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ABSTRACT: Fe(Il) hydride and silyl species of the type
[Fe(X)(L)(“PNP)] (X = H or SiRy; L = N, and/or PMe,Ph;
©YPNP = anion of 2,5-bis(dicylcohexylphosphinomethyl)pyrrole)
serve as active catalysts for the hydrosilylation of aldehydes and
ketones under mild conditions. The catalytic and stoichiometric
reactivity of these complexes has been scrutinized in detail and
found to support disparate pathways for hydrosilylation of
aldehydes involving both a canonical Chalk—Harrod process and
a peripheral pathway, which depends upon both precatalyst and
substrate selection. Hydrosilylation of ketones, by contrast, appears
to proceed via a common mechanism involving an iron silyl species
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and a peripheral pathway. The unique mechanistic framework for iron-catalyzed hydrosilylation arising from these studies stands in
contrast to most previously proposed mechanisms, which feature exclusive carbonyl insertion into a Fe—H bond.

Bl INTRODUCTION

Earth-abundant transition metal complexes remain attractive
targets for the development of new hydrofunctionalization
catalysts." This popularity derives from both the promise of
more sustainable catalyst systems and the unique reactivity
displayed by 3d metal compounds, which in many cases
diverges from that of their precious metal counterparts.”
Hydrosilylation, in particular, has witnessed a wealth of new
catalyst designs in recent years incorporating 3d metals.” >
These systems feature a variety of ligand architectures and have
resulted in new catalysts that display both excellent activity and
selectivity across a range of unsaturated substrates.””® In the
area of carbonyl hydrosilylation, iron has proven especially
efficacious,” and examples of well-defined systems continue to
be reported.'*™*'

Among the proposed mechanisms for hydrosilylation of
aldehydes and ketones, two basic frameworks are typically put
forward (Scheme 1). In the first pathway, referred to as the
Chalk—Harrod mechanism, carbonyl activation is accom-
plished via migratory insertion into a metal—hydride bond
generating an alkoxide intermediate.”” Subsequent reductive
elimination forges the Si—O bond giving rise to the silylether
product. In the second mechanism, insertion of the carbonyl
moiety occurs into a metal—silyl species, M—SiR;, to generate
a siloxyalkyl species as the key intermediate.””~>* In this case,
C—H reductive elimination leads to generation of product.
Beyond these two canonical pathways, other mechanisms
featuring silylene active species and peripheral substrate
association have also been put forward.”*™*° By and large,
however, the greatest share of mechanistic proposals for iron-
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catalyzed carbonyl functionalization make use of the Chalk—
Harrod mechanism. Consequently, iron hydrides have tradi-
tionally been the focus of mechanistic studies, with a few
notable exceptions.’'**

Efforts to interrogate the mechanisms of iron-catalyzed
hydrosilylation have been buoyed by the use of pincer ligands,
which often permit isolation of otherwise reactive species such
as iron hydrides.”” In one example, Guan and co-workers
synthesized the iron hydride complex, [Fe(H)-
(PMe,),(POCOP)] (POCOP = anion of 2,6-(‘"Pr,PO)C¢H,),
which was active for both aldehyde and ketone hydro-
silylation.'” Initial mechanistic experiments demonstrated no
role for the hydride moiety during catalysis. However, a
subsequent DFT study of the catalyst system supported
carbonyl insertion into the Fe—H as the key step.”* In another
example, Gade and co-workers examined the mechanism of
ketone hydrosilylation by a series of highly active iron
carboxylate precatalysts containing an NNN boxmi pincer.”
Here again, an iron hydride was implicated as the key active
species being formed via reduction of the carboxylate
precatalyst. Unfortunately, observation or characterization of
this hydride species was unsuccessful even with isotopic

labeling.
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Scheme 1. Canonical Mechanisms for Catalytic Carbonyl Hydrosilylation
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In contrast to iron hydrides, well-defined silyl species have
not received the same deal of scrutiny when it comes to
carbonyl hydrosilylation.”® The reactivity of such species might
be envisioned to follow the modified Chalk—Harrod pathway
shown in Scheme 1. Indeed, this mechanism has been
proposed for several first-row transition metal pincer
compounds,”” ™’ but mechanistic investigations with iron
remain scarce, including the stabilization of intermediates.
Herein we describe the catalytic activity and mechanistic
investigation of a series of iron pincer complexes containing
silyl ligands. The complexes are supported by a pyrrole-based
PNP pincer ligand,** which is capable of stabilizing several
potential intermediates along the catalytic pathway. We present
evidence in support of divergent mechanistic pathways
depending on the precatalyst employed and the substrate.

B RESULTS

Catalytic Reactivity. Previously, we have reported the
synthesis and characterization of several mechanistically
relevant iron(II) pincer compounds containing both hydride
and silyl ligands.*"** On the basis of the observation that the
iron hydride compound, [FeH(PMe,Ph)(N,)(“”PNP)] (1),
reacts with silanes to afford silyl complexes (eq 1), we surmised
that such Fe-SiR; species, 2—4, were likely active intermediates
along the catalytic cycle for carbonyl hydrosilylation.
Accordingly, we began our investigations by examining both
hydride 1 as well as silyls 2—4 as precatalysts for the
hydrosilylation of benzaldehyde with different silanes.

