruthenium Hydride 1 and
Hydrogen with Monoruthenium Hydride 2 in the Presence
of Benzyl Alcoholwas measured at 6@ in toluene byin situ

constants were determined at several temperatures between 6lR spectroscopy to closely match the conditions of catalytic

and 82°C to obtain activation parameter&H* = 28.84+ 1.1
kcal mor! and ASF = 10.1 & 3.2 eu!d The first-order rate
constant for dissociation df at 61°C in toluene wa¥; = 1.5
x 1074 st (tl/z =13 h)

The rate of dissociation of in toluene at 60°C in the
presence of PRlas a trapping agent was also determinedhby
situ IR spectroscopy by following the disappearance of the IR
band of1 (2035 cnt1).13 Simultaneously, overlapping bands
for 2 and 3 were observed. A first-order rate constantkpf=

Scheme 5. Reaction of 1 with PPhs or H, Trapping

0---H---0
Ph Ph
Ph Ph PPh3
Tol
{ 7
Tol” Tol RU/H\RIL{ Tol
"co .
oC
CcO 1 co Hy

2288 J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008

hydrogenation (Table 1). A solution of bridging diruthenium
hydride1 and 0.95 M benzyl alcohol in toluene was heated at
60 °C under 35 atm K The approach to equilibrium was
monitored by observing the IR bands b{2035 cnT!) and2
(2015 cnT?l). The equilibrium concentrations df (1.8 mM)
and2 (21.3 mM), and H (121 mM, calculated from measured
pressures and using Henry’s law and data on solubility of H
in toluené®) were used to determine an equilibrium constant
of 1.915

Ph Ph _O
Tol—@—o\ Tolﬁ
Toi” L Ph B 1o T pn

oc”’[ oc7R"\pph
oc oc 3
2 3

2 equivalents 2
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Table 2. Rate and Equilibrium Constants Used to Model the
Hydrogenation of Benzaldehyde and Acetophenone by 1 < 2 in
Toluene at 60 °C under 35 atm Hydrogen

Ky 3.80x 104s! Measured at 60C in presence
of benzyl alcohol

k_> AH* = 26.1 kcal mott

3.01x 10%s! ASf = —3.7 eu Rates measured

between 83 and 11TC Corrected for
3.7-fold acceleration by alcohol

Keq 1.9 Measured at 68C in presence
of benzyl alcohol

k2 /k—l 0.15 kz/k—l = Keq (k—z/kl)

ksPhCHO 40Mis?t AH*=13.0 kcal mof* ASF = —12.4 eu.

Rates measured betweei26 and
—49°C in absence of added alcohol
AH* =12.6 kcal mot! ASF = —22.6 eu.
Rates measured betweei and 17°C

in absence of added alcohol

ks PhCOMe 0.43 Mis?

The equilibrium was also measured by NMR spectroscopy
at much lower pressure. Toluedg-solutions of bridging
diruthenium hydridel (5.89 mM) under 3.7 atm of Hin the
presence of 34 mM benzyl alcohol were heated af®Cfor
two weeks, and the concentrations bfé —17.78, RuHRu,
2.5mM),2 (6 —9.36, RuH, 7.0 mM), and #{6 4.51, 13 mM}6
were determined by'H NMR integration. An equilibrium
constant of 1.5 was determined. A similar value was obtained
in the absence of benzyl alcohol.

Partitioning of Unsaturated Intermediate A between
Reaction with H, and with Ruthenium Hydride 2. The
partitioning ratios for reaction of intermediafe with H; (k)
and with 2 (k-1) in toluene containing benzyl alcohol were
calculated at 60C from the rate of dissociation df (k; = 3.8
x 1074 s71), the rate of H loss from2 (k- = 3.01 x 10
s™1), and the equilibrium constank{, = 1.9) as shown in the
equation in Scheme 4. Where#s and Keq were measured
directly at 60°C in the presence of benzyl alcoh#l,, was

0.006

1 0.005

1 0.004

1 0.003

Benzaldehyde (M)

=
=1
=1
[~]

Ruthenium species (M)

1 0.001

- 0
60

30

10 20 40

time (min)

50 70 80

Figure 4. Kinetic modeling simulations of concentrations of benzaldehyde
(black),1 (red), and2 (blue) during hydrogenation of benzaldehyde (0.965
M) with 3.8 mM [1]o under 35 atm hydrogen at 6@ in toluene. (See
Figure 2 for comparison with experimental line shapes, note difference of
time scales).

catalytic hydrogenation [35 atmpt4= 140 mM] of benzaldehyde
[0.97 M] with 1 < 2 ([1]o = 3.8 mM) in toluene at 60C
according to the mechanism shown in Scheme 1 using KinTek-
Sim modeling softwaré® Because hydrogen pressure and thus
hydrogen concentration were constant, the reactioA ofith
hydrogen was expressed as a unimolecular reactidngiding
to 2 with the rate= K[A] = kg[H2][A]. The rate constants for
reaction of reactive intermediai® with H, and with 2 were
given arbitrarily large valuesk(; = 10° s7%, ko[H;] = 2.2 x
10 s71) with the ratio ofky/k_; set at 0.15. Large values kf
andk_, are required to avoid build-up of the unseen reactive
intermediateA in the simulation.

