Inorganic Chemistry

pubs.acs.org/IC

Preparation and Hydrosilylation Activity of a Molybdenum Carbonyl
Complex That Features a Pentadentate Bis(imino)pyridine Ligand

Raja Pal,” Thomas L. Groy,Jr Amanda C. Bowman,™® and Ryan J. Trovitch*

TDepartment of Chemistry & Biochemistry, Arizona State University, Tempe, Arizona 85287, United States

*Department of Chemistry, Transylvania University, Lexington, Kentucky 40508, United States

© Supporting Information

ABSTRACT: Attempts to prepare low-valent molybdenum
complexes that feature a pentadentate 2,6-bis(imino)pyridine
(or pyridine diimine, PDI) chelate allowed for the isolation of
two different products. Refluxing Mo(CO); with the pyridine-
substituted PDI ligand, *'PD], resulted in carbonyl ligand
substitution and formation of the respective bis(ligand)
compound (*"*PDI),Mo (1). This complex was investigated
by single-crystal X-ray diffraction, and density functional

o 1) 0.1 mol% (*=PPTPDIMo(CO)
O
+ PhSiHs 90 °C, 3 h, neat
2) 10% aq. NaOH, 1h
R H R

52-99% Conversion for 11 Examples
Hydrosilylation TOFs of 173-330 h!

(PhzPPrPDI)Mo(CO)

theory calculations indicated that 1 possesses a Mo(0) center that back-bonds into the z*-orbitals of the unreduced PDI
ligands. Heating an equimolar solution of Mo(CO); and the phosphine-substituted PDI ligand, "*"""PDI, to 120 °C allowed for
the preparation of (""***"PDI)Mo(CO) (2), which is supported by a x°-N,N,N,P,P-""P'PDI chelate. Notably, 1 and 2 have been
found to catalyze the hydrosilylation of benzaldehyde at 90 °C, and the optimization of 2-catalyzed aldehyde hydrosilylation at
this temperature afforded turnover frequencies of up to 330 h™". Considering additional experimental observations, the potential

mechanism of 2-mediated carbonyl hydrosilylation is discussed.

B INTRODUCTION

Homogeneous transition metal complexes capable of mediating
the efficient and selective reduction of C=C and C=0 bonds
have long been sought and studied by coordination chemists."
While hydrogenation catalysts have become vastly utilized for the
synthesis of pharmaceuticals and other fine chemicals,” hydro-
silylation catalysts have enabled the production of a wide range of
silicone coatings and adhesives.” Most industrial-scale hydro-
silylation processes rely on precious metal catalysts due to their
activity and stability;* however, such catalysts are not always
desirable because of their high cost and inherent toxicity.® These
characteristics have inspired the search for nonprecious metal
hydrosilylation catalysts that operate with competitive activities,
selectivities, and catalyst lifetimes.® This motivation has led
researchers to develop numerous inexpensive and sustainable
Mn,” Fe,® Co,” and Ni'® hydrosilylation catalysts.

While the focus on late first-row transition metal hydro-
silylation catalysis continues to intensify,'" the investigation of
homogeneous Mo-based reduction catalysis has remained
relatively overlooked, even though this metal is nontoxic'> and
relatively abundant in the earth’s crust (1.2 mg/kg)."”> Well-
defined Mo complexes that mediate the hydrogenation of C=
C'"!® and C=0 bonds'®"” have been studied; however, the
activity of these catalysts has remained limited to <50 h™" at 100
°C, which was reported for Mo(CO);(NCMe)(PPh;),-medi-
ated olefin hydrogenation.'> Mo-based alkene hydrosilylation
catalysts have also been described;'*'® however, coordination
chemists have been far more successful in developing robust and
highly active Mo catalysts that mediate C=O bond hydro-
silylation. In 2003, Dioumaev and Bullock reported that
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[CpMo(CO),(IMes)][B(C4Fs),] is active for the hydro-
silylation of 3-pentanone at 23 °C; however, the initial turnover
frequency (TOF) of 10 h™" recorded for this transformation was
inferior to the TOFs observed for the tungsten congener of this
complex (370 h™')." Research conducted by the Royo™® and
Abu-Omar”! groups has demonstrated that Mo(IV) dioxo
complexes can catalyze the hydrosilylation of aldehydes and
ketones with TOFs of up to 80 h™" at 25 °C.*%" Similar TOFs for
the hydrosilylation of aldehydes using several related Mo(IV)
imido complexes have since been reported by the Nikonov
group.”> Mo(0) hydrosilylation catalysts have also been
described,”® and Berke and co-workers recently revealed that
[(DPEphos)Mo(NO)(NCMe),][BAr",] can mediate the hy-
drosilylation of aldehydes with TOFs of up to 4864 h™" at 120 °C
and the hydrosilylation of ketones with initial TOFs of up to
32000 h™" at 120 °C.**

With this precedent in mind, we hypothesized that it might be
possible to design a low-valent Mo hydrosilylation catalyst that is
bound to a single donor-substituted PDI ligand, rather than the
set of bidentate and monodentate ligands that constitute
[(DPEphos)Mo(NO)(NCMe),][BAr",]. Our group has re-
cently utilized this methodology”® to prepare a formally
zerovalent Mn complex, (""2"""PDI)Mn,”" that catalyzes ketone
hydrosilylation with TOFs of up 76800 h™' at ambient
temperature. Herein, we describe our efforts to prepare Mo
complexes that feature a pentadentate PDI ligand, as well as the
hydrosilylation activity of the isolated products.
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B RESULTS AND DISCUSSION