) ITCyz PCy,
/ . H /
N FIe_NZ %S'th, _ N—Fe—SiRPh,
~ PMe,Ph  ~ 2
PCy, - - PMeyPh PCy,
1 R=H(2),F @) Me® (])

Compounds 1 and 2 are both competent precatalysts for
hydrosilylation of benzaldehyde at room temperature (Table 1,
entries 1 and 2). Compound 2 appears to be a more active and
efficient catalyst than 1 when employing diphenylsilane (Table
1, entry 1 vs 2), as reactions with 2 appear complete within the
time of observation. Lowering the catalyst loading of 2 results
in slightly depressed yields (Table 1, entries S and 6) although
the overall efficacy remains high. By contrast, increasing the
steric bulk of the silane moiety leads to a decrease in activity,
requiring elevated temperatures and/or extended reaction time
to give comparable yields (Table 1, entries 3 and 4). The
bulkiest silane examined, triphenylsilane, failed to produce
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Table 1. Catalytic Hydrosilylation of Benzaldehyde
Employing Compounds 1—4

o) o SIRPh:
i [cat]
H + HSiRPh, benzene-dg H
H

entry cat. mol % HSiRPh, yield” time
1 1 2 H 80 1S m
2 2 2 H 98 <l m
3 3 2 F 92 10 m
4 4 2 Me 84 10 h°
S 2 1 H 90 <Sm
6 2 0.5 H 86 <Sm

7 2 2 Ph nr. 2 h°

“General conditions: Benzaldehyde (1 equiv), H(R)SiPh, (1.1 equiv),
5.0 umol of 1,3,5-trimethoxybenzene (1nternal standard), and 400 uL
of benzene-d at room temperature. “Yield determined by 'H NMR
integration against internal standard. “Reaction mixture heated to 70
°C.

product in reactions catalyzed by 2, consistent with our earlier
inability to generate the corresponding silyl complex.*

Given the eflicacy observed for compound 2 in reactions of
benzaldehyde, we focused on its use as a precatalyst for the
hydrosilylation of other aldehyde substrates (Table 2).
Hydrosilylation reactions employing diphenylsilane catalyzed
by 2 result in detection of both the single and double silylether
products, (ArO)SiHPh, and (ArO),SiPh,, as judged by 'H
NMR spectroscopy. As evident from Table 2, compound 2
retains its catalytic activity across a variety of aldehydes.
Electronic properties of the aldehydes do not appear to exert a
significant influence as evidenced by the results with para-
substituted benzaldehyde derivatives (Table 2, entries 1—5). In
addition to these derivatives, we also examined both 4-nitro
and 4-dimethylamino benzaldehyde, but these substrates
resulted in poor yields, likely due to functional group
coordination to the metal center and/or orthogonal chemistry
with the M—Si unit. In terms of steric properties, the bulk of
the substrate was observed to exert a much larger influence
over catalytic activity. 2-Methyl- and 2-phenylbenzaldehyde led
to only moderate yields, whereas mesitaldehyde did not exhibit
any turnover, even upon heating (Table 2, entry 10).
Butyraldehyde also displayed lower yields, and 'H NMR
spectra of the reaction products indicated formation of
multiple olefinic species as well as hydrogen gas. We have
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Table 2. Aldehyde Substrate Scope with Compound 2

. Ph
o _SiHPh, /Sii
)L + H,SiPh, 2 mol% 2 >k . O (0]
R H benzene-ds H RI'Q\H HJ<I-|Iq
A B
Entry Aldehyde Yield® A/B Time
]
1 O) 98 69/29 <lm
i
2 /@A 96 89/7 <lm
]
3 /@A 90 85/5 <1m
MeO
]
4 /@A 97 78/19  <1m
F
(o]
|
5 88 72/16 <1lm
FsC
(0]
|
6 0 0/0 15m
MeoN
O
|
7 0 0/0 1Sm
O,N
]
8 Cﬁ 66 66/0 15m
]
9 d 72 66/6 <lm
Ph
]
10 /@i 0 0/0 2h¢
(0]
11 /\) 38 38/0 1h
(0]
12 | 74 74/0 1
/\) / Sm

“General conditions: Compound 2 (2.4 umol), aldehyde (121 ymol),
H,SiPh, (133 ymol, 1.1 equiv), 5.0 ymol of 1,3,5-trimethoxybenzene
(internal standard), and 400 uL of benzene-dg at room temperature.
“Yield determined by 'H NMR integration against internal standard.
“Reaction mixture heated to 80 °C.
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previously described the equilibrium insertion of benzaldehyde
into the Fe—Si bond of compound 2.** The presence of
olefinic peaks and hydrogen gas would be consistent with the
insertion product of butyraldehyde and 2 undergoing f-H
elimination with subsequent catalyst deactivation. Sacrificial
silane could then protonate the resultant hydride to reform the
active catalyst. To test this possibility, crotonaldehyde was
utilized as a substrate (Table 2, entry 12). The additional
unsaturation present in crotonaldehyde creates a more
constrained geometry that should discourage #-H elimination.
Consistent with this proposal, hydrosilylation of crotonalde-
hyde resulted in a nearly 2-fold enhancement in yield (Table 2,
entry 11).