This kinetic simulation was used to calculate the time course
of the concentrations of benzaldehyde and the ruthenium species
1 and2 (Figure 4). This simulation should be compared with

calculated from activation parameters determined in the absencéhe experimentally observed course of benzaldehyde hydrogena-
of alcohol and corrected for 3.7 fold acceleration in the presence tion (Figure 2). The first thing to notice is the similarity of the

of alcohol. At 60°C, ko/k-; = 0.15. The partitioning of the
intermediate depends on the concentrations,ardl ruthenium
monohydride? (ko[H2]/k-1[2]). Because the concentration &f
was immeasurably low until most of the benzaldehyde was
hydrogenated, the majority of intermediateis predicted to
react with H to regenerat® during catalysis.

Rate of Reduction of Benzaldehyde by 2 in Toluenés.
The rate of benzaldehyde reductiondin tolueneds has been
previously reported; rates measured betwe@6 and—49 °C
gave activation parameters afH* = 13.0 £+ 1.8 kcal mot?
andAS = —12.4+ 5.1 eu®”1"The rate constant calculated at
60°C is 81.0 M1s1,

Kinetic Modeling of the Hydrogenation of Benzaldehyde
with 1 < 2 in Toluene. With estimates of all the needed rate
constants in hand (Table 2), we modeled the kinetics of the

(13) See Tables S1 and S3 and Figure S1 in Supporting Information for rate
constants and Eyring plot.

(14) Brunner, EJ. Chem. Eng. Datd985 30, 269.

(15) See Table S5 in Supporting Information.

(16) The concentration of Hin solution was corrected for under-integration
due to para hydrogen by multiplying the integral by 4/3. Bonhoeffer, K.
F.; Harteck, PZ. Phys. Chem. B929 4, 113.

shape of the curves for benzaldehyde disappearance. Both the
simulated and experimental rates show an initial nearly linear
portion with rates slowing as a function of benzaldehyde
conversion. For example, compared to the initial rate[Ph-
CHOQJ/dt), the rate at 50% conversion is 9% slower experimen-
tally and 20% slower in the model, and the rate at 90%
conversion is 50% slower experimentally and 59% slower in
the model.

The kinetic simulation correctly mirrors the concentrations
of the ruthenium species present during hydrogenation of
benzaldehyde. Experimentally, only diruthenium bridging hy-
dride 1 is seen unti=95% conversion of benzaldehyde; in the
model,1 constitutes 99% of total ruthenium at 95% conversion.

The simulation predicts a 3.0 fold faster initial rate (104
103 M s1) of hydrogenation of benzaldehyde than experi-
mentally observed. This is remarkably good considering that
the simulation relied on activation parameters to extrapolate rate
constants to 60C from either much lower or much higher
temperatures. In particular, the major uncertainty in the rate
constants comes from the extrapolatiorkgfthe rate constant
for reaction of2 with RCH=0, to 60 °C using activation

(17) The rates and activation parameters reported here are for disappearance Obarameters determined at 100 lower temperaturég
S )

carbonyl compound. The rates are one-half of the previously reported rate
of disappearance of Rup” Because each reduction of carbonyl compound
leads to the consumption of 2 equivfthe rate constant for the reduction
of carbonyl compound is 1/2 that for disappearance.of

(18) Program available from Kin Tek Corporation. Barshop, B. A.; Wrenn, R.
F.; Frieden, CAnalytical Biochem1983 130, 134.
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Figure 5. Concentrations of acetophenone (bla®k 1 (red M), and2
(blue A) during hydrogenation of acetophenone (0.84 M) with 3.7 M [
under 35 atm hydrogen at 6C in toluene.

The kinetic simulation model adequately accounts for the less

Figure 6. Kinetic modeling simulations afoncentrations of acetophenone
(black), 1 (red), and2 (blue) during hydrogenation of acetophenone (0.84
M) with 3.7 mM [1]o under 35 atm hydrogen at 6 in toluene. (See
Figure 5 for comparison with experimental line shapes, note difference of
time scales).

