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ABSTRACT: On the basis of a kinetic study and other
evidence, we propose a mechanism of activation and operation
of a highly active system generated from the precatalyst trans-
[Fe(CO)(Br)(Ph,PCH,CH=N-((S,S)-C(Ph)H—C(Ph)H)-
N=CHCH,PPh,)][BPh,] (2) for the asymmetric transfer
hydrogenation of acetophenone in basic isopropanol. An
induction period for catalyst activation is observed before the
catalytic production of 1-phenethanol. The activation step is
proposed to involve a rapid reaction of 2 with excess base to
give an ene—amido complex [Fe(CO)(Ph,PCH,CH=N-
((88)-C(Ph)H-C(Ph)H)-NCH=CHPPh,)]* (Fe,) and a
bis(enamido) complex Fe(CO)(Ph,PCH=CH-N-(S,S-CH-
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(Ph)CH(Ph))-N—CH=CHPPh,) (5); S was partially characterized. The slow step in the catalyst activation is thought to be
the reaction of Fe, with isopropoxide to give the catalytically active amido-(ene-amido) complex Fe, with a half-reduced,
deprotonated PNNP ligand. This can be trapped by reaction with HCI in ether to give, after isolation with NaBPh,,

[Fe(CO)(CI1)(Ph,PCH,CH,N(H)-((S,S)-CH(Ph)CH(Ph))-N=CHCH,PPh, ) ] [BPh,]

(7) which was characterized using

multinuclear NMR and high-resolution mass spectrometry. When compound 7 is treated with base, it directly enters the
catalytic cycle with no induction period. A precatalyst with the fully reduced P-NH-NH-P ligand was prepared and characterized
by single crystal X-ray diffraction. It was found to be much less active than 2 or 7. Reaction profiles obtained by varying the initial
concentrations of acetophenone, precatalyst, base, and acetone and by varying the temperature were fit to the kinetic model
corresponding to the proposed mechanism by numerical simulation to obtain a unique set of rate constants and thermodynamic

parameters.

B INTRODUCTION

The asymmetric reduction of polar unsaturated bonds allows
the production of valuable chiral secondary alcohols and amines
for use as chiral building blocks in industry and academia.
Classical methods for the synthesis of such products involve the
use of a reagent from the chiral pool or the resolution of a
mixture of enantiomers. Both of these have the following
drawbacks: the use of expensive reagents, the generation of
waste, and costly workup. Asymmetric catalytic reductions
utilizing transition metals, enzymes,2 organocatalysts,3 and
other metal-free compounds® are being developed to offer
cheaper and more environmentally friendly alternatives.®

The complexes containing platinum group metals (such as
Ru, Rh, and Ir) and chiral ligands are especially active and have
been developed to be highly enantioselective.'*® The
information gained from mechanistic studies’ on these catalytic
systems greatly assists in the optimization and scaling up of the
process for industrial application.”**° Nevertheless, there are
some negative features of these catalytic systems such as the

high price, low availability and high toxicity of the metal that
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make them undesirable for some applications. Recent develop-
ments to overcome these drawbacks involve the use of first-row
transition metals for asymmetric catalysis. Low-valent iron is an
especially attractive candidate for this role, since it is cheap,
abundant, and nontoxic compared to ruthenium. Iron-
containing catalysts for asymmetric reduction reactions are
proving to be promising.® Highly reactive and selective catalytic
systems for the direct” and transfer hydrogenation' of ketones
and recently ketimines'" using iron have now been developed.
On the other hand, there are only a few studies of their
mechanism of action.”">

Complex 1 (Figure 1) was the first fully characterized iron-
based precatalyst for the effective asymmetric transfer hydro-
genation (ATH) of aromatic ketones.”™'® A second generation
of catalyst (2) was designed with a ligand that maintained the
key phosphorus and nitrogen chelates, which are known to be
important for bifunctional catalysis. Although the resulting
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Figure 1. Structures of highly active iron(II)-based precatalysts for the
ATH of aromatic ketones.

structure was found to be distorted from an octahedral
geometry, the precatalyst 2 showed exceptionally high act1v1ty
and enantioselectivity in the catalytic reduction of ketones."*
The effect on the catalyst activity by changing substituents on
the ligand was also explored, a task that was relatively
straightforward due to the ease of the template synthesis of
the complexes."> A variation of the substituents at the
phosphorus atom showed that only a narrow range of
structures result in active catalysts; the effective substituents
were ethyl, phenyl, or aryl groups substltuted with methyl
groups in the meta or para positions.'® Bulky substituents at
phosphorus such as cyclohexyl, isopropyl, or o-tolyl prevented
catalysis. This is evidence against mechanisms that require the
breaking of an iron— phosphorus bond such as a Meerwein—
Ponndorf—Verley mechanism.'®" A study of the use of different
diamines serving as the backbone of the ligand demonstrated
that the (R,R)- or (S,S)-stilbenyl (CHPhCHPh) backbone gave
optimum activity and enantioselectivity in the ATH of
acetophenone, while surprisingly, the ethylene backbone gave
a reduced activity.

The ligands of precatalysts 1 and 2 are constructed from
different phosphino-aldehyde precursors. The smaller phosphi-
no-aldehyde used for 2 results in a PNNP ligand that forms
smaller ring sizes with the metal (5,5,5 in 2 vs 6,5,6 in 1) and a
wider P—Fe—P angle.lsa The most interesting difference, on the
other hand, is associated with the presence of the acidic f-
hydrogens in ligand of 2. Recently, our group discovered that
dicationic complexes, identical to 2 but with electron-donating
substituents on phosphorus, undergo double deprotonation
when reacted with base in nonpolar solvents to give neutral
ene—amido iron complexes, for example, complex 3 (Figure
1).'® The neutral complex 3, without preactivation by base,
showed good activity in the catalytic reduction of acetophe-
none. The role in catalysis of such an ene—amido complex
formed from 2 will be reported here.

Ruthenium complexes containing tetradentate ligands with
two phosphorus and two nitrogen donors have been used in a
variety of catalytic transformations' including the catalytic
asymmetric reductions of ketones.”® Interestingly enough,
transfer hydrogenation with the catalysts bearing P-N(H)-
N(H)-P ligands are much more active due to their ability to
form amido—metal species after activation with base, compared
to the complexes with imine PNNP ligands.” By contrast iron-
based catalysts for the asymmetric reduction of aromatic
ketones, including complexes 1 and 2, do not follow this rule,
since they contain PNNP ligands with imine functionalities. ob14
It is important in the current study to determine whether the
ligand on iron can be reduced under the catalytic conditions to
the diamine ligand. The reduction of ketones could then
proceed according to the bifunctional outer-sphere mechanism
similar to that observed for the ruthenium-based complexes

where a metal—hydride and an amine proton attack the ketone
in the carbonyl reduction step.

Here we describe a study of the mechanism of action of a
catalyst system that is highly active and selective for the ATH of
ketones. It is based on precatalyst 2 (Figure 1) which has
iron(II) coordinated by a PNNP ligand.

B RESULTS

Kinetics of the Process. The catalytic reduction of
acetophenone to 1-phenethanol was chosen for study because
it is the standard reaction used to test ATH catalysts. The
optimized conditions for the ATH of acetophenone to produce
enantioenriched 1-phenethanol using iPrOH as a solvent and a
reducing agent were prewousl_}r reported by our group and are
summarized in Scheme 1.”" The iron precatalyst 2 was

Scheme 1. General Reaction of the Catalytic Reduction of
Acetophenone
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Conditions:
[Catalyst] 1.53x10°-1.07 x 10*M
[Substrate]  0.263 - 0.662 M
[Acetone] 0-0.164 M
[KOtBu) 1.35x10° - 4.08 x10* M
[iPrOH] 124M

Temperature 19-41°C

synthesized by a template reaction followed by substitution
with carbon monoxide.'” A strong base such as KOtBu is
required for the activation of the catalyst and is used in 8-fold
excess relative to the catalyst.