In addition to aldehydes, ketones were also investigated as
substrates for hydrosilylation (Table 3). In general, the
reaction rates for ketones were found to be significantly slower
than those for aldehydes and no double hydrosilylation
products were observed. Acetophenone derivatives gave
moderate to high yields with precatalyst 2, whereas
benzophenone did not show any reactivity. Use of cyclo-
hexanone also resulted in high yields of the silylether product
but required longer reaction time compared to acetophenone.
In contrast to the results with butryaldehyde, none of the
catalytic reactions employing ketones with B-H atoms
displayed any appreciable formation of olefinic products as
judged by "H NMR spectroscopy indicating minimal, if any,
elimination as a competing side reaction. This result is further
consistent with our prior findings that ketones do not readily
insert into the Fe—Si bond of 2.

In a final set of catalytic reactions, we examined the use of
the iron hydride compound 1 for the catalytic hydrosilylation
of selected substrates, focusing on those that proved
recalcitrant or poor-yielding with precatalyst 2 (Table 4).
These substrates include both bulky aldehydes and ketones, as
well as less reactive silanes. As shown in entry 4 of Table 4,
compound 1 was successful for the hydrosilylation of
benzophenone in contrast to results observed for 2. Addition-
ally, compound 1 also proved viable for the hydrosilylation of
benzaldehyde employing the bulkier triphenylsilane (entry 5).
These data coupled with the noted difference in reaction times
when using diphenylsilane (entries 1—3) support the assertion
that iron hydride (1) and iron silyl (2) precatalysts operate by
two distinct mechanisms.

Mechanistic Investigations. In order to deconvolute the
incongruities observed for precatalysts 1 and 2, stoichiometric
reactions were undertaken to interrogate the steps in the
mechanistic cycles depicted in Scheme 1. Given that
compound 1 contains an Fe—H moiety, we hypothesized
that it most likely operates via a standard Chalk—Harrod
mechanism. Addition of stoichiometric amounts of carbonyl
substrates to 1 resulted in new high-spin Fe(II) species as
judged by '"H NMR spectroscopy. We tentatively assign these
species as iron alkoxide complexes, which result from
migratory insertion of the carbonyl unit into the Fe—H bond
of 1 (eq 2). This insertion event appears to be reversible,
consistent with the documented ability of this system to
undergo f-H elimination.*’ In line with this observation, we
have been unable to isolate these putative iron alkoxide species
for further characterization. However, addition of diphenylsi-
lane to the in situ generated alkoxide compounds was observed
to reform 1 and release the desired silyl ether product
demonstrating the chemical competence of these species.

https://doi.org/10.1021/acs.organomet.1c00682
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Table 3. Ketone Substrate Scope with Compound 2

o _SiHPh,
RJKR, + H,SiPh, :a%eln/ei: R)<+R’
Entry Ketone Yield® Time
(@]
1 ©)\ 86 1Sm
o
2 /@* 88 2h
(0]
3 O)‘\ 59 7h
MeO
(0]
4 /(j)k 83 2h
Bu
(0]
5 /O)}\ 88 15m
F
(0]
6 /O)‘\ 79 15m
Br
(@]
7 /@Al\ 72 10m
F3C
(@]
8 O)J\CFS 86 1.5h
o
9 0 2h¢
(0]
10 é 89 2h

“General conditions: Compound 2 (2.4 pmol), ketone (121 ymol),
H,SiPh, (133 umol, 1.1 equiv), 5.0 umol of 1,3,5-trimethoxybenzene
(internal standard), and 400 uL of benzene-d at room temperature.
®Yield determined by 'H NMR integration against internal standard.
“Reaction mixture was heated to 80 °C.

PCy, 1 PCY,

~ NH"'F\ N AR N F\e o/\ :
CFe—N, — R —Fe

~(  |PMepn Penzeneds S | “PMesPh
PCy, 2 PCy,

1 2

Table 4. Catalytic Results for the Hydrosilylation of
Selected Substrates Using Compound 17

Entry Substrate Silane Yield® Time
]
1 O) H,SiPh, 80 15m
i
2 @5 H.,SiPh, 74 3h
(0]
3 ©)J\ H.,SiPh, 74 8h
(0]
4 H.SiPh, 73 3h
]
5 ©) HSiPh; 67 48h

“General conditions: Compound 1 (1.3 ymol), substrate (64 umol),
silane (1.1 equiv), 5.0 pmol of 1,3,5-trimethoxybenzene (internal
standard), and 400 pL of benzene-ds at room temperature. bYield
determined by 'H NMR integration against internal standard.

To further probe the intermediacy of putative iron alkoxides,
the phenoxide complex, [Fe(OPh)(Py)(“PNP)] (5), was
synthesized as shown in eq 3.

PCy, ©\ PCy,
\ ONa = \

/
N—Fe—Cl N—Fe—OPh
~( [y THF ~¢ |
PCys PCy»
py = pyridine 5 (3)

Magnetic susceptibility measurements on 5 gave a ji 4 of 4.6
Up, consistent with high-spin iron(II). Likewise, 'H NMR
spectra appeared highly broadened akin to those observed for
aldehyde insertion into 1. The structure of § is displayed in
Figure 1 and demonstrates a square-pyramidal geometry akin
to that of the chloride complex, [FeCl(py)(“PNP)].*" The
bond lengths observed for the compound are further consistent
with a high-spin ferrous center.