than first-order dependences of the initial rates of benzaldehyde

hydrogenation on total ruthenium and or, lressure. A
simulation with 1.6 times the amount of catalyst]{[= 3.8
mM compared to 2.4 mM) increased the initial rate of
benzaldehyde conversion by a factor of 1228xperimentally,
increasing I]o by a factor of 1.6 gave a 1.35-fold increase in
the initial rate (Table 1, entries 12 and 13). In simulations,
increasing pressure from 18 to 35 atm bave a 1.45-fold
increase in the initial hydrogenation rate. Experimentally,
increasing pressure from 18 to 35 atm bave a 1.42-fold

increase (Table 1, entries 11 and 13). In related experiments aty —

45 °C, a 5-fold increase in Hpressure resulted in a 2.7-fold
rate increase (Table 1, entries 4, 5, 7, 9, and 10).
Comparison of the Rate of Benzaldehyde Hydrogenation
with the Rate of Dissociation of Bridging Ruthenium
Hydride 1 provides additional insight into the mechanism of
hydrogenation. The rate constant for dissociatio af 60°C
in toluene k; = 3.8 x 104 s71) taken together with1]o = 3.8
mM gives a rate of dissociation of 1.44 1076 M s™1. Since
almost all of the reactive intermediategenerated by dissocia-
tion of 1 reacts with H to give an additional equivalent @f2!
the rate of formation of (2.89 x 107% M s71) is twice the rate
of disappearance ofl. The initial rate of benzaldehyde
hydrogenation in toluene at 6C under 35 atm k(3.4 x 104
M s™1) was 120 times larger than the rate of generatior of
from 1. This indicates that every dissociation @fto the
ruthenium monohydride active reducing agemind unsaturated
intermediateA is responsible for 240 cycles of benzaldehyde
hydrogenation (Scheme 1). After 95% hydrogenation of ben-
zaldehyde, the instantaneous rate had dropped tox.0a-4
M s~1; at this point the concentration @fhas dropped slightly
to 3.7 mM, which gives a rate of dissociation dfof 1.4 x
1076 M s~L. At this point, only 72 benzaldehyde hydrogenation
cycles are occurring for each dissociationlof

(19) The simulations provide a very close fit to the experimental initial rate
of hydrogenation of benzaldehyde if a 3.0 fold smaller valuekgpf=
13.3 M~is7! is employed; this value is well within the error rangekaf
values (2.6 to 600 M!s* based on the error limits for the activation
parameters).

(20) See Table S11 in Supporting Information for details of these simulations.

(21) Under catalytic conditions, reactive intermediateeacts with H much
faster than it combines witR to regenerate the unreactive diruthenium
bridging hydridel. This is due in part to the very low concentrationof
present during benzaldehyde hydrogenation.
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In the kinetic simulation model during the first 25% conver-
sion, every dissociation df results in 720 cycles of benzalde-
hyde hydrogenation.

Estimation of the Concentration of Monoruthenium Hy-
dride 2 During Hydrogenation was made using the mecha-
nistic model in which2 is the active reducing agent (Scheme
1). In terms of this mechanism, the measured initial rate of
benzaldehyde hydrogenation is equal to the rate of reaction of
benzaldehyde with the small amountXypresent ¢ d[PhCHO]/
k3[2][PhCHO]). Extrapolation ofks to 60 °C from
measurements made at betwee?6 and—49 °C, usingAH*
= 13.0 &+ kcal mol! andASF = —12.4 + eu, gaveks = 40
M~1s7L Using the early [PhCHO¥% 0.84 M (midpoint of initial
rate measurement), and the observed initial rate of benzaldehyde
hydrogenation {d[PhCHO]J/dt= 3.4 x 1074 M s™1) leads to
an estimate ofg] = 0.009 mM, which is less than 0.2% of the
ruthenium atom&? This is consistent with the failure to observe
2 by in situIR spectroscopy during the first 25% conversion of
benzaldehyde.

Estimation the Partitioning Ratio for Reaction of A with
H, and with Ruthenium Hydride 2. As pointed out above,
every dissociation ol effectively produces 2 equiv ¢ and
results in hydrogenation of 240 equiv of benzaldehyde. This
means that every time reactive intermediétis generated from
reduction of benzaldehyde 1% it reacts with H to regenerate
2 240 times faster than it reacts withto form 1. Using the
estimated concentration dZ][= 0.009 mM along with the [H
= 0.146 M at 35 atm, the partitioning ratig/k—; is calculated
as 0.015. This a factor of 10 less than that used in the
simulations?®

IelHz]
kal2]

kK _240x (9x 107
0.146

=0.015

K.g

(22) In an earlier footnot&, we pointed out that if a 3.0-fold lower value kf
were used then a better match to overall rate was obtained. Using this lower
value ofks, then P] is calculated to be 2.5 times greater or 0.022 mM
(0.3% of total Ru).

(23) If a higher concentration o] = 0.022 mM were used (related to a possible
underestimate dfs), then the partitioning rati&/k_, is calculated as 0.036,
in somewhat closer agreement with the value of 0.15, which was calculated
from Kegq, ki, andk-, and used in the simulations.
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Figure 7. Concentrations of benzaldehyde (bla®}, 1 (red W), and 2
(blue A) during hydrogenation of benzaldehyde (0.965 M) with 6.9 mM
[1]o under 35 atm KHat 60°C in THF.