This project commenced with the synthesis of 2,6-bis[1-(2-
ethylpyridylimino )ethyl]pyridine (*"*PDI), which we hoped
would coordinate to low-valent Mo in a °-N,N,N,N,N-fashion.
Although ™HPDI had previously been prepared in low yield
(24.6%) by heating a benzene solution of 2,6-diacetylpyridine
and 2-aminoethylpyridine,* it was discovered that yields of up to
96% could be obtained upon heating a toluene solution of these
starting materials, a catalytic amount of p-toluenesulfonic acid,
and 4 A molecular sieves in a thick-walled glass bomb to 80 °C.
With PP*PDI in hand, a stoichiometric amount of this ligand was
added to an m-xylene solution of Mo(CO)y, and heating to 130
°C for 2 days produced a brown-colored solution that offered
evidence for ""PDI metalation by '"H NMR spectroscopy.
Because appreciable amounts of the newly formed product could
not be isolated from this reaction, the stoichiometry was
modified such that 2 equiv of ”"**PDI was added per Mo(CO)j
equivalent. This adjustment allowed the isolation and full
characterization of the respective bis(ligand) compound
("EPDI),Mo (eq 1, 1). Alternatively, this complex has been
prepared by reducing (py);MoCl,*” with excess Na amalgam in
the presence of 2 equiv of "**PDIL

2 PYEtpp)

co m-xylene
OC:,,,,,%N!d“““\““CO 130 °C
OC/ | \CO -6CO

| N\
2 PYEtpp) y
THF, 23°C o T o
5 Na/H
a/Hg \Mo/
3 Nat ﬁN/ e
- a N
| = ) |
\

(M

To confirm the identity of 1, single crystals of this complex
were grown from a concentrated pentane solution at —35 °C and
further analyzed by X-ray diffraction. The solid-state structure of
1 (Figure 1) confirmed that each "*PDI chelate is coordinated
to the metal center in a terdentate fashion and that the overall
geometry about Mo is best described as distorted octahedral,
with N(2)—Mo(1)—N(2A) and N(1)—Mo(1)—N(3) angles of
179.7(2)° and 147.55(15)°, respectively. Although several
reports have demonstrated the coordination of bis(imino)-
pyridine chelates to Mo, only one other complex featuring «°-
N,N,N-PDI ligation has been crystallographically characterized
to date: (***PDI)MoCl,.*” This complex was found to have
chelate bond distances that are consistent with minimal back-
bonding from the Mo(III) center to the 7*-orbitals of **"PDI
(Nimine_cimine = 124(2)) 131(2) A; Cimine_cpyridine = 149(3)1
1.51(3) A). In contrast, the bond distances established for the
bis(imino)pyridine framework of 1 (Table 1) indicate that a
significant amount of electron density is being transferred from
the metal center to the 7-system of each chelate, as might be
expected for a formally zerovalent Mo complex. This is most
apparent when considering the elongated N(1)—C(2) and
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Figure 1. Solid-state structure of 1 shown with 30% probability
ellipsoids. Hydrogen atoms and cocrystallized pentane molecule are
omitted for clarity.

Table 1. Experimental and Calculated (RKS and RKS/
COSMO) Bond Lengths (A) and Angles (deg) for 1

1 RKS RKS/COSMO
Mo(1)—-N(1) 2.078(4) 2.115 2.093
Mo(1)-N(2) 2.026(4) 2.040 2.038
Mo(1)-N(3) 2.074(4) 2.113 2.086
N(1)-C(2) 1.335(6) 1.340 1337
N(3)-C(8) 1.351(6) 1.341 1.340
C(2)-C(3) 1.419(7) 1423 1421
C(7)-C(8) 1.420(7) 1423 1.420
N(2)-C(3) 1.407(6) 1.400 1.402
N(2)-C(7) 1.405(6) 1.400 1.403
N(1)—-Mo(1)—-N(1A) 86.8(2) 87.34 91.11
N(1)—Mo(1)-N(3) 147.55(15) 147.44 147.26
N(1)—Mo(1)—N(3A) 102.09(15) 101.58 97.16
N(2)—Mo(1)-N(2A) 179.7(2) 179.71 176.40

N(3)—C(8) distances of 1.335(6) and 1.351(6) A, as well as the
contracted C(2)—C(3) and C(7)—C(8) distances of 1.419(7)
and 1.420(7) A, determined for 1.

Since the redox noninnocent nature of bis(imino)pyridine
ligands has been widely publicized,>* > one must consider
whether 1 is best described as having a Mo(0) center that simply
back-bonds into the 7-system of each ”’**PDI ligand or as having
an oxidized Mo center that is supported by radical monoanion or
dianionic chelates. Although the bond distances determined for 1
might suggest that each chelate is reduced by at least one electron
(one-electron reduction: C;;,c—Nimine = 1.32 A, Ciine—C
= 1.44 A; two-electron reduction: Cine—Nipine = 1.36 A, Cine—
Chyridine = 1.40 A),*" recent work to determine the electronic
structure of related (MADI),Mo(CO), (DI = a-diimine)
complexes has revealed that they possess Mo(0) metal centers,
even though the DI structural parameters are consistent with
single-electron reduction.® To further investigate the electronic
structure of 1, density functional theory (DFT) calculations were
performed at the B3LYP level of theory. The bond distances and
angles found within the restricted Kohn—Sham (RKS, closed
shell) and RKS with applied conductor-like screening model

pyridine
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(RKS/COSMO, accounts for solvent effects) solutions for 1
(Table 1) are consistent with the experimentally determined
values. The HOMO, HOMO-1, and HOMO-2 orbitals of 1 are
highly covalent and reveal significant metal to ligand back-
bonding (25—39% Mo; see Scheme S1 of the Supporting
Information). Furthermore, attempts to calculate the open-shell
singlet (unrestricted Kohn—Sham, UKS with S = 0) converged to
the closed-shell solution, while the open-shell triplet (UKS with S
= 1) was geometrically distorted and found to be approximately
20 kcal/mol higher in energy than the RKS solution (see Table
S4 of the Supporting Information). These results indicate that 1
can best be described as having a zerovalent metal center that
engages in back-bonding with each "*'PDI ligand.