Reaction Profile. The reaction profile shown in Figure 2
(the run at standard conditions) was previously reported and
was obtained by monitoring the formation of the product as a
function of time. The reaction consists of three stages: initiation
(increasing rate of the reaction), maximum rate of the reaction
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Figure 2. Effect of the addition of Hg(0) and substoichiometric
amounts of trimethylphosphine on the reaction rate of the transfer
hydrogenation of acetophenone (Hg(0) was added at 6.9 min, and
PMe, at 6.5 min, after reaction was initiated).
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(a linear region), and culmination (decreasing rate of the
reaction).

A prolonged induction period is not common in homoge-
neous catalysis, since the activation of the catalyst is usually a
fast process. However, induction periods for activation have
been observed, for example, for phosphine rhodium(I),
iridium(I),”" and arene ruthenium(II)** complexes. Such an
induction period might also indicate the formation of soluble or
insoluble metal particles and/or nanoparticles that serve as
heterogeneous catalysts.”> This induction process, explained by
Finke and co-workers,** has two steps for particle formation,
first slow nucleation and then fast agglomeration.

The observed sigmoidal kinetics of our system forced us to
explore the true nature of the catalytic species. One of the most
commonly reported methods in the literature for differentiating
between hetero- and homogeneous catalysts is the mercury
test.”>?® It is based on the property of metals to form an
amalgam with Hg(0). Therefore, if mercury is added to the
catalytic mixture, it should deactivate a heterogeneous catalyst
but not affect the activity of a homogeneous catalyst. This test
can be efficiently applied to the Pt, Pd, and Ni metals that form
an amalgam with elemental mercury.”® On the other hand, this
test can be misleading when applied to the catalytic systems
that are based on Ir, Rh, Ru, and Fe because they may not form
an amalgam with Hg(0). Nevertheless, examples of successful
quenching of the heterogeneous catalysis using Hg(0), for
example with rhodium complexes, are known.”” Even though
our system is based on iron, this test was applied by adding 300
equiv of mercury to the reaction mixture containing initially 2,
acetophenone, KOtBu, and iPrOH at 28.0 °C in an argon
glovebox after 6.90 min of reaction (Figure 2, Hg(0)). The
reaction progression was unaffected by the addition. Thus,
either the catalyst is homogeneous, or catalytic Fe particles
were not deactivated by Hg(0).*® The inconclusive outcome of
the Hg(0) test forced us to perform additional testing.

A “fractional poisoning” experiment is rarely reported in the
literature but can be a powerful technique to differentiate
between hetero- and homogeneous catalysis."***>?° The
reasoning behind this test is that metal particles have only a
fraction of the active metal on the surface of the particle to
perform catalysis. Therefore, a heterogeneous catalyst can be
poisoned with less than one equivalent of the quenching agent
relative to the catalyst, compared to the homogeneous catalyst
that would usually require one equivalent of poisoning agent for
the quenching or more than one if reversible inhibition is taking
place. Trimethylphosphine was chosen to be a poisoning agent
for our system, since it binds strongly to low-valent metals and
is not a sterically demanding ligand. This additive poisons our
first-generation catalysts which are thought to form active iron
nanoparticles.'®® The test was conducted using the same
conditions as were used for the Hg(0) poisoning experiment
except 0.5 equiv of PMe; relative to the catalyst was added at
6.5 min of reaction time (Figure 2, PMe;). The reaction slowed
a little but was not poisoned completely. This observation
supports the proposal that the active catalytic species are
sterically hindered homogeneous complexes and not surface
atoms of nanoparticles. The reproducibility of the kinetics and
the high enantioselectivity of the process also argue for a
homogeneous process. Finally, we will show below that a well-
defined complex can be isolated that serves as an extremely
active catalyst without the induction period.

When a high loading of the substrate (6000 equiv relative to
the catalyst) is used, the turnover frequency of the process

decreases after 60% of the acetophenone is converted to the
corresponding alcohol. The decomposition of the catalyst is not
the cause of this slowdown because the addition of substrate to
the reaction mixture after 60% conversion increases the rate of
reaction to the expected value.'” Instead it appears that the
slower rate results from the system approaching equilibrium.
Whether a high (0.1%) or low (0.01%) catalyst loading is
employed, the reaction attains about 88% conversion at 28.0
°C. This corresponds to an equilibrium constant K,, of 0.24

(eq 1).

[acetone]eq [phenethanol]eq
K., = = 0.24 + 0.02
¢ [iPrOH],, [acetophenone],, (1)

Maximum Rate Determination and Analysis. A system-
atic variation of the reaction conditions was conducted in an
attempt to determine rate laws for the catalyst activation and 1-
phenethanol formation. The kinetics method of measuring
initial rates cannot be used to explore the mechanism of this
reaction because of the induction period. However, a constant,
maximum rate of 1-phenethanol production is observed in the
region between approximately 10 and 60% conversion (Figure
2 and 3), and the variation in this rate with changes in the
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Figure 3. Plot showing how the maximum rate and activation period
were determined.

concentrations of the reagents provides useful information. The
process of precatalyst activation cannot be monitored directly,
since the concentrations of active species are very difficult to
measure accurately. For that reason, we used the intercept of
the 1-phenethanol formation line with the time axes (Figure 3).
The intercept is a measure of the time required for the
precatalyst to be activated in order to produce the maximum
rate of catalysis.

To ensure the reproducibility of results, the catalytic
reductions of acetophenone were conducted at 28.0 + 0.3 °C
in an argon glovebox using the following standard concen-
trations of reagents, which were achieved using a series of
dilutions, unless otherwise stated: the concentrations of
acetophenone, 2, KOtBu, and iPrOH were 0412, 6.73 X
1075, 5.45 X 107% and 12.4 M, respectively (detailed
procedures, initial concentration, and experimental results can
be found in the Supporting Information). The reactions were
initiated by addition of the base solution to a mixture
containing 2, iPrOH, and acetophenone.

A plot of the maximum rate of 1-phenethanol formation
versus the precatalyst concentration is nonlinear (Figure 4a).
Nevertheless, it can be seen that the rate is positively dependent
on the precatalyst concentration. The time required for the
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Figure 4. Plots of (a) the maximum rate of 1-phenethanol formation
versus the precatalyst concentration and (b) the time for catalyst
activation versus the precatalyst concentration. Conditions: [aceto-
phenone] = 0.412 M; [2] = 1.07x 107%, 8.58 X 107, 6.74 X 1075, 4.29
X 1075, 1.53 X 1075 M; [KOtBu] = 5.45 X 107* M, [iPrOH] = 12.4 M;
temperature 28 °C.

activation of the catalyst is inversely proportional to the
concentration of 2 (Figure 4b), when its concentration is
significantly lower than the base concentration (below 7 x 107°
M). At higher concentrations the activation step becomes
almost independent of the concentration of 2. This can be
attributed to the fact that the number of equivalents of the
precatalyst relative to the base is greater than a 1:5; thus, the
base becomes a rate-limiting reagent.

Attempts were made to activate the catalyst before the
addition of the ketone. Initially, we reacted the catalyst with the
base for 12 min followed by the addition of substrate and
obtained a complete shutdown of reactivity. An approximately
one minute reduction in the activation period compared to the
standard run was observed when the catalyst was reacted with
the base for 2 min prior to the addition of the ketone and
showed activity comparable to that of the standard run. The
color of solutions in both experiments changed from yellow to
green instantaneously after the addition of the base. The color
of the reaction mixture gradually changed to a yellow-brown
over the course of 12 min. These observations indicate that the
formation of the active catalyst by the reaction of the

precatalyst and basic iPrOH is the cause of the induction
period and that the active species decomposes in the presence
of excess of base, when the ketone is not part of the reaction
mixture.