The Observed Concentration of 2 During Hydrogenation
is Far Below its Equilibrium Value because it is driven down
by very rapid reaction with benzaldehyde. Where@asis
converted to monohydrid2240 times faster than it reacts with
2 to produce inactivel, reaction of2 with benzaldehyde
continually regenerate8 and eventuallyA and 2 react with
each other to forndl. In other words, the rapid reaction af
with benzaldehyde drives down the concentration2o&nd
prevents it from approaching its equilibrium value until after
the benzaldehyde is consumed.

Direct IR Observation of the Hydrogenation of Acetophe-
none by 1= 2 in Toluene.The hydrogenation of acetophenone
(0.84 M) byl < 2 ([1]o = 3.7 mM, 130:1 PhCOMe:Ru atom)
under 35 atm hydrogen in toluene at 8D was monitored by

Figure 8. Kinetic modeling simulations of concentrations of benzaldehyde
(black), 1 (red), and2 (blue) during hydrogenation of benzaldehyde (0.97
M) with 6.9 mM [1]o under 35 atm hydrogen at 6C in THF. (Same scale
as experimental data Figure 7).

simulated rate of hydrogenation of acetophenone (9.70°°

M s~1) was two times faster than the experimental rate (Figure
6). Considering the different temperatures used in measuring
the rate constants used in the simulations, the agreement between
the simulation and experimental results is even better than
anticipated. The simulation showed that about 4.4% of the
ruthenium was present @sat 25% conversion of acetophenone;
this is in qualitative agreement with experiment.

The experimental initial rate of acetophenone hydrogenation
(4.82 x 105 M s71) was 34 times faster than the calculated
rate of dissociation of bridging ruthenium hydriti¢1.4 x 1076
M s71)25 and 17 times faster than generatiordfom 1. This
indicates that every dissociation bto active reducing agei2t
and unsaturated intermediakeis responsible for 34 cycles of

in situ IR spectroscopy. The conversion of acetophenone was acetophenone hydrogenation (Scheme 1). This is fewer cycles

monitored by following the disappearance of its IR carbonyl
band at 1690 cmt (Figure 5). Simultaneously, (2036, 2004,
and 1997 cm?) and2 (2018 and 1957 cm) were followed.
Quantitative measurement dfwvas made using the clean 2036
cm~1 band, and2 was assumed to be the remaining material.
Low concentrations of2 were seen during acetophenone
hydrogenation, and significant amount2afere seen only after
most of the acetophenone had been hydrogenated.

After a short initial induction period, the initial rate of
conversion of acetophenoned[PhCOMe]/dt) was 4.8% 10°°
M s~1, which was about 7 times slower than the initial rate of

than the 240 cycles for benzaldehyde.

An estimation of ] present during acetophenone hydrogena-
tion at 25% conversion was made usirgl[PhCOMe]/dt=
ks[2][PhCOMEe], which gaved] = 0.17 mM (2.2% of Ru). This
is consistent with the small but measurable concentratidh of
observed during catalysis. It is also in agreement with the
simulation’s calculation of 4.4% of Ru presentas

Direct IR Observation of the Hydrogenation of Benzal-
dehyde by 1< 2 in Tetrahydrofuran. Although toluene is
our preferred solvent for hydrogenations, many of the initial
studies of the stoichiometric reduction of aldehydes with

hydrogenation of benzaldehyde under similar conditions. For monoruthenium hydrid@ were performed in tetrahydrofuran.
comparison, when a mixture of benzaldehyde and acetophenonélo gain understanding on how the choice of solvent affects
was hydrogenated, acetophenone was hydrogenated 40 timelydrogenation withl < 2, we also examined and modeled the

slower than benzaldehyd&The stoichiometric rate of reduction
of acetophenone by at 60 °C (estimated from activation
parameters) was 90 times slower than that of benzaldehyde.

Kinetic Modeling of the Hydrogenation of Acetophenone

hydrogenation of benzaldehyde and acetophenone in THF.
The hydrogenation of benzaldehyde (0.97 M)lby> 2 ([1]o

= 6.9 mM, 70:1 PhCHO:Ru atom) under 35 atrpiH THF at

60 °C was monitored byn situ IR spectroscopy. The conversion

with 1 < 2 in Toluene.The same rate constants were used as of benzaldehyde was monitored by following the disappearance

for benzaldehyde modeling except fey; the rate constant for
reduction of acetophenone b¥ in tolueneds. Activation
parametersAH* = 12.64 1.10 kcal mot! andASF = —22.6
+ 2.8 eu determined from rates measured betwe@riC and
17 °C)!” were used to calculate = 0.43 M~1s™1. The initial

of its IR carbonyl band at 1706 crh(Figure 7). Simultaneously,

1 (2036, 2004, and 1997 crj and?2 (2018 and 1957 cri)
were followed. Quantitative measurementlofias made using
the clean 2036 cmt band, and2 was assumed to be the
remaining material. In contrast to observations in toluene,

(24) Casey, C. P.; Strotman, N. A.; Beetner, S. E.; Johnson, J. B.; Priebe, D. (25) Rate of dissociation df at 60°C in toluene is given b¥;[1]o = 3.8 x

C.; Guzei, I. A.Organometallics2006 25, 1236-1244.