Stoichiometric reactions of § with diphenylsilane resulted in
a mixture of 2, HSi(OPh)Ph,, and an unknown paramagnetic
species that we tentatively assign as the new silyl species,
[Fe(Si{OPh}Ph,)(“”PNP)]. A logical sequence of reactions
leading to this outcome is depicted in Scheme 2. Compound $§
initially reacts with diphenylsilane to produce a mixture of the
bimetallic iron hydride, [Fe(u-H)(®PNP)], (6), and the
corresponding silyl ether, PhOSiHPh,. Subsequent reaction of
6 with either unreacted diphenylsilane or PhOSiHPh, then
produces the observed product mixture. To clarify this reaction
pathway, we examined use of HSiFPh,, which cannot undergo
reaction at a second Si—H bond. Addition of HSiFPh, to §
resulted in clean formation of 6 and the silyl ether PhOSiFPh,
(Scheme 2), consistent with the pathway proposed for
diphenylsilane. Together, these results further demonstrate

https://doi.org/10.1021/acs.organomet.1c00682
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Figure 1. Thermal ellipsoid (50%) rendering of the solid-state
structure of compound S. Hydrogen atoms omitted for clarity.
Selected bond lengths (A) and angles (deg): Fe(1)-O(1) =
1.918(2), Fe(1)-N(2) = 2.142(3), Fe(1)-N(1) = 2.045(3),
Fe(1)—P,,, = 2.603(1), N(1)=Fe(1)-0(1) = 154.22(11), P(1)—
Fe(1)—P(2) = 147.74(3), N(2)—Fe(1)—0(1) = 101.21(10).

Scheme 2. Reactivity of Compound $ with Silanes

PCy, HSIRPh,
= (R=HorF) + PhOSIRPh,
N—Fe—OPh —— >
= (% benzene-dg
PCy,
5

PCyz
N— Fe—Sl OPh)Ph,
PCyz

that iron alkoxides can serve as viable intermediates along the
hydrosilylation pathway.
Turning our consideration from iron alkoxides to iron silyls,

addition of aldehyde is critically important to catalytic
reactions employing 2. Addition of benzaldehyde to mixtures
of 2 and diphenylsilane results in immediate product formation
as judged by "H NMR spectroscopy. However, if diphenylsi-
lane is added to a mixture of 2 and benzaldehyde, then
hydrosilylation yields are greatly reduced, and the reaction
requires several hours to reach full consumption of aldehyde.
These observations reflect formation of the siloxyalkyl species
A via initial reaction of 2 with aldehyde, which subsequently
impedes catalytic turnover.

Given the requirement for the addition of silane to 2 prior to
aldehyde, we were curious about the interactions between iron
silyl precatlaysts 2 and 3 and their respective silanes (H,SiPh,
and HFSiPh,). In prior work, we demonstrated the formation
of iron silyls from 1 and silanes. We also highlighted the
reversibility of the reaction in the presence of H,. Not
examined previously was the role of molecular nitrogen (N,),
which binds to both 1 and the silyl species 2—4. We have now
examined the reaction of silanes with degassed solutions of 2

and 3 (eq 5).

PCy,
= xs HRSiPh, )
N—Fe—SiRPh, ——= 6 + (PhoRSi),
S degassed
PCy, benzene-ds
2(R=H)
3(R=F)

)

Surprisingly, these reactions displayed equilibrium formation of
bridging iron hydride 6, which is in direct contradiction to
what we have observed under a nitrogen atmosphere. These
results therefore raise the possibility that hydride 6 is generated
in small quantities during turnover and serves as the active
catalyst, as opposed to an iron silyl species.

To test the possibility that 6 acts as the true active species in
reactions employing iron silyls 2—4, its behavior under
conditions that more closely mimic catalysis was next
examined (eq 6).

we next examined the chemistry of 2 in more detail. Our PCy,
previous work demonstrated an equilibrium insertion of 20 H,SiPh, = _
benzaldehyde into the Fe—Si bond of 2 (eq 4).* benzene-dy S N—Fe—SiHPh,
PC
PCy2 PCY2  OsiHPh, &
= PhCHO | 5
N—Fe—SiHPh, N—Fe H (6)
~ benzene-d oh
PCy, PCy,
2 A ) Under ca. 1 bar of N,, reaction of 10 equiv of H,SiPh, with 6