There is a positive dependence of the maximum rate on
acetophenone concentration (Figure Sa). Figure Sb shows that
increasing the concentration of acetophenone causes a decrease
in the rate of the precatalyst activation.
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Figure 5. (a) Dependence of maximum rate of 1l-phenethanol
formation on the acetophenone concentration. (b) Dependence of the
time required for the precatalyst to be activated on the acetophenone
concentration. Conditions: [acetophenone] = 0.263, 0.313, 0.412,
0.513, 0.562, 0.662 M; [2] = 6.74 X 107> M; [KOtBu] = 5.45 x 107*
M, [iPrOH] = 12.4 M; temperature 28 °C.

The interference by acetophenone on the activation of the
catalyst is an unexpected outcome; ketones are poor ligands
and are unlikely to prevent the isopropoxide from coordinating
to the iron and activating the catalyst. On the other hand, the
enolate form of acetophenone, which can be easily formed
under the experimental conditions,”® would be a much better
ligand. Support for inhibition by the enolate comes from a
previously reported experiment where benzophenone, a
nonenolizable ketone, was found to have no effect on the
reaction rate.'®
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During the course of the reaction another ketone, acetone, is
produced as a byproduct, and this, in its enolate form, may also
interfere with the catalyst activation. Figure 6 verifies the fact
that acetone has a weak inhibitory effect on the activation.
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Figure 6. Dependence of the catalyst activation time on acetone
concentration. Conditions: [acetophenone] = 0.412 M; [2] = 6.74 X
10~° M; [KOtBu] = 5.45 X 10™* M, [iPrOH] = 12.4 M; [acetone] =
412X 107%, 842 X 1072, 1.24 X 107", 1.64 X 10" M; temperature 28
°C.

In our previous studies,"* different bases such as NaOiPr,
KOH, and NaOtBu were tested as activating agents for this
process. The variation had a minor effect on the rate of the
reaction, and it was concluded that neither the base nor its
cation (Na* or K*) participate in the actual catalytic cycle and
only play an active role during the activation of the catalyst.
Indeed, the data of Figure 7a show that the maximum rate is
independent of the base (KOtBu) concentration as long as it is
at least 6 times greater than that of the catalyst. The
experiments with less than 6 equiv of base per iron complex
showed slower maximum rates because the activation of the
catalyst took a longer time than the time for the reaction to go
to completion. The dependence of the precatalyst activation
time on the base concentration showed the expected inverse
dependence (Figure 7 b). These observations are in agreement
with our previous conclusions that the base is only important
for the activation of the catalyst.

The attempts to investigate the dependence of the maximum
rate on iPrOH concentration were not successful. We searched
for a suitable solvent that was inert, weakly coordinating, and
having a dielectric constant similar to that of iPrOH. When
mixtures of THF and iPrOH or benzene and iPrOH were used,
the rates were much lower than those expected on the basis of
the standard runs. These observations show that the polarity
and protic nature of the solvent are important factors in this
catalytic reaction.

The Kinetic Model. The kinetic studies indicate that the
catalyst activation is directly proportional to the precatalyst and
the base concentrations. It is also inversely proportional to the
concentration of the substrate (S) and acetone (A). These
findings are schematically represented in Scheme 2. The
nonactivated iron complex (Fe,) participates in an irreversible
reaction with isopropoxide (iPrO~) to give catalytically active
complexes (Fer,) (eq 2) and in two quickly established
equilibria with the enolate of acetone (A®) (eq 3) and the
enolate of acetophenone (S°) (eq 4) to give nonproductive
iron-enolate species (Fe-A° and Fe-S°). Note that Fe, may also
reversibly react with base to give other species (for example
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Figure 7. (a) Dependence of maximum rate of 1-phenethanol
formation on the base concentration. (b) Dependence of catalyst
activation time on the base concentration. Conditions: [acetophe-
none] = 0.413 M; [2] = 6.74 X 10~° M; [KOtBu] = 4.08 X 107 4.71
X 107, 5.44 x 107% 8.16 X 107%, 1.35 X 107° M, [iPrOH] = 12.4 M;
temperature 28 °C.

Scheme 2. Schematic Representation of the Activation of
Catalyst

Kact
Fep + iPO0 — =  +» Fep, eq (2)
K
A+ Foy =——Sn Fope eq (3)
K
S¢+ Fe, el Fe-8° eq (4)
K3_eq
A+ PO PrOH  + A® eq (5)
. Ka_eq
S + iPro»r iPrOH  + s° eq (6)

complex §, see further for details) but these equilibria were not
accounted for in the model since the concentrations of base and
isopropanol stay approximately constant throughout the
reaction, compared to the varying concentrations of acetone
and acetophenone. The formation of the enolates A® and S° are
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described in terms of rapidly established equilibria with base
and acetone (eq S) or base and acetophenone (eq 6),
respectively.

The rate of formation of Fer, can be represented in terms of
the concentrations of 2 ([Fep]o), Fer, iPrO7, A, and S and
described by eq 7 (See Supporting Information for derivation).

d[Fer,] B
a
kad{[Fep]O — [Fer,]} X [iPrO”]

[iPrO7]
(1 + [iPrOH] x (Kle‘lK3eq|:A] + I<2€q1<4eq[:s:|)> (7)

The rate of 1-phenethanol formation depends on the
concentrations of activated catalyst, substrate and possibly the
hydrogen source, iPrOH. Similar dependences were previously
observed by Adolfsson and co-workers for the ruthenium-based
catalytic system containing pseudodipeptide ligands for the
asymmetric transfer hydrogenation of acetophenone, and thus
this model can be applied to our catalytic process. The
reduction can be represented in terms of two dependent
equilibria (Scheme 3): an iron-containing active complex (Fe,)

Scheme 3. Schematic Representation of the Hydrogen
Transfer Process

o] OH  Fer, o o]

OH ki 0

— & L eq (8]

-— FegH

L8]

o ka2 OH
@)K + FezH -— Fe, + (:J/I(H eq (9]
k2

reacts with iPrOH (R) to give a complex with activated
hydrogen or hydride (Fe,H) and acetone (eq 8) and reaction
of Fe,H with acetophenone (S) to give l-phenethanol and
regenerate Fe, (eq 9). The total concentration of active iron
species [Fer,] is equal to [Fe,] + [Fe,H].

Adolfsson and co-workers in their kinetic study assumed that
the formation of the active ruthenium complex from the
precatalyst is an instantaneous process; thus, the concentration
of the grecatalyst is equal to the concentration of the active
species.”’ This assumption in combination with the derived rate
law allowed the determination of all of the rate constants from
the kinetic data. Unfortunately, in our iron-catalyzed reaction
this assumption is not valid and [Fep] # [Fer,]. Moreover,
[Fer,] is changing throughout the catalytic reaction and
depends on the initial concentrations of the reagents.

The Simulation of the Rate Processes. In order to verify
the legitimacy of the proposed kinetic model and estimate rate
constants associated with it, numerical simulations were used. A
change in concentration of every component of the reaction
mixture in small intervals of time (At = 0.0002S s) can be
determined from the equations which arise directly from the
kinetic model (Schemes 2 and 3); these equations are given in
the Supporting Information (eqs S18—S28). The concen-
trations of base and iPrOH are assumed to be constant during
the reaction, since they are used in large excess compared to the
other reagents, and are assumed to be equal to their initial
concentrations.

The experimental data consisting of 18 catalytic runs (180
data points) conducted with various initial concentrations of
precatalyst, acetophenone, acetone, and base were globally
fitted by numerical simulation to determine an optimized,
consistent set of the rate constants (Table 1). The plots
showing both the experimental and fitted data points are
presented in Figure 8.