104s?t x [3.7 mM].
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substantial and growing concentrations2afiere seen through-  activation parametersAH* = 31.7 4 0.8 kcal mof! andAS

out the hydrogenation of benzaldehyde in THF. = 9.8+ 2.2 eu?® The rate extrapolated to 6@ was 1.54x
The initial rate of hydrogenation of benzaldehyde in THF 1076s™, t;p = 125 h.
was 3.6x 104 M s~1 using 6.9 mM []o. This is about the The rate of H loss from?2 in THF using CO as a trapping

same rate as seen in toluene using about half the amount ofagent was measured in the presence of 0.9 M benzyl alcohol at
catalyst (IJo = 3.8 mM). The stoichiometric rate of reduction 60 °C in a ReactIR apparatus. The disappearanc2 (015
of benzaldehyde bg in THF at 60°C was estimated to be 560 c¢m~1) and appearance of ruthenium tricarbonyl complex [2,5-
times slower than that of benzaldehyde in toluene using Ph-3,4-Tob(h*C4C=0)]Ru(CO} (2080 cnr?) were followed.
activation parameters. The measured ratk(; = 3.09 x 106 s71, t;, = 62 h) was
Parameters for Kinetic Modeling of Hydrogenations in similar to that estimated above and was used in the simulations.
THF were obtained in a similar manner to that employed for  Partitioning Ratio for Unsaturated Intermediate A be-
modeling in toluene. Published data provided the rates andtween Reaction with H, and with Ruthenium Hydride 2 in
activation parameters for the stoichiometric reduction of ben- THF was calculated at 68C fromki, k-, andKeq all measured
zaldehyde and of acetophenone By(ks) in THF.®" New at 60°C (Scheme 4). The calculated ratio in THF vkafk_; =

measurements of the rate of dissociatiori ki), the equilib- 9.28 which is 110 times larger than in toluene. The difference

rium constant for the conversion @fand H to 2, and the rate s due both to the much larger equilibrium constant in THF

of Hz loss from2 (k-2) in THF were needed for the model. and to faster rate of dissociation bin THF. Taken alone, this
The Rate of Dissociation of Bridging Diruthenium Hy- rate constant ratio favors reaction Afwith H, over2 in THF

dride 1 in THF-dg was determined by monitoring the reaction compared with toluene. However, the greater rate of dissociation
of 1 with excess PPh(0.050-0.085 M) by’H NMR spectros- of 1 and the slower rate of reaction of aldehyde witleads to
copy. The disappearance bfollowed the same rate law as in  a much greater concentrationdfluring hydrogenations in THF

toluene,—d[1]/dt = k; [1] and was independent of [PRhFirst- compared with toluene. These effects operate in opposite
order rate constants determined between 45 anf@G8ave directions for the partitioning oA.

activation parametersAH* = 21.6+ 0.6 kcatmol™* andAS' Rates of Reduction of Benzaldehyde and of Acetophenone

= 6.7+ 21 eu k= 162x 10° s at 60°C)?® The by 2 in THF have been previously reported. Rates of benzal-
dissociation ofl in THF was also monitored by IR at 6@C dehyde reduction b in THF-dg were measured between 10

using PPB as the trapping agedt.The rate measured by IR and 34°C to give activation parametersAH* = 13.4+ 0.9
(ki = 1.51x 107%s™!) was in close agreement with the NMR  kcal mol? and ASF = —22.9 + 2.6 eul” The rate constant
measurements and was used in simulations. The rate of dissogg|culated at 60°C is 7.1 x 102 M-1swas used in
ciation of 1 is about four times faster in THF than in toluene. gjmulations.

The Equilibrium Between Bridging Di_ruthen?um Hydride Rates of acetophenone reduction Byin THF-ds were
1 plus H; and Monoruthenium Hydride 2 in THF was measured between 51 and T3 to give activation parameters:
measured byH NMR spectroscopy. Since the equilibrium lies At = 17.54 1.2 kcal mot? andAS = —17.3+ 4.0 eul?
much farther to the side d? in THF than in toluene, much  Tpe rate constant calculated at@Dis 8.08x 10-3 M—1s-lwas
lower pressures of Hwere used. THFg solutions ofl (19.6 used in simulations.

mM) containing PhCHOH (0.64 MY’ in two resealable NMR
tubes were pressurized with, 200 Torr at 77 K, 0.26 atm)
and allowed to equilibrate at 60C over 8 days. In the two
tubes, concentrations df (6 —18.26, 2.9, and 1.2 mMR, (6
—9.75, 33 and 37 mM), and Ho 4.75, 15 and 19 mM} were
determined by integration dH NMR spectra;Keq = 25 and

62 at 60°C. The average of these two equilibrium constants
Keq= 43 was used in simulations. IR observation of equilibrium
mixtures ofl and2 under 35 atm Klat 60°C showed only2

in agreement with the equilibrium constants determined at muc
lower pressure.