Having determined that ”*PDI displaces the carbonyl ligands
of Mo(CO),, we hypothesized that incorporating high field
strength donors within each imine substituent might allow the
preparation of a zerovalent Mo complex featuring k- rather than
*-PDI coordination. Knowing that the phosphine-substituted
chelate, P2"P"PDI (eq 2), can coordinate to low-valent Rh** and

CcO
OCu,, | .CO  PrPPipp,
Mo 90 o g
oc”™ | ~~co 120°C,2d
co toluene
-5CO

@)

Mn”" in a pentadentate fashion, a stoichiometric quantity of this
chelate was added to a toluene solution of Mo(CO),, and the
reaction was heated to 120 °C for 48 h. The resulting pink
product was analyzed by multinuclear NMR spectroscopy and
was found to exhibit a single *'P NMR resonance at 34.88 ppm.
Furthermore, this complex was found to possess six ligand
methylene environments by "H NMR spectroscopy (expected
for a complex that contains a C, rotation axis and top-to-bottom
chelate inequivalence),** confirming that """"PDI chelate was
coordinated in a pentadentate fashion. Analysis of this complex
by IR spectroscopy revealed a single CO stretch at 1740 cm™,
suggesting that the newly formed complex retains one CO ligand

that is accepting a significant amount of electron density via 7-
back-bonding from the Mo center. This stretching frequency is
slightly lower than those reported for trans-[Mo(CO)(NC"Pr)-
(Ph,PCH,CH,PPh,),] (vco = 1745 ecm™')* and [Mo(CO)-
(Et,PCH,CH,PE,),],(4-N,) (vco = 1747 em ™) but higher
than those reported for [Mo(CO)(Et,PCH,CH,PE,),] (vco =
1721 cm™) and [Mo(CO) (‘Bu,PCH,CH,PBu,),] (vco = 1724
cm™"), which feature an agostic C—H bond trans to CO.% Taken
together, these data suggested that the newly prepared complex
was six-coordinate, ("""P"PDI)Mo(CO) (2, eq 2).

An isolated crystal of 2 was then analyzed by single-crystal X-
ray diffraction to determine the overall geometry about Mo, as
well as the existing degree of metal to "?"P"PDI z-back-bonding.
The solid-state structure (Figure 2) and metrical parameters
(Table 2) determined for 2 reveal a few surprising characteristics.
The geometry about the Mo center in 2 is significantly distorted
from an idealized octahedron with N(1)—Mo(1)—N(3) and
P(1)—Mo(1)—P(2) angles of 147.91(15)° and 155.46(5)°,
respectively. More importantly, the carbonyl ligand is not linearly
oriented with the pyridine functionality of "*"""PDL In turn, the
N(2)—Mo(1)—C(40) and N(1)—Mo(1)—C(40) angles of
171.43(18)° and 97.74(18)°, respectively, appear to dictate
how the Mo center in 2 engages in 7-back-bonding. It is believed
that the solid-state positioning of the carbonyl ligand serves to
maximize its ability to participate in 7-back-donation together
with the N(1)—C(2) PDI imine arm [i.e., both N(1) and C(40)
appear to lie on principal Mo bonding axes since these atoms
form an angle close to 90°]. Upon examining the C;,;,.—N
and Ciyine—Coyridgine chelate distances, it is clear that the electron
density transferred to "2PP"PDI via back-donation is localized
between N(1) and N(2), as N(1)—C(2) and N(2)—C(3) are
elongated to 1.362(6) and 1.390(6) A, respectively, while C(2)—
C(3) is significantly shortened to 1.402(7) A3! This contrasts
the distances found for N(3)—C(8), C(7)—C(8), and N(2)—
C(7), which indicate poorer Mo—PDI z-overlap. These
parameters suggest that 2 can best be described as having a
Mo(0) center that participates in z-back-bonding since a PDI
chelate that is reduced by one or more electrons would likely
exhibit complete electron delocalization.®”

imine

Figure 2. Solid-state structure of 2 shown with 30% probability ellipsoids (left). A view of the bis(imino)pyridine/carbonyl plane with the chelate ligand
arms removed for clarity (right). Hydrogen atoms and a disordered, cocrystallized diethyl ether molecule have been omitted from each rendering.
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Table 2. Experimental Bond Lengths (A) and Angles (deg)
Determined for 2

found to dramatically impact the rate of 2-catalyzed
benzaldehyde hydrosilylation (Table 3). For example, heating a
benzene-ds solution of benzaldehyde and diphenylsilane