Table 1. Estimated Rate Constants at 301 K from Simulated
Reaction Profiles Using the Proposed Model (the error is
less than 10%)

rate constants (M™! min™')
k 6.5 % 10”
k_y 2.7 % 10*
k, 14 % 10*
k., 14 % 10°
ko 2.7 X 10
Ky K3 oq = Ky oKy o 12x10°

The simulated reaction profiles are in good agreement with
the experimental data points. A slight deviation between the
simulated and the experimental data can be seen in Figure 8C
with the lowest concentration of catalyst. Slower formation of
1-phenethanol can be explained by possible decomposition of
the catalyst, which only becomes evident at low catalyst
loadings (1.53 X 107> M); this was not taken into account in
the simulation. Figure 8E shows the simulated concentrations
of the iron precatalyst (Fe, in Scheme 2), and the active iron
species with and without a hydride equivalent (Fe,H and Fe, in
Scheme 3, respectively) during the reaction with standard initial
concentrations. From the plot it is evident that the active
species have similar concentrations during the initiation and
propagation segments of the reaction, but at equilibrium the
active species without the hydride is predominant. Clearly, the
formation of the active species is a continuous process that
takes place with a diminishing rate over the course of the entire
reaction.

Temperature Dependence. Catalytic reductions were
conducted at various temperatures between 293.2 to 315.1 K in
order to obtain corresponding reaction profiles. The maximum
rates of these reactions result from the combined effects of
different rate constants, and therefore cannot be used to
determine the activation parameters of the rate-limiting step of
the reaction. The rates constants of individual steps can be
estimated by numerical simulations of the reaction profiles in a
similar fashion to that done for the determination of rate
constants, except that various K., values, which were
experimentally determined, were used to determine the rate
of the k_, step (see eq S22 in Supporting Information). The
simulated profiles along with the experimental data are
presented in Figure 9. Five sets of rate constants that were
used in the simulations of temperature variation reaction
profiles are summarized in Table 2. These values were used to
determine activation parameters of individual steps (Table 2) of
the reaction using Eyring—Polanyi plots (Supporting Informa-
tion).

The Gibbs free energies of activation of all of the steps of the
process are relatively low. This is consistent with the observed
high rate of the process. The activation energies of the catalytic
steps are in a similar range, thus allowing the system to be
driven by the thermodynamic equilibrium of the process. The
highest energy point in the catalytic cycle is the reaction of
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Figure 8. Experimental and simulated reaction profiles using the proposed model. Solid lines represent simulated reaction profiles. Plots A, B, C, and
D represent experiments with various concentrations of acetone, acetophenone, precatalyst, and base, respectively. The initial concentrations of other
reagents were kept constant and are equal to the standard concentrations. Plot E shows simulated concentrations of iron species in the reaction
mixture as a function of time (simulated for the standard conditions: concentrations of acetophenone, 2, base, and iPrOH were 0.412, 6.73 X 1075,

5.45 X 107% and 12.4 M, respectively).

acetophenone with the Fe,H, although the free energy that is
required to get to this transition state is smaller than the energy
needed to activate Fe,, by reaction with iPrOH (16.7 kcal/mol)
and the energy of the reaction of Fe, with iPrOH (Figure 10).

The rates of individual steps at seven minutes of reaction
time can be approximated by multiplying corresponding rate
constants by the concentrations of reagents participating in
particular step of the reaction at a given time. The
concentrations of the reagents were determined from the
experimental and simulated reaction profile of the standard run
and are summarized in Table 2. The rates of forward reactions,
which correspond to k; and k, (eqs 8 and 9) were faster

compared to the reverse reactions, which correspond to k_, and
k_,. The rate of forward reaction described by eq 8 was found
to be almost twice as fast as the rate of the forward reaction
described by the eq 9. This observation allows us to assume
that at a given set of conditions the step involving the reduction
of acetophenone is a rate-determining event in the catalytic
cycle. Our previous studies also showed that the rate of reaction
is highly dependent on the nature of the ketone used."* This
supports the idea that the reaction of Fe,H with the ketone is
the rate-determining step under experimental conditions. On
the other hand, it is possible that the reaction of iPrOH with
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Fe, can be a rate-determining step when the concentration of
acetophenone is high or the concentration of iPrOH is low.

The free energy for the process of converting 2-PrOH and
acetophenone to acetone and 1-phenethanol can be independ-
ently determined from the equilibrium constant (eq 1) and
from the activation parameters, which were obtained from
simulations (Table 2 and Figure 10). The values 0.8 and 0.83
kcal/mol can be obtained, respectively. A good correspondence
between the values further suggests that the proposed
mechanistic model effectively describes the catalytic process
under investigation.

Kinetic Isotope Effect. The kinetic isotope effect (KIE), as
a ratio of the rates of hydrogen and deuterium transfer, was
determined for the standard catalytic reductions that were
conducted at constant temperatures using different hydrogen/
deuterium donor sources: (CH;),C(H)OH, (CD;),C(D)OD,
and (CH;),C(H)OD. The formation of 1-phenethanol with
respect to time is plotted in Figure 11. The resulting rates,
which were determined at 29 °C, were used to calculate the
KIE (Chart 1).
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(7] i ]
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i} 4
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Reaction coordinate

Figure 10. Reaction coordinate diagram for the catalytic step of the
process.
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Figure 11. Rates of ATH of acetophenone using iPrOH deuterated at
different positions.

Chart 1. Calculation of the Kinetic Isotope Effects Using
(CD,),C(D)OD (KIE,) and (CH,),C(H)OD (KIE,)

& _ kunl(CHL),C(H)OH] _

! 2.540.1
kobs [(CD3 )2 C(D)OD]
_ ko [(CH), CHNOHT _ 50
} k,l(CH,),C(HYOD] T

A primary kinetic isotope effect (KIE, = 2.5) was observed
when fully deuterated iPrOD was used, and a smaller kinetic

Table 2. Estimated Rate Constants of the Process at Different Temperatures and the Calculated Activation Parameters of

Individual Steps of the Reaction”

temp kot X 10% k, x 10%
2932 143 461
2972 2.15 5.81
299.2 248 6.26
301.2 2.74 6.48
304.2 325 6.95
307.3 3.68 7.80
315.1 6.19 104
rate? 0.078
AH* 11.0 5.8
AS* —-19.1 —34.6
AGH,5 16.7 16.1

k_, x 10* k, x 10* k_, X 10° Ko
2.10 1.01 0.830 0.256
224 1.17 123 0.248
242 1.32 1.40 0.244
272 1.36 1.36 0.240
3.17 1.59 1.49 0.234
3.56 1.64 1.58 0.228
476 2.19 227 0212
0.036 0.035 0.002
6.7 5.9 6.7
—24.2 —282 —30.1
13.9 14.3 15.7

“Units: temperature (K), rate constants (M~ min™"), rates (M min™"), energies (kcal mol™"), entropies (cal mol™" K™'). Keq is an equilibrium
constant defined by equation (1) and was determined experimentally at different temperatures. “Rates of the reaction at 7 min of reaction time were
calculated using the following concentrations of the reagents that were determined from experimental and simulated reaction profiles: [Fe,H] = 1.00
X 1075 M, [Fe,] = 1.00 X 1075 M, [acetone] = 0.15 M, [1-phenethanol] = 0.15 M, [acetophenone] = 0.262 M, [iPrOH] = 12.4 M, temperature 301