The resulting Fe-f-siloxyalkyl (A) is the expected intermediate
in the modified Chalk—Harrod mechanisms shown in Scheme
1. We attempted stoichiometric addition of diphenylsilane to in
situ generated siloxyalkyl species A to determine if it produces
the expected silyl ether product. Unfortunately, these reactions
did not result in the rapid formation of silylether as would be
required by the catalytic results. Instead, formation of the
silylether took several hours as judged by NMR spectroscopy
and was accompanied by several unidentified side products.
This result does not support a role for carbonyl insertion into
the Fe—Si bond for catalytic reactions initiated by 2. Instead,
the sluggish reactivity observed with the siloxyalkyl species
suggests that it much more likely represents an off-cycle
species. In further support of this idea, we find that the order of
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led to an equilibrium mixture of 2 and 6. Increasing the
amount of diphenylsilane to 20 equiv (corresponding to S mol
% catalyst loading) led to an essentially complete formation of
2 as judged by NMR. Thus, in the presence of large excesses of
silane under an N, atmosphere, 6 is rapidly consumed to form
2. Formation of 6 under catalytic conditions is therefore
unlikely, arguing against its intermediacy. Furthermore, the
rapid rates of aldehyde hydrosilylation observed with 2 are
incompatible with 6 serving as the active species as it would
only be present in very small quantities. Instead, we favor an
alternate mechanism for reactions employing iron silyl
precatlysts 2—4. This mechanism likely involves peripheral
reactivity, where the Fe-SiR; moiety interacts with the Si—H
bond of the substrate priming it for reactivity with aldehyde or
ketone (vide infra).
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The stoichiometric reactions described above provide
evidence for the involvement of different mechanistic pathways
as a function of precatalyst. To help validate this proposal we
next looked at linear free energy relationships for aldehyde
hydrosilylation with both iron hydride and iron silyl species.
Due to the observation of single and double hydrosilylation
products in reactions employing diphenylsilane (Table 2),
HSiFPh, was selected as the silane substrate. Accordingly,
complex 3 was used in place of 2 as the silyl precatalyst to
ensure consistency with the silane. Relative rates of hydro-
silylation were determined from product ratios obtained from
competition reactions for a series of substituted benzaldehyde
derivatives (Figure 2). Both catalyst systems were found to
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Figure 2. Hammett correlation for the hydrosilylation of para-
substituted benzaldehyde derivatives with HSiFPh, catalyzed by 1
(orange) and 3 (blue). Values of log(ky/ky;) were determined by

product ratios from competition experiments.

display a positive slope indicating the buildup of negative
charge in the transition state. However, the p values for the two
catalyst systems (0.60 and 0.91 for 1 and 3, respectively) were
found to show significant differences, consistent with distinct
mechanistic pathways for the two precatalysts.

Similar examination of ketone hydrosilylation using
acetophenone derivatives produced the Hammett correlation
plots shown in Figure 3. In contrast to aldehydes, hydro-
silylation of ketones by both 1 and 3 shows a nearly identical
correlation for both precatalysts.

The similarity of both Hammett correlations for precatalysts
1 and 3 suggests that one mechanism dominates when ketones
are used as substrates. This situation contrasts results with
aldehydes, where both catalytic studies and the Hammett plots
suggest two different mechanisms are at play depending upon
the precatalyst employed. The identity of the substrate
(aldehyde versus ketone) therefore plays a significant role in
selecting for the operative hydrosilylation pathway. In the case
of aldehydes, equilibrium insertion of benzaldehyde into 1 is
likely rapid and able to compete with protonation by
diphenylsilane to give 2. As such the Fe—H unit remains
intact and can catalyze hydrosilylation via a Chalk—Harrod
mechanism. By contrast, reactions employing 2 have no means
of rapidly regenerating 1 during catalytic turnover and
therefore must proceed by a different mechanism. The sluggish
reactivity observed for intermediate A argues against a
modified Chalk—Harrod process; therefore, reactions with
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Figure 3. Hammett correlation for the hydrosilylation of para-
substituted acetophenone derivatives with HSiFPh, catalyzed by 1
(orange) and 3 (blue). Values of log(ky/k;;) were determined by
product ratios from competition experiments.

precatalyst 2 most likely proceed by a peripheral process. In
the case of ketones, insertion of the carbonyl unit into the Fe—
H bond of 1 is considerably slower providing an opportunity
for formation of 2 (eq 1). Consequently, both precatalysts
operate by a common mechanism featuring Fe—Si species akin
to aldehyde hydrosilylation by 2. When 1 is employed,
however, the molecular hydrogen generated by reaction with
silane ensures that some quantity of both Fe—H and Fe—Si
remain present in solution.*” Thus, in cases where hydro-
silylation is not observed with the silyl precatalyst (e.g,
benzophenone), precatalyst 1 is capable of defaulting to a
Chalk—Harrod-type pathway. This mechanistic proposal is in
good agreement with the disparate reactivity between 1 and 2
with select substrates as seen in Table 4.

The Hammett plots for both aldehyde and ketone
hydrosilylation displayed above demonstrate that substrate
substituents exert an effect on the rate of the catalytic reaction,
but they do not provide definitive information regarding the
nature of the turnover-limiting step, nor do they reveal to what
extent other factors may influence overall catalytic efficacy. We
were therefore curious to examine the kinetics of the
hydrosilylation reaction to provide further clarity. The rapid
nature of the hydrosilylation reaction with benzaldehyde
derivatives made kinetic monitoring of such reactions
challenging, so efforts were directed toward ketones. For
operational simplicity, we elected to monitor the reaction of 4-
fluoroacetophenone with diphenylsilane by 'F NMR spec-
troscopy. A representative reaction profile for both 1 and 2 as
precatalysts can be found in the Supporting Information. When
1 was used, both ketone and silane were added simultaneously
to avoid the formation of 2. For reactions employing
precatalyst 2, silane was added before 4-fluoroacetophenone.
Kinetic profiles for both processes are complex, so the initial
rate of catalyst 1 was taken as the tangent of the initial 630 s of
the reaction. Catalyst 2 proved more rapid, and the initial rate
was determined in similar fashion using the first 80 s of the
reaction.