Mo(1)-N(1) 2070(4) containing 1.0 mol % of 2 to 90 °C gave only 32% conversion
l\l\iogi;—ﬁgg i'(l)gzgi; after 4.5 h (entry 2), while the use of Ph;SiH completely shut
MZ(I):P(I) 24301 (13) down catalysis (entry 3). While a similar effect was noted for
Mo(1)=P(2) 2' 4825(13) Et;SiH, quaternary silyl ethers could be prepared when using
Mo(1)—C(40) 195 5(s) unhindered ethoxysilanes (entries 4—6). Although conducting
C(40)-0(1) 1' 183(6) the hydrosilylation of benzaldehyde with phenylsilane at 120 °C
N(1)—-C(2) 1:3 62(6) resulted in near complete conversion after only 1 h (TOF = 90
N(3)-C(8) 1.323(6) h™'), it was found that running the reaction at 0.1 mol % 2 in the
C(2)-C(3) 1.402(7) absence of solvent at 90 °C resulted in an improved TOF of 323
C(7)=C(s) 1453(7) h™" (entry 9). These conditions were determined to be ideal for
N(2)-C(3) 1.390(6) exploring the synthetic utility of 2, as minimizing energy input
N(2)-C(7) 1.368(6) :2;11 ;SZ;“ use are critical considerations from a sustainability
Eg;_ﬁgg;_gg; ;:773;1(5) Our efforts to investigate the substrate scope of 2-catalyzed
N(1)=Mo(1)—C(40) 97.74(18) aldehyde hydrosilylation are summarized in Table 4. Since both
N(2)=Mo(1)—C(40) 171.43(18) PhSiH(OCH,Ph), and PhSiH,(OCH,Ph) had formed following
P(1)-Mo(1)-P(2) 155.46(5) benzaldehyde hydrosilylation, the conversion of silyl ethers to

The cyclic voltammogram of 2 in THF provides further
evidence for this electronic structure assignment (Figure S9 of
the Supporting Information). The reversible oxidation of 2 was
found to occur at E,, = —1.21 V vs Fc/Fc" (scan rate = 25 mV/
s). This potential is consistent with the oxidation of Mo(0) to
Mo(I) based on previously reported carbonyl stretching
frequency”® and ligand parameter™ electrochemical correlation
studies. It is interesting to note that the one-electron reduction of
2 is also reversible (E,,, = —2.63 V vs Fc/Fc"), suggesting that
PDI noninnocence allows the formation of a formal Mo(—I)
complex that possesses a PDI radical anion.

Having characterized 1 and 2, the hydrosilylation activity of
both complexes was investigated. Heating an equimolar benzene-
dg solution of benzaldehyde and phenylsilane with 1.0 mol % of
either 1 or 2 to 90 °C allowed for complete substrate reduction
after 4.5 h. While comparable activity was noted for both
complexes, the optimization of 2-catalyzed aldehyde hydro-
silylation was pursued since 2 can be prepared directly from
Mo(CO)g and *?*P"PDI in high yield. Varying the reductant was

their parent alcohols was conducted for several trials by treating
the reaction mixture with aqueous 10% NaOH, in order to
simplify product isolation.”! As shown in entries 1—S5, varying the
electronic properties of the aldehyde had little influence on the
observed TOFs. Importantly, these trials also indicate that aryl
cyanide, chloride, and fluoride substituents appear to be tolerated
by 2. Although the reaction did not reach completion, the
hydrosilylation of trans-cinnamaldehyde to yield cinnamyl
alcohol (entry 7) revealed that a,f-unsaturation is tolerated by
2 and that the olefin is not reduced during the course of aldehyde
hydrosilylation. The inability of 2 to mediate olefin hydro-
silylation was further confirmed by following the hydrosilylation
of 3-cyclohexene-1-carboxaldehyde (entry 9). Attempts to
achieve 1-hexene or cyclohexene hydrosilylation under similar
conditions were unsuccessful.

Unfortunately, attempts to catalyze the hydrosilylation of
ketones (including cyclohexanone, 2-hexanone, acetophenone,
and diisopropyl ketone) under the conditions used to generate
Table 4 were also unsuccessful. When conducting each of the
ketone hydrosilylation trials, no color change was observed upon
substrate addition. In contrast, preparing aldehyde or equimolar

Table 3. Hydrosilylation of Benzaldehyde Using 2 as a Catalyst

o o _SiRy
. 0.1-1.0 mol% 2
H + RSH 90-120 °C
benzene-dg
entry temp (°C) cat. loading (mol %) silane product (ratio) time (h) conv (%)%
1 90 1.0 PhSiH, PhSiH(OCH,Ph), PhSiH,(OCH,Ph) (4:1)" 45 >99
2 90 1.0 Ph,SiH, Ph,SiH(OCH,Ph) 45 2
3 90 1.0 Ph;SiH 4.5
4 90 1.0 (EtO)-SiH (Et0),SiOCH,Ph 45 14
5 90 1.0 (EtO),(Me)SiH (EtO),(Me)SiOCH,Ph 45 45
6 90 1.0 (EtO) (Me),SiH (EtO)(Me),SiOCH,Ph 45 27
7 90 1.0 Et;SiH 4.5
8 120 1.0 PhSiH, PhSiH(OCH,Ph), PhSiH,(OCH,Ph) (2:1)® 1 90
9¢ 90 0.1 PhSiH, PhSiH(OCH,Ph), PhSi(OCH,Ph), (2:1)¢ 3 97
10° 60 0.1 PhSiH, PhSiH(OCH,Ph), PhSiH,(OCH,Ph) (2:1) 3 29