K

12273

dx.doi.org/10.1021/ja304814s | J. Am. Chem. Soc. 2012, 134, 12266—12280



Journal of the American Chemical Society

Scheme 4. Synthesis of Complex 4

' Moy 9
Brivig” X +CIPPh2T—:;>C PhoP™ HLOZ»%(\W phzll{_\u N_ fPh
° heat HSICI "
Ph, g Ph Ph ||| Ph NEt; l CraCN
ML R | SO A [Fe(H,0)el[BF 41, Ph
N, | oN ~Acetone | BN, | N - M /'\rN PPh,
CP(Fe\Pl 2. NaBPhs [P, e\Pl CHON PRP N /
Pn, | Pn, MeOH Ph, | P, Ph
it [BPh,) |‘| [[BFal,
4
isotope effect (KIE, = 1.3) was detected when iPrOD-d; was ligand donor atoms and the iron are within the expected
used. The different intercepts of the rate lines on the time axis range.lé A wide P—Fe—P angle (107.99(7)°) results from the
show that the activation period is longer when iPrOD-dj is used structure of the ligand, which forms three five-membered
compared with the reactions involving iPrOD-d; and iPrOH. ligand—metal rings. This is comparable to P—Fe—P angles
These observations indicate that the transfer of the hydridic observed for similar iron complexes prepared in our
hydrogen of isopropanol, as opposed to the hydroxyl hydrogen, laboratory.'
dominates the rate of activation of the precatalyst and that a The reduction of acetophenone using complex 4 was
hydride transfer likely also dominates the rate of catalyst performed under standard conditions that were used for the
turnover. More data will be needed in order the separate the kinetic studies of complex 2. After 2 h of reaction only 10% of
relative contributions of these processes to the KIE values. the ketone was converted to the corresponding alcohol with an
The Preparation and Reactivity of 4 Containing a enantiomeric excess of 82% (R).
Diamine Ligand. The complex 4 that contains a P-NH-NH-P Preparation and Properties of the Ene—Amido
ligand with amine groups instead of imines can be synthesized Complex 5. Complex 2 was reacted with 2.5 equivalents of
as described in Scheme 4. It was fully characterized using the base KOtBu in benzene at room temperature to produce a
spectroscopic methods. Single crystals of 4 were analyzed by X- green solid after purification. The 'H NMR spectra of the
ray diffraction (Figure 12). The monocationic complex 4 has a product in benzene-dg shows that the resonances correspond-
distorted octahedral geometry with carbonyl and bromide ing to the hydrogen atoms of the complex 2 are absent but a
ligands trans to each other. The phenyl groups of the diamine new set of multiplets was observed. These peaks were assigned
are in equatorial positions and the amine hydrogens are axial, to the hydrogens H,', Hy', H,' and Hy' of the neutral bis(ene—
anti with respect to each other. The bond lengths between amido) iron complex § (Figure 13). Coupling between H,'-H,’
and H¢-Hj' were identified using 2D COSY experiments to
p— ) locate the resonances of H." and Hy' that were overlapping with
—t ' S N aromatic peaks. An absence of the resonances arising from
£ \ & ~ / 7 tetraphenylborate in the "B  NMR spectrum and in the
\ <) S ) aromatic region of "H NMR spectra peaks is consistent with the
( *‘ ~ / / formulation of $ as a neutral complex. This highly soluble
—\ _/'—/ complex gave an AB pattern in the *'P{'"H} NMR spectrum at
\ Q4 68.9 and 68.6 ppm with *Jp = 25 Hz, which is consistent with a
( "—[ \ structure having two inequivalent phosphorus atoms. The
Q. / = \He Q (O reaction of the complex $ with a 1 M solution of HCl in diethyl
O\ A ) > ether (excess was added) resulted in the formation of complex
Y Nl\‘K‘j / \ 6, the structure of which was confirmed by *'P{'H} NMR (two
Q / O — doublets at 64.9 and 67.0 ppm, *Jpp = 40.4 Hz) and HRMS
i Y S5 _ 5450 ESI* (full monocation of the complex 6). This reversibility of
c \P‘ A \P? 'If_ A the reaction of the precatalyst 2 with base and acid further
; o o y 'K ' supports the structure of the complex S.
Ve e, (O (> l The stability of complex § was lower than that of the bis(ene-
O [ e TS 4< amido) complex 3 (Figure 1) as expected since precatalyst 2
N Sivwi = { iy when activated with base produces a far more reactive catalytic
, l e & solution than 3. The decomposition of compound § in solution
e, ) \ v, ‘ ; or in the solid state under an inert atmosphere occurred after
l ' Pt ol days but after seconds in the air. Decomposition in solution is
@) ) signaled by a broadening of the peaks in the '"H NMR spectra,
= resulting from the formation of paramagnetic species, and by a
change of color from a deep green to a brown-green. This high
Figure 12. ORTEP plot of the cation of 4. Thermal ellipsoids are regctivity prevented th‘e fulAl Character?zation of this compound
drawn at 50% probability. Some hydrogen atoms, solvent molecules, using elemental analysis, high resolution mass spectroscopy or
and counterions are omitted for clarity. Selected interatomic distances X-ray diffraction.
[A] and angles [deg]: N1—Fel 2.065(5), P1—Fel 2.259(2), C7—Fel Compound $§ was directly reacted with a mixture of
1.745(9), Br1—Fel 2.490(1), P1—Fel—P2 107.99(7). acetophenone in iPrOH (standard conditions applied) without
12274 dx.doi.org/10.1021/ja304814s | J. Am. Chem. Soc. 2012, 134, 12266—12280
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Figure 13. Formation of the bis(ene—amido) complex § and the comparison of a selected region (3.2—5.8 ppm) of the 'H NMR spectrum of the

complexes 2 in CD,Cl, and § in C¢Dy.

the addition of base to test whether it is within the catalytic
cycle. The observed reaction profile in terms of the formation
of 1-phenethanol with time is presented in Figure 14, run 1.
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Figure 14. Catalytic reduction of acetophenone using complex 5. Run
1: complex § reacted with a solution of acetophenone in iPrOH. Run
2: complex § reacted with iPrOH for 4 min prior to the addition of
acetophenone. Run 3: complex $ reacted with acetophenone for 4 min
prior to the addition of iPrOH. Run 4: complex § was reacted with
iPrOH for 12 min prior to the addition of acetophenone.

The reactivity and enantioselectivity of the complex $ in the
process of acetophenone reduction are comparable to those
observed with complex 2 activated by base. On the other hand,
the apparent activation period indicates that complex S needs
to be activated prior to the catalytic cycle to take place; thus, it
is not within the catalytic cycle.

Since the reaction of complex 5§ with iPrOH and
acetophenone led to the formation of the active catalyst
(Figure 14, run 1), it can be concluded that one of these
reagents is responsible for the activation of . Each was reacted
with the complex $ for 4 min prior to the addition of the other
in order to identify, which of the two substances is an activating
agent (Figure 14, runs 2 and 3, respectively). The induction
period disappeared when § was prereacted with iPrOH (run 2)
but was very pronounced when acetophenone was reacted with

12275

5 before iPrOH was added (run 3). These observations show
that the activation of the green complex § results from its
reaction with iPrOH. The longer induction period of run 3
relative to that of run 1 (Figure 14) is consistent with the
finding of the kinetic study that the enolate of acetophenone
prolongs the period of activation of the catalyst. The kinetic
studies also predict that the formation of the active species in
the solution is a continuous process that takes place during the
entire acetophenone reduction step of the reaction. This
implies that the concentration of the active catalytic species and
the rate of 1-phenethanol formation will be greater if the
preactivation of the green compound 5 with iPrOH is allowed
to occur for a longer period of time, keeping other conditions
the same. The reaction where $ is preactivated with iPrOH for
12 min (Figure 14, run 4) verifies that this is the case.
Protonation of the Active Catalytic Species and
Synthesis of Complex 7. In order to gain information
about the structures of the catalytically active complexes,
iPrOH was added to the complex S. The green solution turned
an orange-red color after 20 min. The *'P{'H} NMR spectrum
of the reaction mixture showed a complicated pattern of broad
resonances, indicating that several species were formed. These
species might be Fe,, Fe,H, 5, and decomposition products.
The isolation and characterization of the observed complexes is
difficult due to their high reactivity. On the other hand, when
the reaction was quenched with a 1 M solution of HCI in
diethyl ether (excess was added), the solution became bright
yellow. The solvent was evaporated to give a yellow solid. The
major species in the 3P{'H} NMR spectrum of the solid
dissolved in CD,Cl, had two doublet resonances at 56.2 and
66.0 ppm with J,_p = 39.3 Hz (~85% relative to all the species
that produced *'P resonances). The solid was purified by
precipitation with NaBPh, from MeOH solution and identified
as the amine—imine complex 7 (Scheme $) on the basis of
HRMS ESI*, 'H and *'P{'"H} NMR spectroscopy. The
structure of complex 7 is similar to the structure of complex
6 except that one of the imine functionalities of the ligand is
reduced to the amine. The reduction possibly occurred via
selective transfer of the hydride from i-PrO™ to one of the
imines of the ligand as described in Scheme 5. It also has to be

dx.doi.org/10.1021/ja304814s | J. Am. Chem. Soc. 2012, 134, 12266—12280
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Scheme 5. Proposed Formation of the Complex 7
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noted that only one diastereomer of complex 7 was observed
(two possible diastereomers may arise from reduction of one or
the other imine of the ligand), since only two doublets were
observed in *'P {"H}NMR spectra, indicating that the reaction
is stereospecific.