Hydrogen Loss from Ruthenium Hydride 2 in THF-dg,
occurred about 22 times slower than in dry toluelge¥When
THF-dg solutions of2 (0.015-0.025 M) containing excess PPh
were heated at 95C and monitored byH NMR spectroscopy,
clean conversion to phosphine compl@xvas observed. The
disappearance @&followed first-order kinetics and the observed
rate constant was independent of [EPK0.20-0.40 M),
consistent with the rate law:=—d[2]/dt = ky[2]. The rate was
measured between 86 and 10C for the determination of

Kinetic Modeling of the Hydrogenation of Benzaldehyde
with 1 < 2 in THF employed the rate constants shown in Table
3, [H2] = 140 mM (35 atm), initial benzaldehyde [0.97 M],
[1]o = 6.9 mM. As in the case of simulation in toluene, the
reaction ofA with H, was expressed as a unimolecular reaction
of A going to2 with the rate= k[A] = ky[H2][A], and the rate
constants for reaction of reactive intermediatevith H, and
with 2 were given arbitrarily large valuek (; = 10° s71, ky-

h [Ho] = 1.3 x 10* s71) with the ratio ofko/k_; set at 9.28.

The simulation obtained using KinTekSim modeling soft-
waré'8 shows that the initial rate of benzaldehyde hydrogenation
(4.4 x 10% M s71) is very close to the experimental initial
rate (3.6 x 104 M s™1) (Figure 8). The simulation shows
significant concentrations of ruthenium monohydrilduring
the hydrogenation of benzaldehyde. For example, after 50%
conversion of benzaldehyde, the simulation shofls= 6.5
mM (47% of Ru) compared with the experimental observation
of [2] = 5.0 mM (30% of Ru}® The simulation of the rise of
[2] shows the same unusual shape as seen in the experimental
observations. The slower rate of reaction of benzaldehyde with

(26) See Tables S2 and S4 and Figure S2 in Supporting Information for rates
and Eyring plot. (28) See Table S6 and Figure S3 in Supporting Information for rate constants
(27) The initial concentration of PhGBH was reduced slightly by dehydro- and Eyring plot.
genation of benzyl alcohol followed by a ruthenium catalyzed Tischenko (29) After 25% conversion of benzaldehyde, the simulation sh@ps=[5.1
disproportionation to give some benzyl benzoate. The dehydrogenation mM (37% of Ru) compared with the experimental observation2pf=
increased the amount of;Hbresent in solution. 3.6 mM (21% of Ru).
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Figure 9. Concentrations of acetophenone (bla®k 1 (red M), and2
(blue A) during hydrogenation of acetophenone (0.84 M) in THF with 6.5
mM [1]o at 60°C under 35 atm b

2 in THF than in toluene allows the build up of significant
concentrations og.

The experimental initial rate of benzaldehyde hydrogenation
(3.6 x 1074 M s71) was 36 times faster than the calculated rate
of dissociation of bridging ruthenium hydride(9.8 x 106 M
s1)30 and 18 times faster than generation2from 1. This
indicates that every dissociation bto active reducing ageit
and unsaturated intermediakeis responsible for 36 cycles of
benzaldehyde hydrogenation (Scheme 1). This is fewer cycles
than the 240 cycles for benzaldehyde hydrogenation in toluene.

The initial rate of benzaldehyde hydrogenation in THF can
be predicted from direct measurement2jf 5.0 mM at 25%
benzaldehyde hydrogenation and from the rate constant for
stoichiometric reduction of benzaldehyde bygalculated from
activation parameters determined at lower temperattid{Ph-
CHOJ/dt= k3[2][PhCHO]= 7.10x 102M1s71[5.0 x 1073
M][0.84 M] = 2.9 x 10* M~Is7L This estimate is in
remarkably close agreement with the experimentally observed
initial rate of benzaldehyde hydrogenation (%x68.0~* M s™1).

Direct IR Observation of the Hydrogenation of Acetophe-
none by 1< 2 in THF. The hydrogenation of acetophenone
(0.84 M) by1 < 2 ([1]o = 6.5 mM, 70:1 PhCOMe:Ru atom)
under 35 atm Klin THF at 60°C was monitored byn situ IR

8
time (h)

10 12 14 16 18

Figure 10. Kinetic modeling simulations of concentrations of acetophenone
(black), 1 (red), and2 (blue) during hydrogenation of acetophenone (0.84
M) in THF with 6.5 mM [1]o at 60°C under 35 atm bl (Same scale as
experimental data Figure 9.)