“Percent conversion was determined by 'H NMR spectroscopy. “A small amount of PhSi(OCH,Ph); was observed. “Trial was conducted without
added benzene-d, (neat). A minimal amount of PhSiH,(OCH,Ph) was observed.
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Table 4. Preparation of Alcohols from Aldehydes via 2-Mediated Hydrosilylation

o o _SiR%Ph on
)}\ +  PhSiHs 09(1) ::I?: ) 10% a:. rl]\laOH )
R H neat R
R'=H or OCH,R
Entry Substrate % Conversion® TOF*
(Isolated)” (™)
(o]
1 ©)‘\H 97 (80) 323
(o)
2 /QJ\H >99¢ 330
NC
(o]
3 /Q)H 87 (68) 290
Cl
(o]
4 /O)‘\H 90 (74) 300
F
o
5 /Q)‘\H 99 (78) 330
0]
6 /Q)H 60° 200
\O
(0]
7 wH 52° 173
o
8 ° >99 (93) 330
\ / ™
(o]
9 Q)J\H 95 (61) 317
(o]
10 O)‘\H 99 (82) 330
11 M >99 (89) 330
H

“Percent conversion was determined by '"H NMR spectroscopy. “Isolated yield of alcohol relative to aldehyde. “TOF calculated from percent
conversion. “NaOH treatment resulted in conversion of the nitrile substituent to a carboxylic acid. “NaOH treatment afforded a mixture of starting

aldehyde and alcohol.

aldehyde/PhSiH; solutions of 2 resulted in a series of color
changes whereby the starting pink solution turned bluish-purple,
before reverting back to a pink-colored solution within minutes
at room temperature. This observation prompted a series of
experiments to further probe the interaction of the precatalyst
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with both PhSiH; and aldehydes. Adding 5 equiv of PhSiHj; to 2
in benzene-dg solution resulted in no change after 24 h at either
25 or 90 °C, as judged by 'H and *'P NMR spectroscopy.
However, adding S equiv of benzaldehyde to 2 resulted in partial

conversion to a complex with *'P NMR resonances at 29.18 and
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Figure 3. Proposed mechanism for 2-catalyzed aldehyde hydrosilylation.

—16.51 ppm after 1 h at 25 °C, suggesting that the newly formed
compound possesses one coordinated and one free 2"P"PDI
phosphine substituent (see Figure S40 of the Supporting
Information). After 48 h at 25 °C, a mixture of Mo-containing
products with one or both ligand phosphine arms dissociated had
formed (see Figures S41 and S42 of the Supporting
Information). A complex mixture of Mo compounds was
observed by *'P spectroscopy following aldehyde hydrosilylation
(see Figure S43 of the Supporting Information). Finally,
conducting the hydrosilylation of benzaldehyde in the presence
of Hg did not influence hydrosilylation TOF, indicating that
heterogeneous Mo species are not responsible for the observed
catalysis.

These experiments shed light on the mechanism of 2-catalyzed
aldehyde hydrosilylation and offer clues as to how improved
(PDI)Mo hydrosilylation catalysts might be developed. Since the
facile coordination of aldehydes to 2 has been observed, it is
proposed that this complex mediates hydrosilylation through the
mechanism displayed in Figure 3. Starting with 2, the
substitution of one "**"PDI chelate arm by an aldehyde ligand
is shown; however, it is possible that aldehydes displace both
phosphine substituents to form (x-N,N,N-""""PDI)Mo(CO)-
(aldehyde), during the reaction. Incoming aldehydes might
coordinate in either an 7'- or >-fashion and are more likely to
displace ""?*P"PDI phosphine moieties than ketones since they
are less sterically demanding.*® After substrate binding, the
oxidative addition of PhSiH; would result in formation of the
seven-coordinate Mo(II) complex shown at the bottom right of
Figure 3. As suggested for [(DPEphos)Mo(NO)(NCMe),]-
[BAr",],** silane oxidative addition is likely the rate-limiting step
of this transformation, in part because PhSiH; does not
independently react with 2, even after 24 h at 90 °C. Migratory
insertion of the substrate into the Mo—H bond with concomitant
phosphine coordination would lead to a monoalkoxide silyl
complex that undergoes reductive elimination to regenerate 2 (or
an aldehyde-coordinated analogue). While the oxidative addition
and insertion steps may proceed in a concerted fashion (a non-
hydride pathway has been established for tetravalent Mo
hydrosilylation catalysts),”** our proposed mechanism differs
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from the carbonyl hydrosilylation mechanism proposed by
Ojima*' and Berke™® in that it does not rely on the formation of a
secondary alkyl complex. It is also unlikely that 2 operates by way
of a silylene mechanism,* since tertiary silanes were proven
capable of mediating benzaldehyde hydrosilylation (Table 3,
entries 4—6).

Ultimately, it must be stated that 1 and 2 have been shown to
exhibit somewhat disappointing carbonyl hydrosilylation activity
when compared to [(DPEphos)Mo(NO)(NCMe);][BAr",].
Although the [(DPEphos)Mo(NO)(NCMe),][BAr",]-medi-
ated aldehyde hydrosilylation reactions reported by Berke and
co-workers were conducted at 120 °C, initial TOFs of up to 4864
h™! were observed” At 120 °C, 2-catalyzed benzaldehyde
reduction proceeded with a TOF of only 90 h™". One reason for
this difference in activity may be that [(DPEphos)Mo(NO)-
(NCMe),][BAr",] possesses three acetonitrile ligands, which are
more easily displaced than the CO ligand or the phosphine arms
of 2. To render the metal center more accessible, we are currently
working to prepare (x>-PDI)Mo catalysts that have a weak-field
ligand occupying their sixth coordination site. Additionally, it can
be predicted that complexes of the general formula (*-N,N,N-
PDI)Mo(L); (where L is a monodentate, weak-field o-donor)
might exhibit improved hydrosilylation activity when compared
to 1 or2.