Catalytic Activity of Complex 7. The use of complex 7 as
a catalyst precursor under the standard conditions results in the
rapid catalytic reduction of acetophenone without an induction
period (Figure 1S; see the Supporting Information for the
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Figure 15. Reaction profiles of catalytic reduction of acetophenone
using complexes 2 (standard run) and 7 (duplicate runs).

conditions). The TOF is 55,000 h™' at 25% conversion
compared to 28,000 h™' using complex 2 under standard
conditions. The ee of the 1-phenylethanol produced in each
case was 82% (R).

B DISCUSSION

The presence of the activation period prior the catalytic cycle of
the reaction makes it difficult to use conventional techniques to
determine the rates of individual steps of the reaction, since it is
impossible to enforce the conditions such that the active
catalyst would be at steady-state. Hartmann and Chen have
used an alternative approach, which was initially outlined by
Boudart, to investigate the catalytic cycle of asymmetric transfer
hydrogenatlon of Noyori’s precatalyst RuCl,(diamine)-

(diphosphine).>® The approach is based on utilization of
coupled differential rate laws of individual steps of the process,
which arise directly from the proposed mechanistic model, in
numerical integrations. If these numerical integrations are fitted

to the experimentally obtained reaction profiles, then the rate
constants and rates of the individual steps of the process can be
determined.

In order to propose the kinetic model, we established the
dependences of the rates of activation of the catalyst and 1-
phenethanol formation on concentrations of the reagents. The
mechanistic model (Scheme 2 and Scheme 3) was used to
derive coupled differential rate laws (eq 7, eq (S18)-eq (S28)),
for elementary steps of the catalytic process. The extent of 1-
phenethanol production with time was simulated using these
rate laws. The simulated reaction profiles, which were obtained
using the rate constants summarized in Table 1, are in good
agreement with the data obtained experimentally (Figure 8).
This implies that the proposed model effectively describes the
catalytic process. Simulations were also used to show that the
formation of the active species is a prolonged process (Figure 8,
E). It suggests that the activation is a complex process involving
major changes in the structure of the complex going from the
precatalyst to the catalyst. A similar approach was used to
determine the activation parameters of individual steps of the
reaction from the reaction profiles that were obtained by
conducting the catalytic reductions at different temperatures.

A logical explanation for the activation period is that the
imine groups are reduced to amines to produce an iron
complex with hydride and amine groups to allow the hydride-
protic amine outer sphere reduction of the ketone that is
observed for PNNP ruthenium catalysts. Complex 4, which
contains a ligand with two amine groups, is a significantly less
active precatalyst compared the complex 2. This indicates that
the complete reduction of the ligand does not lead to the
formation of the active catalyst. The enantiomeric excess of the
1-phenethanol produced using 4 as a precatalyst is identical to
that using complex 2. This may be explained by the fact that
both 2 and 4 upon activation give the same active species, but
complex 2 is activated faster to provide more of the active
catalyst for the reaction. A complete reduction of the ligand
from imine to amine may in fact be one of the possible catalyst
deactivation pathways. Indeed deactivation is especially
pronounced when the concentration of the substrate is low,
but the concentration of isopropoxide is high.

The reaction of complex 2 with KOfBu in nonprotic and
nonreducing benzene as a solvent led to the formation of the
bis(ene-amido) complex S. This reaction can be reversed if a
strong acid such as HCI is added to the solution to give the
chloro-carbonyl complex 6 containing the PNNP ligand
identical to that of the complex 2. It is evident that complex
S is only an intermediate in the process of the catalyst
activation since the induction period is still observed when § is
reacted with a mixture of iPrOH and acetophenone to start the
catalysis (Figure 14, run 1). The active catalyst is actually
formed by the reaction of the complex § and iPrOH; thus when
S is preactivated with iPrOH and then acetophenone is added
(Figure 14, run 2), the reaction proceeds without an induction
period.

The structures of the catalytically active species that form
during the course of the reaction of 5 with iPrOH are very
difficult to identify or isolate due to their high reactivity. They
have been indirectly identified by quenching the catalyst
solution with HCI and isolating complex 7 in good yield.
Complex 7 has a PNNP ligand with both amine and imine
functionalities. This strongly suggests that under the basic
conditions of reaction the catalyst has a ligand with an ene-
amido structure on one side and a saturated amido structure on
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the other side (complex Fe,). Indeed, when complex 7 is
treated with base under standard catalytic conditions, there is
rapid catalysis without an induction period.

The above findings lead us to propose a mechanism
involving the precatalyst activation as depicted in Scheme 6,

Scheme 6. Proposed Mechanism of Activation of the
Precatalyst 2 to the Active Catalyst Fe,; Species § and Fe,
May Have Coordinated Isopropanol
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and the catalytic cycle as presented in Scheme 7. The activation
is initiated by the fast reaction of complex 2 with the base to
give Fe,. The slow step in the activation process is the reaction
of Fe, with iPrO™ to give Fe,. The equilibria involving Fe, and
the enolates of acetophenone and acetone (in later stage of the
reaction) establish and interfere with the activation step. A

second equivalent of base can react with Fe,, to give the doubly

Scheme 7. Proposed Mechanism of the Transfer
Hydrogenation of Acetophenone
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deprotonated complex 5. We have not been able to obtain a
clean sample or spectra of Fe, to date, but 5 has been
characterized. In the catalytic cycle, the activated catalyst Fe,
reacts with iPrOH (Scheme 7), presumably in an outer-sphere
fashion, to give acetone and an iron hydride complex (Fe,H)
which contains an H™/H" pair with the hydride bound to the
iron and proton to the nitrogen. The subsequent reaction of the
Fe,H with acetophenone produces 1-phenethanol and
regenerates the complex Fe,.

In the 1nvest1gat10n of ketone reduction reactions using
RuCl,(PPh;),** Backvall and co-workers proposed that the
hydride transfer to the ketone occurs via its coordination to the
metal followed by the insertion into the metal—hydride bond to
give the alkoxide intermediate.>* This mechanism, as well as the
Meerwein—Ponndorf—Verley mechanism, which involves a
direct transfer of the hydride between ketone and alkoxide
when they are simultaneously coordinated to the metal,® are
less likely to be operational in the catalytic system under
investigation, since both of them require two or more vacant
coordination sites. The outer-sphere mechanism that involves
metal—ligand cooperation in transferring of the hydrogen
equivalent is more probable. The mechanism involving a
concerted hydride/proton transfer (H"/H*) from the metal
and nitrogen to the carbon and oxygen of the ketone,
respectively, was originally proposed by Noyori and co-
workers*® and is operational in many highly active catalytic
reductions. A stepwise outer-sphere transfer of the hydrogen
molecule (SWTH) is also known. In this mechanism the
ketone is activated and oriented by noncovalent interaction
with NH group of the ligand for the following attack of the
metal-hydride. If the acidity of the ligand’s amine group is low
then the formation of the NH/alkoxide pair after the hydride
transfer would be more favorable compared to the formation of
alcohol/amido that is expected in a concerted outer-sphere
mechanism. This mechanism was recently proposed by Baratta
for a Ru(C-N-N)(P-P)Cl/base system 7 and by Bergens for a
trans-Ru(P-P) (H,N-NH,)(H), system ¢ Gusev and co-work-
ers were able to characterize in the solid state a ruthenium-
secondary alkoxide complex also containing a P-N(H)-P and a
carbonyl ligand; in solutlon this dissociates into a ruthenium
hydride and ketone.>®