Table 3. Rate and Equilibrium Constants Used to Model the
Hydrogenation of Benzaldehyde and Acetophenone by 1 < 2 in
THF at 60 °C under 35 atm H;

ky 151x 103st IR rate measured at 6C in
absence of alcohol

ko 3.09x 106s7t AH¥ = 31.7 kcal mot?
ASF= 9.8 eu. Rates measured by
NMR between 86 and 10°C.
Rate used was determined by IR
at 60°C

kz /k—1 9.28 kz/k_]_ = Keq (k_g/kl)

Keq 43 Measured by NMR at 6%C in
presence of benzyl alcohol

ksPhCHO  7.10x 102M~1s1 AH*=13.44 0.9 kcal mot?

ASF= —22.94+ 2.6 eu. Rates
measured between 10 and 32
in absence of added alcohol
AH*=17.54+ 1.2 kcal mof?
ASF= —17.3+ 4.0 eu. Rates
measured between 51 and T3
in absence of added alcohol

ks PhCOMe 8.08x 103M~1s™!

The initial rate hydrogenation of acetophenone in THF was
about 9 times slower than that of benzaldehyde under similar
conditions. The stoichiometric rate of reduction of acetophenone

spectroscopy. The conversion of acetophenone was monitored®Y 2 at 60°C in THF (estimated from activation parameters)

by following the disappearance of its IR carbonyl band at 1690
cm! (Figure 9). Simultaneouslyt, (2036, 2004, and 1997 crf

and 2 (2018 and 1957 cmit) were followed. Quantitative
measurement of was made using the clean 2036 ¢nband,

was 30 times slower than that of benzaldehyde.

Kinetic Modeling of the Hydrogenation of Acetophenone
with 1 < 2 in THF. The same rate constants were used as for
benzaldehyde modeling except f&s, the rate constant for

and2 was assumed to be the remaining material. The concentra-reduction of acetophenone I&in THF. The initial simulated

tion of 2 rose rapidly and was relatively high throughout the
hydrogenation. For example, at 50% conversion of acetophe-
none, monoruthenium hydridzconstituted 88% of the ruthe-
nium present.

The initial rate of hydrogenation of acetophenone in THF
was 3.9+ 0.2 x 1075 M s using 6.5 mM [, which was
slightly slower than the rate in toluene (4.8210°°> M s™1)
using about half the amount of catalyst]( = 3.7 mM). The
stoichiometric rate of reduction of acetophenone2bn THF
at 60 °C was estimated to be 115 times slower than that of
acetophenone in toluene using activation parameters.

rate of hydrogenation of acetophenone (4.307°>M s~1) was
only 15% faster than the experimental rate. The simulation
showed 66% of the ruthenium was present 2@t 50%
conversion of acetophenone; this is in qualitative agreement with
experiment (Figure 10).

The experimental initial rate of acetophenone hydrogenation
in THF (3.94£ 0.2 x 1075 M s71) was only about twice as fast
as the calculated rate of dissociation of bridging ruthenium
hydridel (1.72 x 10-5 M s~1)31 and about the same as the rate
of generation of2 from 1. This indicates that the rate of
hydrogenation of acetophenone in THF is not severely limited

(30) The rate of dissociation dfat 60°C in THF is given byki[1]so, = 1.51
x 103 st x [6.5 mM].

(31) The rate of dissociation dfat 60°C in THF is given byki[1]ses = 1.51
x 1073571 x [11.4 mM].
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Table 4. Comparison of Experimental and Simulated Rates of Hydrogenation of Benzaldehyde and Acetophenone in Toluene and THF at
60 °C
PhCHO PhCOMe
Toluene initial rate of catalysis 34x 104Mst 4.82x 105M st
(relative rate) (8.72) (1.23)
simulated rate of catalysis 1.04x 103Ms? 9.7x 105M s
(relative rate) (26.6) (2.48)
[1]o mM 3.8 3.7
THF initial rate of catalysis 3.6x 10*Mst 3.9x 105Mst
(relative rate) (9.23) (1)
simulated rate of catalysis 437x 104Mst 45x 105M st
(relative rate) (11.2) (1.15)
[1]o mM 6.9 6.9
Table 5. Comparison of Stoichiometric Rate Constants for ph Ph ph Ph Ph ™S
Reduction of Benzaldehyde and Acetophenone by 2 in Toluene Tol N To|\5é2 _N-H 1 fo)
- x ?Z’ N N Q N (0]
and THF at 60 °C Tol F\’lu pp H Tol R|u Pr@H Tol R|u ph H ',:e ™S H
PhCHO PhCOMe oc i Ny 0C" I Ny 0C™ N oc™f N\
oC ocC PhsP oC H
Toluene ks 40M1st 043M1tst 4 5 6 7
(relative rate  (4950) (53.2) Figure 11. Catalysts designed to avoid formation of unreactiveNt—H
constant) complexes.
THF ks 7.10x 102M1st 8.08x 103Mtst

(relative rate  (8.79)
constant)

()

by the dissociation of inactive diruthenium bridging hydritle
to the active reducing agef@t The slower rate of reaction of
acetophenone witl2 in THF allows the build up of high
concentrations og.