B CONCLUSION

While attempts to prepare a formal Mo(0) complex featuring
S-PEPDI coordination resulted in the formation of
(x*-P'PDI),Mo (1), refluxing a toluene solution of Ph2PPrpy]
and Mo(CO); afforded (i>-"2PP*PDI)Mo(CO) (2). The X-ray
crystallographic investigation of both products revealed that
electron density is being transferred from the metal to the chelate
via 7r-back-bonding in each complex; however, actual PDI ligand
reduction does not appear to occur. Upon determining that 1 and
2 act as precatalysts for the hydrosilylation of benzaldehyde at 90
°C, the reaction conditions were optimized using 2 and applied
to the reduction of 11 different aldehydes (TOFs = 173—330 h™"
at 0.1 mol % catalyst loading). Furthermore, investigating the
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reactivity of 2 toward phenylsilane and benzaldehyde revealed
that the dissociation of ligand phosphine substituents likely
accompanies catalytic turnover. In addition to demonstrating the
importance of co-donor field strength in catalyst design, it is
believed that the efforts described herein may guide the
preparation of improved low-valent Mo hydrosilylation catalysts.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise stated, all chemicals and
synthetic reactions were handled under an atmosphere of purified
nitrogen, either in an MBraun glovebox or using standard Schlenk line
techniques. Pentane, toluene, diethyl ether, and tetrahydrofuran were
purchased from Sigma-Aldrich, dried using a Pure Process Technology
solvent system, and stored in a glovebox over activated 4 A molecular
sieves and metallic sodium (from Alfa Aesar) before use. Benzene-dg was
obtained from Cambridge Isotope Laboratories and dried over 4 A
molecular sieves and metallic sodium prior to use. 2,6-Diacetylpyridine,
2-(2-aminoethyl)pyridine, triethoxysilane, decanal, 4-chlorobenzalde-
hyde, 3-cyclohexene-1-carboxaldehyde, and trans-cinnamaldehyde were
purchased from TCI America. 4-Cyanobenzaldehyde, phenylsilane,
diphenylsilane, and triphenylsilane were purchased from Oakwood
Products. Cyclohexanecarboxaldehyde, p-tolualdehyde, furfural, pyr-
idine, triethylsilane, diethoxymethylsilane, dimethoxyethylsilane, ben-
zaldehyde, and p-anisaldehyde were purchased from Sigma-Aldrich.
Celite, anhydrous sodium sulfate, sodium hydroxide, m-xylene, and p-
fluorobenzaldehyde were purchased from Acros and used as received.
Mo(CO)g¢ and 3-(diphenylphosphino)propylamine were purchased
from Strem Chemicals and used as received. ""*P"PDI** and
(py)sMoCly*” were prepared according to literature procedures.

Solution phase 'H, '*C, and *'P nuclear magnetic resonance (NMR)
spectra were recorded at room temperature on either a 400 or 500 MHz
Varian NMR spectrometer. All 'H and '*C NMR chemical shifts are
reported relative to Si(CHj;), using 'H (residual) and "*C chemical
shifts of the solvent as secondary standards. *'P NMR data are reported
relative to H3PO,. Solid-state IR spectroscopy was conducted on a
Bruker Vertex 70 spectrometer. Elemental analyses were performed at
Robertson Microlit Laboratories Inc. (Ledgewood, NJ, USA) and
Arizona State University CLAS Goldwater Environmental Laboratory
(Tempe, AZ, USA).

X-ray Crystallography. Single crystals suitable for X-ray diffraction
were coated with polyisobutylene oil in the glovebox and transferred to a
glass fiber with Apiezon N grease, which was then mounted on the
goniometer head of a Bruker APEX diffractometer (Arizona State
Unversity) equipped with Mo Ka radiation. A hemisphere routine was
used for data collection and determination of the lattice constants. The
space group was identified, and the data were processed using the Bruker
SAINT+ program and corrected for absorption using SADABS. The
structures were solved using direct methods (SHELXS) completed by
subsequent Fourier synthesis and refined by full-matrix, least-squares
procedures on [F*] (SHELXS). The solid-state structure of 2 was found
to possess a disordered diethyl ether molecule.

Calculations. All DFT calculations were carried out using the
ORCA program,* and all compounds were optimized with the B3LYP
functional.** The conductor-like screening model (COSMO) was used
where indicated, with THF as the solvent.*> Empirical van der Waals
corrections were included in the geometry optimizations of all
molecules.*® The self-consistent field (SCF) calculations were tightly
converged (1 X 107® Ey in energy, 1 X 1077 E, in the density charge).
Ahlrichs triple-£ valence basis sets (relativistically recontracted) with
one set of first polarization functions (def2-TZVP-ZORA) were used for
the molybdenum and nitrogen atoms.*” Ahlrichs split valence basis sets
(relativistically recontracted) with one set of first polarization functions
(def2-SVP-ZORA) were used for the carbon and hydrogen atoms.*’
Auxiliary basis sets were chosen to match the orbital basis sets used.
Molecular orbitals were visualized using the Molekel program.*®

Electrochemistry. Electrochemical experiments were conducted
using a 1210B hand-held potentiostat purchased from CH Instruments.
All experiments were performed under a nitrogen atmosphere using a
glassy carbon working electrode (3 mm diameter), a silver/silver ion
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reference electrode, and a platinum counter electrode that were
purchased from BASi. Approximately 2 mg of ferrocene (internal
reference, Sigma-Aldrich) and 2 were added to S mL of a 0.1 M
tetrahydrofuran solution of tetrabutylammonium hexafluorophosphate
(Fluka) directly before data collection. The cyclic voltammagram of 2 is
reported relative to Fc/Fc". The E,, values provided were determined
by averaging the potentials of maximum anodic and cathodic current.