Reaction component dependences were investigated by
monitoring the change in initial rate upon variation in the
concentrations of each reactant. Catalyst loading was examined
first. Increasing the concentration of both 1 and 2 resulted in a

https://doi.org/10.1021/acs.organomet.1c00682
Organometallics 2022, 41, 430—440


https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.1c00682/suppl_file/om1c00682_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00682?fig=fig3&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organometallics

pubs.acs.org/Organometallics

Scheme 3. Mechanistic Proposal for Catalytic Hydrosilylation by “PNPFe

o)
(F‘2 H)
L compez‘!ive silyl
exchange thRSin\ .
PhaRS}-- HSIRPh, | H-----SiRPh,
HSIRPh, Fe_ —
/ Lren, PhoRSi—H
o
PMe,Ph ,
? HSIRPh, _ R1J\R2
Fe—Q R1 Chalk-Harrod v Peripheral
2
Fe = CYPNPFe Rics
L= N2, PMezph thRSl _____ ‘k
PhZRS'\ PthS| ------ 0
HSIRPh, R1H -

positive dependence on the initial rates, consistent with the
turnover-limiting step involving the iron catalyst (see the
Supporting Information). In similar fashion, variation in the
concentration of acetophenone also demonstrated positive
dependences for both 1 and 2. In the case of both catalyst and
acetophenone concentration, fits of the initial rate data to
power functions suggested noninteger dependences for several
reactants (see the Supporting Information). We believe these
values reflect the multiple complex equilibria at play during
catalytic turnover and are not indicative of a single turnover-
limiting elementary step (vide infra).

In contrast to both catalyst and acetophenone concentration,
varying the amount of diphenylsilane was observed to lead to a
minor slowing of the initial rate for both precatalysts. This
result is surprising given that typical mechanistic proposals for
carbonyl hydrosilylation feature a positive dependence on
silane concentration. For example, Gade and co-workers
observed a first-order dependence on silane concentration
with the Fe boxmi pincer system, consistent with a Chalk—
Harrod-type mechanism involving rate- determlnmg addition of
silane to an intermediate iron alkoxide.*® In our system, we
propose that the apparent negative dependence on silane may
stem from the ability of active species 2-silane (vide infra) to
react with additional silane leading to degenerate silyl
exchange. In this way, silane competes directly with incoming
substrate accounting for the negative dependence. In support
of this conjecture, addition of excess H,SiPh, to compound 4
in the absence of carbonyl substrate was found to rapidly
generate a mixture of 2 and 4 (eq 7).

PCy, PCy,
= H,SiPhy = .
N—Fe—SiMePh, ————~ N—Fe—SiHPh,
=~ benzene-dg
PCy, PCy»
4 2 (7)

A final consideration in the chemistry of both compounds 1
and 2 is the role of molecular nitrogen and phosphine during
catalytic turnover. Having established the proclivity of both
species to bind N,, we anticipate that the rate of hydro-
silylation with both precatalysts will show a minor negative
dependence on N, concentration. However, due to the
challenge of reproducibly altering the partial pressures of N,
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for these multicomponent reactions, we have not performed
such experiments at this time. Regarding the role of phosphine,
we have examined catalysis using 2 in the presence of PMe,Ph.
We have previously demonstrated that phosphine binds to the
silyl species, 2, to generate 2-PMe,Ph."” Indeed, the phosphine
adduct can be isolated from the addition of H,SiPh, to 1. 'H
and ¥P NMR spectra of 2-PMe,Ph and 2, however, are
identical at ambient temperature indicating equilibrium
association of PMe,Ph to 2 on a time scale faster than that
of the NMR. To test the possibility that PMe,Ph serves as a
catalytic inhibitor, kinetic experiments were also performed
with 2-PMe,Ph. Initial rates for 2-PMe,Ph were slower than
those of 2, confirming that PMe,Ph does have an inhibitory
effect on catalysis. Moreover, the presence of PMe,Ph brings
the initial rate of catalysis by 2-PMe,Ph in line with that of 1,
further consistent with a unified peripheral mechanism for
both precatalysts in the case of ketone hydrosilylation. Last, we
also examined the kinetics of the bridging hydride complex, 6,
to rule out the possibility that it forms in small quantities when
2 is exposed to H,SiPh, and serves as the active catalyst. Initial
rates with compound 6 were found to be the slowest of the
complexes examined and it is therefore unlikely that this
species plays a significant role in catalysis.

B DISCUSSION

Given the results of both the stoichiometric experiments and
kinetics trials presented above, we propose a mechanism for
the iron-catalyzed hydrosilylation of aldehydes and ketones
depicted in Scheme 3. In the case of aldehyde hydrosilylation
by precatalyst 1, equilibrium insertion of the carbonyl unit into
the Fe—H bond is relatively facile and produces an
intermediate iron alkoxide species. Incoming silane then
performs a o-bond metathesis to re-form 1 and release the
silylether product according to a standard Chalk—Harrod-type
process. By contrast, precatalyst 2 is unlikely to operate by a
similar mechanism since it lacks an Fe—H or access thereto
under the reaction conditions. Instead, we observe that
addition of aldehyde can lead to equilibrium insertion into
the Fe—Si bond to form a Fe-f-siloxyalkyl species. Such a
pathway would correlate with a modified Chalk—Harrod
mechanism as shown in Scheme 1. However, in the present
system these siloxyalkyl species are not kinetically competent
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as demonstrated by the requirement that reactions initiated
with 2—4 be premixed with silane prior to addition of
aldehyde. This fact therefore supports an alternative mecha-
nism for precatalyst 2 involving formation of a silyl—silane
adduct (2-silane).** Peripheral reaction of carbonyl substrates
with the activated silane complex then permits o-bond
metathesis to occur in the outer-sphere of the Fe center.
Unlike the peripheral mechanism reported by Driess and
Oestreich, however, we believe the metal center activates the
silane as opposed to the carbonyl substrate for further
reactivity.”® In this way, the present system is more akin to
the Ru phosphinoborane catalyst reported by Tilley, which was
demonstrated to react with ketones through activated 7*-silane
adducts.”