It is a challenging task to differentiate between the concerted
and stepwise outer-sphere mechanisms. The Baratta® and
Bergens’® groups directly observed the metal-alkoxide inter-
mediate. Baratta and co-workers also investigated the effect of
the base that is present in the solution during transfer
hydrogenation on the alkoxide/NH, intermediate. They
suggested that iPrOH is competing with the i{PrO™ for
coordination to the NH,—Ru complex; high base concentration
favors the formation of the active alkoxide/NH, complex thus,
increasing the rate of the catalytic reduction of ketones. Our
iron system showed no dependence on the base concentration
when the ratio of base to 2 was greater than S:1. It was also
shown that the decrease in rate of 1-penethanol formation
when the ratio of the base to 2 is smaller than 5:1 resulted from
the slower rate of activation of the catalyst and not from a
slower rate of the catalytic reduction process. Complex §,
without the addition of any base, can be activated by iPrOH to
produce a highly active catalyst (Figure 15). In addition, the
activation entropy value for the hydride transfer step reported
by Baratta et al. (—3.2 eu)®® in the system operating via a
ruthenium-alkoxide/amine intermediate is less negative than
the activation entropy observed for our system (—28.6 eu for
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the k, step, Table 2). Thus a bimolecular attack of an iron
hydride on the ketone is more consistent with this value than
an intramolecular reaction involving an iron alkoxide
complex 54041

The secondary amido nitrogen of complex Fe, is expected to
be highly basic. The adjacent ene—amido part of the ligand
makes this amido nitrogen even more basic. Therefore, it is
reasonable to assume that complex Fe,, when exposed to an
excess of protic solvent such as iPrOH, would be protonated at
the amido nitrogen and give a coordinatively unsaturated
monocationic iron complex. Accordingly the process of hydride
transfer would be a more difficult step than the transfer of the
proton and this would explain why there is a small KIE for the
transfer of the proton but a significant KIE for the transfer of
the hydride. The observed KIE of 2.5 is comparable to other
KIE measured for HM-NH vs DM-ND attack on ketones.**
Casey and Johnson concluded in a detailed study of Noyori’s
transfer hydrogenation catalyst that both the observed isotope
effects of 1.79 for transfer of OH to nitrogen and of 2.86 for
transfer of CH to ruthenium from isopropanol are much too
large to be equilibrium isotope effects. They argued for a
concerted transfer of the hydride and proton.*’ We propose
that the transfer of a proton from {PrOH to the amido complex
is a fast process followed by a slower transfer of the hydride.
Similarly the transfer of the hydride from iron(I) to the
acetophenone is the slowest step. This explains why the rate of
catalytic reduction is sensitive to the nature of the ketone that is
used."*

With only a cursory glance at the activation parameters of
Table 2, one might think that the k, step, the formation of the
iron-hydride, should be rate determining since it has a greater
free energy of activation. However, under experimental
conditions where the concentration of iPrOH is significantly
higher than the concentration of acetophenone, the slowest rate
of the process is the hydride transfer from Fe H to the ketone.
The evidence for Fe,H and Fe, comes from the HCI quenching
reaction and DFT calculations, as described elsewhere.*

Bl CONCLUSIONS

The current study provides evidence that the activation of
precatalyst 2 with base results in the selective reduction of one
of the imine groups of the starting P-N—N—P ligand to give a
highly active catalyst Fe, for the enantioselective transfer
hydrogenation of acetophenone. This catalyst likely contains a
P—N—N-P ligand with amido and ene—amido functionalities.
Only the presence of both functionalities in the structure results
in high catalytic activity; the bis(amine) complex 4, and the
bis(ene-amido) complex § require activation. The proposed
structure of the amido(ene—amido) catalyst Fe, is supported by
its reaction with acid to give complex 7 that contains a PNNP
ligand with an amine and imine functionality. Precatalyst 7
under our mild standard conditions leads to the most active
catalyst known for the asymmetric reduction of acetophenone
and does not require an observable activation period before
highest rate of the catalysis is achieved.

The determined activation parameters suggest that the
catalytic reduction of acetophenone occurs via an outer-sphere
mechanism. The determined KIE for the transfer of the hydride
to the carbonyl carbon indicates that the rate-determining step
may not involve a concerted hydride/proton transfer but rather
a stepwise hydride addition and then proton transfer
mechanism. The kinetics studies provided rate constants for
the proposed mechanism. DFT results that support the

proposed mechanism over alternatives are in hand and will
be published in the near future.*®

B EXPERIMENTAL SECTION

General Procedure for the Reduction of Acetophenone
Using Iron-Based Precatalysts 2, 4, and 7. The stock solutions
were prepared in a glovebox according to the details provided in the
Supporting Information. The stock solution 1 (SS1) was prepared by
dissolving the precatalyst in acetophenone. The stock solution 2 (SS2)
was prepared by dissolving KO'Bu in iPrOH. These solutions were
used only after all the solids were completely dissolved and for less
than two days. A required mass of the SS1 was added to a vial
containing iPrOH charged with a stirring bar and acetophenone to
form mixture 1 (M1). A required mass of SS2 was added to a second
vial containing iPrOH to give mixture 2 (M2). In order to ensure a
constant temperature of the experiment inside a glovebox, M1 and M2
were placed into a sand bath with a coil connected to the Fisher
Scientific temperature control unit for 15 min. To initiate the reaction,
M1 and M2 were efficiently mixed by transferring the solutions from
vial to vial and placed into a sand bath attached to the stirring plate.
The final concentrations of the reagents were adjusted to be as follows
[acetophenone] = 0412 M, [2], [4], or [7] = 673 x 107° M,
[KOtBu] = 545 x 107* M and [iPrOH] = 124 M (standard
conditions). The samples were taken by injecting small portions of the
reaction mixture into septa-sealed GC vials containing aerated {PrOH
for efficient quenching of the reaction. Samples were analyzed using a
Perkin-Elmer Autosystem XL chromatograph with a chiral column
(CP chirasil-Dex CB 25 m X 2.5 mm). Hydrogen gas was used as a
mobile phase at a column pressure of S psi. The injector temperature
was 250 °C, and the FID temperature was 275 °C. The amount of 1-
phenethanol in the sample was determined relative to the amount of
the acetophenone. The retention times of acetophenone, 1-
phenethanol (R), and 1-phenethanol (S) were found to be 5.02,
8.73, and 9.42 min, respectively, if the temperature of the oven was
kept at 130 °C.