Improved Preparation of 2,6-((2-NC;H,)CH,CH,N=C(CH,)),-
CsH;N (PYE'PDI). Although previously reported,®® an improved
synthesis of this ligand is provided. A 100 mL thick-walled reaction
bomb containing 0.20 g of 4 A molecular sieves was charged with 10 mL
of toluene, 1.00 g (6.13 mmol) of 2,6-diacetylpyridine, and 0.019 g (0.11
mmol) of p-toluenesulfonic acid, and the mixture was stirred at ambient
temperature for 15 min. To it was added dropwise 1.49 g (12.21 mmol)
of 2-(2-aminoethyl)pyridine. The bomb was then sealed and heated to
80 °C for 2 days. The resulting orange solution was cooled to ambient
temperature and filtered through Celite to remove the sieves and
precipitated p-toluenesulfonic acid. The solvent was then evacuated to
obtain 2.20 g (96%) of a deep orange oil identified as P®PDL Anal.
Caled for C,3H,Ng: C, 74.36; H, 6.78; N, 18.85. Found: C, 74.21; H,
6.92; N, 18.31. "H NMR (benzene-d;): § 8.58 (d, 4.3 Hz, 2H, “Py), 8.30
(d, 7.7 Hz, 2H, m-Py), 7.23 (t, 7.7 Hz, 1H, p-Py), 7.05 (t, 6.9 Hz, 2H,
“Py), 6.94 (d, 7.8 Hz, 2H, “Py), 6.62 (m, 2H, “Py), 3.94 (t, 7.2 Hz, 4H,
CH,CH,N), 3.35 (t, 7.2 Hz, 4H, CH,CH,N), 2.18 (s, 6H, CH;). *C
NMR (benzene-dg): § 166.77 (C=N), 161.63 (“Py), 156.73 (‘Py),
150.11 (“Py), 136.51 (‘Py), 135.96 (“Py), 123.87 (“Py), 121.65 (“Py),
121.41 (‘Py), 52.95 (CH,CH,N), 40.58 (CH,CH,N), 13.71 (CHj,).

Preparation of (PyEtPDl)ZMO (1). Method A: In a nitrogen-filled
glovebox, a 20 mL reaction vial was charged with 4.6 g of metallic
mercury and 3 mL of THF. To the vial was added 0.023 g of freshly cut
sodium, and the mixture was stirred for 30 min to form a clear sodium
amalgam solution. To the stirring solution were added 0.147 g (0.394
mmol) of P*PDI in 5 mL of THF and 0.087 g of (py);MoCl; (0.198
mmol) in § mL of THF, and the mixture was allowed to stir at ambient
temperature for 18 h. The brown solution was then filtered through
Celite, and the solvent was removed in vacuo to yield a brown solid. After
washing with pentane and drying, 0.098 g (59%) of 1 was isolated.
Suitable crystals for X-ray diffraction were grown from pentane. Method
B: In a nitrogen-filled glovebox, a 100 mL thick-walled reaction bomb
was charged with 0.016 g (0.06 mmol) of Mo(CO); dissolved in 10 mL
of m-xylene, 0.045 g (0.121 mmol) of ?PDI dissolved in 10 mL of m-
xylene, and a magnetic stir bar. The bomb was sealed, the solution was
frozen with liquid nitrogen, and the reaction was degassed on a Schlenk
line. Upon warming to room temperature, the reaction was set to reflux
in an oil bath that was preheated to 130 °C. A color change from light
yellow to brown was observed within 4 h of stirring. After 24 h, the
solution was cooled to room temperature, frozen with liquid nitrogen,
and degassed. Once the liberated CO was removed, the reaction bomb
was allowed to reflux for another 24 h at 130 °C to ensure reaction
completion. After once again removing CO, the bomb was brought
inside the glovebox and the resulting brown solution was filtered
through Celite. After removing the m-xylene under vacuum, washing
with 2 mL of pentane, drying, and recrystallization from an ether/
pentane solution yielded 0.027 g (0.032 mmol, 53%) of a dark brown
crystalline solid identified as (P®PDI),Mo. Anal. Calcd for
C.eHooNjMo: C, 65.85, H, 6.00, N, 16.69. Found: C, 65.76, H, 5.95,
N, 15.72. Elemental analysis on C,sHs,N ;oMo consistently produced
low N% values, and the "H and "*C NMR spectra of this complex are
provided as Figures S3 and S4 of the Supporting Information as a
measure of purity. "H NMR (benzene-dg): 6 8.27 (d, ] = 3.6 Hz, 2H,
*Py), 7.85 (d, ] = 7.6 Hz, 2H, m-Py), 7.36 (t, ] = 7.6 Hz, 1H, p-Py), 6.97
(m, 2H, *Py), 6.46 (d, ] = 4.8 Hz, 2H, *Py), 5.98 (m, 2H, *Py), 2.98 (t,] =
8.4 Hz, 4H, CH,CH,N), 2.77 (s, 6H, CH3), 1.72 (t, J = 8.4 Hz, 4H,
CH,CH,N). *C NMR (benzene-d): § 160.06 (C=N), 149.31 (py),
147.54 (py), 139.58 (py), 135.74 (py), 122.89 (py), 120.88 (py), 112.98
(py), 11271 (py), 55.05 (NCH,CH,), 38.89 (NCH,CH,), 13.67
(CHy).