Attempts to observe the silane adduct, 2-silane, by NMR
spectroscopy have thus far been unsuccessful most likely due
to the equilibrium nature of silane association (vide supra 2-
PMe,Ph). Moreover, the activated adduct is likely to readily
engage in silyl exchange, further confounding attempts to
observe it spectroscopically. Such a consideration could explain
the apparent inverse silane dependence observed for ketone
hydrosilylation. In addition, both N, and free phosphine will
lead to competing equilibria with silane association accounting
for the noninteger dependencies observed in kinetics experi-
ments and the observed slowing of ketone hydrosilylation by 2
in the presence of PMe,Ph.

For ketone hydrosilylation, the Hammett analysis points to a
single mechanism for both precatalysts 1 and 2. Given that
carbonyl insertion into the Fe—H bond of 1 is significantly
slower on steric grounds, protonation by silane is likely to be
competitive giving rise to an iron silyl species akin to 2 under
catalytic conditions. Hydrosilylation of ketones is therefore
more likely to operate via a peripheral mechanism featuring a
Fe—Si species for both precatalysts 1 and 2. In the case of
precatalyst 1, the remaining equivalent of H, formed by
protonation of the hydride permits the regeneration of 1,
which is relevant for those substrates like benzophenone that
show no turnover with precatalyst 2.

The mechanistic framework in Scheme 3 also explains many
of the substrate preferences observed for the catalyst system.
Steric requirements of both the carbonyl substrate and silane
affect the overall catalytic efficacy, with bulkier groups
disfavoring both the formation of 2*silane and the correspond-
ing transition state for hydrosilylation. Likewise, aliphatic
aldehydes and ketones present the possibility for unproductive
P-H elimination from insertion products involving the Fe—Si

bond.

B CONCLUSIONS

In this contribution, we sought to probe the role of iron silyl
species in carbonyl hydrosilylation with a well-defined pincer
system. Given that mechanistic proposals for hydrosilylation
are discussed frequently with little direct evidence for discrete
catalytic steps, we chose to examine a series of iron complexes
of relevance to both Fe—H and Fe—Si driven mechanisms
(Scheme 1).

Stoichiometric reactivity of iron hydrides with aldehydes
established the 1,2-migratory insertion of carbonyl moieties
into the Fe—H bond to form an Fe alkoxide followed by
subsequent o-bond metathesis to reform the Fe hydride. The
steric properties of both the carbonyl moiety and silane used
influence whether a Chalk—Harrod or peripheral mechanism is
operative, and both may be operative simultaneously when Fe
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hydrides are employed. In the case of iron silyl species, 2,1-
insertion of aldehydes into the Fe—Si bond produces a
silyoxyalkyl intermediate, but the subsequent o-bond meta-
thesis required to close the catalytic cycle was not kinetically
competent. Instead, initial reaction of the iron silyl species with
silane is required to observe hydrosilylation at a comparable
rate to what was observed catalytically.

Kinetic investigations of ketone hydrosilylation support a
common mechanism for both hydride and silyl precatalysts.
This proposal was further bolstered by Hammet studies, which
demonstrated nearly identical p values for the two catalysts
systems. In total, these data are consistent with a peripheral
mechanism (Scheme 3) which hinges upon the reaction of
ketone or aldehyde with an Fe-silane active species.

On a final note, many mechanistic proposals for Fe-catalyzed
hydrofunctionalizations of polar substrates propose the
intermediacy of iron hydrides. In this study, we have provided
strong evidence for an alternative picture, in which the active
species under certain conditions may feature an Fe—
heteroatom bond. Furthermore, we have demonstrated the
importance of competitive side-reactions of the active catalyst
that do not alter the overall product distribution but play an
important role in the observed kinetics. Such reactions are
often dismissed, but they likely feature prominently in catalysis
by earth-abundant metal systems where energy barriers to off-
pathway reactions may be much lower than those for precious
metals.

B EXPERIMENTAL SECTION

General Comments. All manipulations were performed under an
atmosphere of purified nitrogen gas using a Vacuum Atmospheres
glovebox. Tetrahydrofuran, diethyl ether, pentane, and toluene were
purified by sparging with argon and passage through two columns
packed with 4 A molecular sieves and activated alumina (THF). 'H
NMR spectra were recorded on a Bruker spectrometer operating at
300 or 500 MHz ('H) in benzene-d unless otherwise noted and
referenced to the residual protium resonance of the solvent (5 7.16
ppm). F NMR spectra were recorded at 470 MHz and referenced
automatically using the H lock frequency. Magnetic susceptibility
measurements were performed in solution using Evans’ method*
without a solvent correction using reported diamagnetic corrections.*”
Elemental analyses were performed by the CENTC facility at the
University of Rochester.