Synthesis of Complex [Fe(CO)(Br)(Ph,PCH,CH,-N(H)-((S,S)-
CH(Ph)CH(Ph)-N(H)-CH,CH,-PPh,][BPh,] (4). The procedures for
the synthesis of the ligand precursors (diphenylvinyl phosphine and
diphenylvinyl phosphine oxide) and for the preparation and reduction
of O=P-N-N-P=0 were adopted with modifications from work of
Rahman et al.** and Cook et al.** and are presented in the Supporting
Information. The P-N-N-P ligand (S,S)-1,2-diphenyl-ethylamine-N,N’-
bis-diphenylethylphosphine (0.260 g, 0.410 mmol) was dissolved in 15
mL of acetonitrile in 20 mL vial charged with a stirring bar.
Hexaquairon tetrafluoroborate (0.138 g, 0.410 mmol) was added
dropwise to the reaction mixture as a solution in acetonitrile (3 mL) to
give an instantaneous change in color from colorless to deep purple.
After 3 h the solvent was removed from the reaction mixture to give a
deep, purple solid that was mixed with potassium bromide (0.073 g,
0.61 mmol) and redissolved in acetone (15 mL) and placed under
atmosphere of carbon monoxide (1.1 atm) and stirred overnight at 38
°C to give a yellow solution with a white precipitate that was filtered
through Celite. Solvent was removed under vacuum to give a yellow
solid that was redissolved in methanol (10 mL). A solution of NaBPh,
(0.14 g, 0.41 mmol) in 3 mL of methanol was added dropwise to give
an instantaneous formation of the yellow precipitate. The precipitate
was filtered and washed with methanol (3 X 1 mL), dried, and washed
with diethyl ether (3 X 2 mL) to give complex 4 as a yellow-orange
solid (0.093 g, 20% yield). Crystals suitable for the X-ray analysis were
obtained by the diffusion of diethyl ether into solution of 4 in
dichloromethane and methanol mixture. 'H NMR (400 MHz,
CD,CL) 6&: 2.19-2.40 (m, 1H, PCHH), 2.45-2.64 (m, 1H,
PCHH), 2.76—2.97 (m, 1H, PCHH, 1H, NCHH), 3.04—3.33 (m,
1H, PCHH, 1H, NCHH, 1H, NCHH), 3.62—3.86 (m, 1H, NCHH,
1H, NH), 4.15—4.30 (m, 1H, NC(Ph)H), 4.48—4.62 (m, 1H, NC(Ph)
H), 5.05—520 (m, 1H, NH), 6.75-7.60 (m, 50H, ArH); *C{'H}
NMR (100 MHz; CD,Cl,) &: 33.24—33.62 (m, PCH,), 34.78—33.62
(m, PCH,), 46.21 (s, NCH,), 50.69 (s, NCH,), 71.08 (s, NC(Ph)H),
75.28 (s, NC(Ph)H), 121.6 (s, BPh), 125.5—125.6 (m, BPh), 128.9—
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135.6 (m, ArCH), 135.0—135.9 (m, BPh), 163.9 (m, Jc5 = 49.3 Hz,
BPh), 216.6 (m, CO); *'P{*"H} NMR (161 MHz; CD,Cl,): 55.18 (d,
Jep = 39.3 Hz), 58.03 (d, Jop = 39.3 Hz); HRMS (ESI-TOF) m/z
calculated for [C,;H,,N,P,FeOBr]*: 799.1299, found: 799.1315. Anal.
Caled for CyHg,N,P,FeBrOB: C, 71.87; H, 5.58; N, 2.5. Found: C,
71.52; H, 625; N, 2.58.

Synthesis of Complex Fe(CO)(Ph,PCH=CHN-((S,S)-CH(Ph)-
CH(Ph))-N-CH=CHPPh,) (5). In an argon glovebox a solution of
KO'Bu (sublimed, 0.013 g, 0.112 mmol) in S mL of benzene was
added to a vial charged with a stirring bar containing complex 2 (0.050
g, 0.044 mmol). The solution instantaneously became green and a
white precipitate was observed. The reaction mixture was stirred for an
additional 10 min, filtered through the glass-frit and the solvent was
evaporated from the resulting green solution to give a bright green
powder. The powder was redissolved in 5 mL of hexanes upon the
addition of a few drops of benzene. This solution was filtered through
the Celite, and the solvent was evaporated. Yield: 0.019 g, 59.3%. 'H
NMR (400 MHz, C¢Dy) §: 4.49—4.57 (m, 1H, PCH), 4.59—4.68 (m,
1H, PCH, 1H, NC(Ph)H), 5.06—5.16 (m, 1H, NC(Ph)H), 6.94—7.50
(m, 30H, ArH), 7.31-7.51 (m, 2H, NCH); *P{H} NMR (161 MHz;
C¢Dg) 6: 68.9 (d), 68.6 (d) ppm Jpp = 25 Hz.

Synthesis of Complex [Fe(CO)(Cl)(Ph,PCH,CH,N(H)-((S,S)-
CH(Ph)CH(Ph))-N=CHCH,PPh,)1[BPh,] (7). iPrOH (3 mL) was
cooled to —25° in a freezer in an argon glovebox and added to a vial
charged with stirring bar containing complex 5 (0.014 g, 0.020 mmol).
The reaction mixture was stirred and allowed to warm up to 25 °C. A
gradual change of color of the solution was observed from green to
orange-red over the course of 25 min of the reaction. The reaction was
quenched with a 1 M solution of HCl in diethyl ether (excess added),
which instantaneously gave a yellow solution. The solvent was
evaporated from the reaction mixture to a give yellow solid as a
product. The ¥P{'H} NMR spectrum of the crude product in CD,Cl,
showed that the major product had doublet resonances at 55.15 and
64.92 ppm with Jpp = 39.4 Hz, which accounted for more than 85% of
the material present. The compound was further purified. The crude
product was dissolved in 1 mL of methanol followed by the addition of
a solution (1 mL) of NaBPh, (0.013 g, 0.038 mmol) in methanol. The
product was isolated as a yellow solid (yield: 0.011 g, 53%). '"H NMR
(500 MHz, CD,CL,) &: 2.61-2.77 (m, 2H, NCH,), 3.09—3.33 (m, 2H,
PCH, amine side), 3.81—3.95 (m, 2H, PCH, imine side), 4.38—4.49
(m, 1H, C(Ph)H amine side), 4.57—4.69 (m, 1H, NH), 4.93—5.02 (m,
1H, C(Ph)H imine side), 7.70—7.82 (m, 1H, N=CH), 6.84—7.67 (m,
50H, ArH); *C{'H} NMR (100 MHz; CD,Cl,) &: 46.72—47.11 (m,
PCH,), 49.46 (s, HNCH,), 49.51-49.92 (m, PCH,), 76.50 (s,
NC(Ph)H), 77.69 (s, NC(Ph)H), 121.3 (s, BPh), 124.-125.1 (m,
BPh), 129.9-135.6 (m, ArCH), 13521362 (m, BPh), 163.7 (m, Jcz
= 49.3 Hz, BPh), the resonances for the carbonyl (CO) and imine
(N=C) carbons were not detected in the spectra due to their longer
relaxation times compared to the other carbons in the structure and
the lower intensity of the signal due to the expected multiple splitting
by *P nuclei; *'P{H} NMR (161 MHz; CD,Cl,): 55.15 (d, Jyp = 394
Hz), 64.92 (d, Jop = 39.4 Hz); HRMS (ESI-TOF) m/z calculated for
[C,3HoN,P,FeOCI]*: 753.1648, found: 753.1637.

General Procedure for the Reduction of Acetophenone
Using Complex 5. In an argon glovebox complex § (0.019 g, 0.027
mmol) was dissolved in benzene (2.00 g). The resulting green, clear
solution (0.050 g) was added to vials charged with stirring bars. The
benzene was evaporated to give solid samples of complex 5 (0.48 mg,
0.000665 mmol) in the vials. These were used in reduction reactions
with acetophenone and iPrOH. Run 1: A solution of acetophenone
(0.476 g, 3.96 mmol) in iPrOH (7.192 g) was prepared in an argon
glovebox and the temperature of the solution equilibrated to 28 °C.
The solution was added to the vial with complex S to initiate the
reaction. The reaction progress was monitored by taking samples of
the reaction mixture and quenching them by injection into aerated
iPrOH in a sealed GC vial. Run 2: The solvent iPrOH (7.192 g) was
thermostatted at 28 °C and added to the vial containing complex $§
and stirred for 4 min. Acetophenone (0.476 g, 3.96 mmol) was added
to the reaction mixture to initiate the reaction. The reaction progress
was monitored in a similar fashion as in run 1. Run 3: Acetophenone

(0.476 g, 3.96 mmol) was thermostatted at 28 °C and added to the vial
containing complex S and stirred for 4 min. Isopropanol (7.192 g) was
added to the reaction mixture to initiate the reaction. The reaction
progress was monitored in a similar fashion as in run 1. Run 4: Same
as run 2, but the activation reaction with iPrOH was left for 12.4 min
before adding the substrate.

B ASSOCIATED CONTENT

© Supporting Information

General experimental procedures, exact initial concentrations
used in kinetic experiments, rate determination plots, and rate
law derivation; X-ray crystallographic data in CIF format for
complex 4. This material is available free of charge via the
Internet at http://pubs.acs.org.
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