Preparation of (P"2PP"PDI)Mo(CO) (2). In a nitrogen-filled
glovebox, a 100 mL thick-walled reaction bomb was charged with
0.025 g (0.095 mmol) of Mo(CO), dissolved in 10 mL of toluene, 0.058

dx.doi.org/10.1021/ic501465v | Inorg. Chem. 2014, 53, 9357—-9365



Inorganic Chemistry

g (0.095 mmol) of P2PP'PDI dissolved in 10 mL of toluene, and a
magnetic stir bar. The sealed bomb was attached to a Schlenk line,
submerged under liquid nitrogen, and degassed. After warming to
ambient temperature, the reaction was refluxed to 120 °C in a preheated
oil bath. A color change from light yellow to deep pink was observed
within 30 min of stirring. After 24 h, the solution was allowed to cool to
room temperature and then frozen in liquid nitrogen before the vessel
was degassed on the Schlenk line. Once the liberated CO gas was
removed, the solution was allowed to reflux for another 24 h at 120 °C to
ensure completion of the reaction. After removal of CO, the bomb was
brought inside the glovebox and the resulting pink solution was filtered
through Celite. The solvent was removed in vacuo, and the resulting
solid was washed with 2 mL of pentane and then dried to yield 0.06 g
(0.081 mmol, 86%) of a deep pink microcrystalline solid identified as 2.
Single crystals suitable for X-ray diffraction were grown from a
concentrated solution of ether layered with pentane at —35 °C. Anal.
Calced for C4oH, N;MoP,0: C, 65.13; H, 5.60; N, 5.70. Found: C, 65.25;
H, 5.63; N, 5.45. "H NMR (benzene-d,): 5 7.74 (d, 7.2 Hz, 4H, Ph), 7.11
(t, 7.6 Hz, 4H, Ph), 6.98 (t, 7.2 Hz, 2H, Ph), 6.85 (m, 4H, Ph), 6.80 (m,
2H, Ph), 6.65 (m, 4H, Ph), 6.59 (t, 8.0 Hz, 1H, p-Py), 6.22 (d, 8.0 Hz,
2H, m-Py), 4.67 (m, 2H, CH,), 4.63 (m, 2H, CH,), 2.70 (m, 2H, CH,),
2.35 (m, 2H, CH,), 1.92 (m, 2H, CH,), 1.73 (m, 2H, CH, ) overlaps with
a peak at 1.70 (s, 6H, CH;). 3*C NMR (benzene-d): § 272.19 (t, 20.5
Hz, CO), 157.19 (C=N)), 145.86 (0-py), 139.54 (t, 17.5 Hz, Ph), 134.92
(t, 7.6 Hz, Ph), 132.80 (t, 5.5 Hz, Ph), 132.47 (t, 5.5 Hz, Ph), 124.86 (p-
py), 105.34 (m-py), 60.41 (NCH,CH,), 28.86 (PCH,CH,), 27.60 (t,
13.4 Hz, PCH,CH,), 12.65 (CH;). *P{'H} NMR (benzene-ds): &
34.88 (s). IR (KBr): vcq = 1740 cm™.

General Procedure for Silane Screening. In the glovebox, a
solution of silane (0.017 mL, 0.14 mmol) and benzaldehyde (0.014 mL,
0.14 mmol) in benzene-dg (approximately 0.7 mL) was added to a 20
mL scintillation vial containing 0.001 g (0.0014 mmol) of complex 2. A
transient color change from pink to bluish-purple to purple was
observed. The resulting solution was transferred into a J. Young tube,
and the sealed tube was allowed to heat at 90 °C for 4.5 h in an oil bath.
The progress of the reaction was determined following analysis by 'H
NMR spectroscopy.

General Procedure for Aldehyde Hydrosilylation. In the
glovebox, a 20 mL scintillation vial containing 0.0014 mmol of 2 was
charged with PhSiH; (0.14 mmol) and aldehyde (0.14 mmol). A
momentary color change from pink to bluish-purple to pink was
observed. The vial was sealed under nitrogen, and the reaction was
heated to 90 °C for 3 h before being opened to air to deactivate the
catalyst. The resulting colorless solution was filtered into an NMR tube
using 0.7 mL of benzene-d solvent, and hydrosilylation conversion was
assayed by 'H NMR spectroscopy. After evaporating the NMR solvent,
the silylated products were hydrolyzed with 10% NaOH (2 mL) while
stirring at ambient temperature for 1 h. Upon extracting the organic
layer with diethyl ether (3 X 2 mL) and drying over anhydrous Na,SO,,
the product was isolated under reduced pressure. A control experiment
was performed in a similar fashion by adding 0.14 mmol of PhSiH; and
0.14 mmol of benzaldehyde to 0.7 mL of benzene-d, in the absence of
complex 2. The solution was monitored by "H NMR spectroscopy over
time, and no reaction was observed after 3 h at 90 °C.

B ASSOCIATED CONTENT
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