Materials. Compounds 1—4 and HSiFPh, were prepared
according to published procedures.*”** All other reagents were
purchased from commercial suppliers and used as received.

Crystallography. Crystals of § suitable for X-ray diffraction were
mounted, using Paratone oil, onto a nylon loop. All data were
collected at 98(2) K using a Rigaku AFC12/Saturn 724 CCD fitted
with Mo Ka radiation (4 = 0.71075 A). Low-temperature data
collection was accomplished with a nitrogen cold stream maintained
by an X-Stream low-temperature apparatus. Data collection and unit
cell refinement were performed using CrystalClear software.*” Data
processing and absorption correction, giving minimum and maximum
transmission factors, were accomplished with CrysAlisPro™® and
SCALE3 ABSPACK,*" respectively. The structure, using Olex2,>* was
solved with the ShelXT structure solution program using direct
methods and refined (on F?) with the ShelXL refinement package
using the full-matrix, least-squares techniques.”>** All nonhydrogen
atoms were refined with anisotropic displacement parameters. All
hydrogen atom positions were determined by geometry and refined
by a riding model.

[Fe(OPh)(Py)(CVPNP)], 5. A flask was charged with 0.256 g (0.390
mmol) of [FeCl(py)(“’PNP)] and 5 mL of THF. To the golden
yellow solution, 0.04S g (0.39 mmol) of NaOPh as a solid was added
in one portion. The solution immediately became red-orange in color.
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The reaction mixture was allowed to stir for 2 h at room temperature.
All volatiles were removed in vacuo, and the red residue was extracted
into toluene and filtered through a pad of Celite. The toluene solution
was evaporated to dryness to give a red residue. The residue was
dissolved in a minimal amount of heptane, filtered, and the solution
set aside at —30 °C for 24 h. During this time the desired material
precipitated as 0.207 g (74%) of green crystals. Crystals suitable for X-
ray diffraction were grown from a concentrated heptane solution at
room temperature. Mp: 124—127 °C. p = 4.6(4) uz. NMR (300
MHz): 'H 6 452, 44.0, 43.7, 31.4, 25.5, 12.4, 8.0, 2.2, 2.1, —0.1, — 1.6,
—3.6, —8.0, —12.6, —25.8. Anal. Calcd for C,;H¢,FeN,OP,-1/2C,H 4
C, 69.88; H, 8.96; N, 3.66. Found: C, 69.70; H, 9.13; N, 3.44.
Elevated C and H and depressed N values are consistent with residual
amounts of heptane in the lattice.

General Procedure for Hydrosilylation Reactions. An NMR
tube was charged with 0.5—2.4 pmol of catalyst as a solution in
benzene-d;, 55—133 pmol of H,SiPh,, and 5.0 umol of 1,3,5-
trimethoxybenzene as an internal standard. Ketones and aldehydes
were added as 10 pL aliquots (55—121 wmol) for neat liquid
substrates or 100 uL aliquots of either S0 or 100 mM solutions in
benezene-dg (50—100 pmol) for solid substrates. The final volume of
the NMR tube was brought to 400 yL with additional benzene-dg.
The yield of silyl ether was determined by NMR integration and each
experiment repeated a minimum of 2 times.

General Procedure for Hammett Experiments with Alde-
hydes. An NMR tube was charged with 2.0 pmol of catalyst 1 or 3
and 98 pumol of HSiFPh,. To this mixture was added an equimolar
amount of benzaldehyde and p-substituted benzaldehyde (each 98
umol) as a solution in benzene-dg. The final volume of the NMR tube
was then brought to 400 uL with additional benzene-d. In the case of
1, both silane and ketone substrates were added simultaneously to
avoid formation of 3. Relative rate constants were determined by
NMR integration of the corresponding silyl ether products. Each
experiment was conducted a minimum of 3 times.

General Procedure for Hammett Experiments with Ke-
tones. An NMR tube was charged with 1.6 ymol of catalyst 1 or 3
and 86 umol of HFSiPh,. To this mixture was added an equimolar
amount of acetophenone and p-substituted acetophenone (each 86
umol) as a solution in benzene-dg. The final volume of the NMR tube
was then brought to 400 xL with additional benzene-d. In the case of
1, both silane and ketone substrates were added simultaneously to
avoid formation of 3. Relative rate constants were determined by
NMR integration of the corresponding silyl ether products. Each
experiment was conducted a minimum of 3 times.

General Procedure for Kinetics Experiments. An NMR tube
was charged with 4.1—-8.2 gmol of catalyst 1 or 2, 226—905 pmol of
H,SiPh,, 64 pmol of 1,4-bis(trifluoromethyl)benzene as an internal
standard, and sufficient benzene dg to achieve a final solution volume
of 500 uL after addition of 4-fluoroacetophenone. The tube was
capped with a rubber septum. After initial lock and shim of the
sample, 206—659 pmol of 4-fluoroacetophenone was injected into the
tube via the septum. In the case of 1, both silane and ketone were
added simultaneously after initial lock and shim. Data acquisition was
commenced immediately after injection of substrate. Each kinetics
trial was conducted a minimum of 2 times.

B ASSOCIATED CONTENT
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