The initial rate of acetophenone hydrogenation in THF can
be predicted from direct measurement 8f £ 11.1 mM at

benzaldehyde in toluene proceeds by turnover limiting dissocia-
tion of diruthenium bridging hydridel to give the active
reducing monoruthenium hydride reducing ag2nfollowed

by hundreds of cycles in whicB reduces benzaldehyde and
generates reactive intermediafe which reacts with H to
regenerat@. The reaction oA with H, occurs several hundred
times faster than reaction withto generate dormant diruthe-
nium complex1l. On each hydrogenation cycld has the
opportunity to be converted tb, and eventually this occurs.
The very rapid reaction d? with benzaldehyde suppresses its

50% hydrogenation and from the rate constant for stoichiometric .o centration far below its equilibrium value.

reduction of acetophenone 8 —d[PhCOMe]/dt= kj[2]-
[PhCOMe]= 8.08 x 103 M~1s1[11.1 x 1073 M][0.42 M]

= 3.8 x 107> M~1s71, This estimate is in remarkably close
agreement with the experimentally observed initial rate of
acetophenone hydrogenation in THF (%9105 M s™1).

Discussion

In contrast, during the hydrogenation of acetophenone in THF,
significant quantities of monoruthenium hydri@eare present
throughout the hydrogenation. The reactiorRafith acetophe-
none in THF is much slower and occurs at a rate similar to the
rate of dissociation ofl. The slower reaction o2 with
acetophenone permits higher concentration® @b develop
during reaction, butg] remains well below its equilibrium value

Remarkably good agreement was found between experimentaluntil most of the acetophenone is consumed.

hydrogenation rates and simulated rates calculated using the The kinetic model provides a deeper understanding why there
reactions in Scheme 1 and rate constants extrapolated¥G 60 are large differences in rates of stoichiometric reduction of
estimated from kinetic and equilibrium measurements made atcarbonyl compounds by2 but only small differences in
much lower or much higher temperature (Table 4). The relative hydrogenation rates. Although the stoichiometric reactio of
rates are presented with the slowest rate (acetophenone hydrowith benzaldehyde in toluene is 5000 times faster than reaction
genation in THF) set to 1.0. This close agreement betweenwith acetophenone in THF, the catalytic hydrogenation rate is
experimental and simulated hydrogenations provides increasedonly 8.7 times faster (Table 5). Hydrogenation rates are
confidence in the fundamental soundness of the kinetic model. controlled by the rate constant for stoichiometric reduction of
For example, simulated hydrogenation rates of benzaldehydecarbonyl compound and by the concentration of the active
and acetophenone were only 2 times faster than experimental  reducing agen®. The leveling of hydrogenation rates results
rates in toluene and only about 1.2 times faster than those infrom feedback: a large rate constant for stoichiometric reaction
THF. The simulations also mirrored the less than first-order of 2 with a carbonyl compound drives dow8] by providing
dependences of rates on [RCQRH2], and [1]o, and relative more opportunities to be convertedipthe reduced concentra-
rates as a function of substrate (benzaldehyde vs acetophenonejon of [2] in turn moderates the rate of hydrogenation.
and solvent (toluene vs THF). In addition, the simulations A distinction must be made between the kinetic model
showed similar nonequilibrium ratios of ruthenium species presented in Scheme 1 and the detailed mechanism of the
present during catalysis. individual reactions in the sequence. Although we have increased
Scheme 1 provides an excellent qualitative (and now quan- confidence in the kinetic model, the agreement between
titative) picture of the kinetics of hydrogenation under a wide experimental and simulated rates provides no additional infor-
range of conditions. At one extreme, the hydrogenation of mation on whether the reaction 2fwith carbonyl compounds
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proceeds by an inner or outer sphere mechanism or whether arbelow 60°C but is slower at higher temperatures. Most recently,

alcohol is required to mediate proton transfer in the reaction of we have discovered the economical iron catalysthich does

A with Ha. not form M—H—M complexes and is an active catalyst for
The Shvo catalytic systeth= 2 often makes inefficient use  ketone hydrogenation at room temperature and 3%tmour

of ruthenium because so much of the ruthenium is present assearch for new active catalysts, we will continue to design

the dormant speciet and so little is present as the active complexes that do not form inactive-MH—M systems but have

reducing ager®. To develop new more active catalysts, systems high M—H reactivity toward carbonyl compounds.

with structures that interfere with formation of unreactive .
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