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Sterically demanding organosilyl ligands support the formation of
coordinatively unsaturated complexes. In this study, we found that
using the ligand —Si(SiMes),(SiMe,'Bu) affords exclusively planar
three-coordinate iron bis(silyl) complexes that show good catalytic
performance in the hydrosilylation of acetophenone.

The development of low-coordinated transition-metal com-
plexes is generally driven by their excellent chemical reactivity.
The introduction of organosilyl ligands is known to promote
the formation of low-coordinated metal complexes due to their
strong electron-donating properties and trans-influence." It is
therefore not surprising that a considerable number of metal
complexes supported by organosilyl ligands has already been
synthesized and applied as catalysts in a variety of transform-
ations." Reflecting the recently increased interest in the devel-
opment of environmentally benign catalysts, substantial effort
has been devoted to synthesizing coordinatively unsaturated
iron complexes, and their catalytic performance has been
showcased.> However well-characterized coordinatively highly
unsaturated three-coordinate iron-silyl complexes have been
limited to two previous examples (Fig. 1),i ie., anionic bis
(silyl) iron complex A reported by Tilley et al* and our bis
(silyl) complex B supported by the M°CAAC ligand (M°CAAC = 1-
(2,6-di-isopropylphenyl)-3,3,5,5-tetramethyl-pyrrolidin-2-

ylidene).* Complex B is the only example of a neutral complex,
and the introduction of auxiliary ligands other than the
MeCAAC ligand, such as eg, THF, pyridine, or an
N-heterocyclic carbenes (NHC) on “Fe[Si(SiMe;);],” and its
analogous fragment exclusively afford four-coordinate
complexes.”® Therefore, rational synthetic strategies for the
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construction of coordinatively unsaturated three-coordinate
iron-silyl complexes remain elusive so far.§

We have recently focused on the development of highly
reactive Fe(u) and Mn(u) complexes, and found that the use of
sterically demanding organosilyl ligands such as -Si(SiMej)s
effectively facilitates the synthesis of four-coordinate Fe(u) and
Mn(n) complexes.>® For instance, Fe[Si(SiMe;);],(THF), (1) was
produced in one step via the reaction of FeBr, with 2 equiv. of
KSi(SiMe;); in THF at room temperature.” Furthermore, the
obtained compounds are good catalysts for reduction reactions
such as the hydrosilylation of carbonyl compounds and the
hydrogenation of alkenes.>® As a continuation of this line of
chemistry, we hypothesized that if the structure of the -Si
(SiMes); ligand were appropriately modified, it might be poss-
ible to construct metal complexes with lower coordination
numbers. Here, we report that the sterically demanding orga-
nosilyl ligand -Si(SiMe;),(SiMe, Bu), in which one of the three
-SiMe; moieties on the central silicon center is replaced with a
SiMe,’Bu group, exclusively produces planar three-coordinate
Fe(u)-disilyl complexes when treated with FeBr,. The thus
obtained complexes exhibit superior catalytic performance
compared to four-coordinate complex 1 in the hydrosilylation
of acetophenone.

The synthetic strategy used in this study is similar to that
previously used to obtain 1. KSi(SiMe;),(SiMe, Bu) was gener-
ated in situ according to the methods reported by
Marschner’®” and Li’° and subsequently treated with 0.5

Me. .
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Fig. 1 Previously reported three-coordinate iron(i)-silyl complexes and
the complexes reported in this study.
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equiv. of FeBr, in THF at room temperature for 30 min; the
resulting planar three-coordinate iron(u)-disilyl complex 2 was
isolated in 83% yield in the form of green crystals (Scheme 1).
Complex 2 is paramagnetic and its "H NMR spectrum (C¢D;
room temperature) exhibits broad signals attributable to SiMe;
and SiMe,’Bu at —47.08, 11.09, and 23.99 ppm, as well as
broad resonances at 0.28 and 1.01 ppm derived from the co-
ordinated THF molecule. The solution magnetic moment
measured using the Evans method® (u.; = 4.49) is consistent
with an open-shell S = 2 ground state. The molecular structure
of 2 in the solid state was unequivocally determined by a
single-crystal X-ray diffraction (XRD) analysis.

The Fe, Si(1), Si(2) and O(1) atoms in 2 are aligned nearly
coplanar, with deviations of 0.002-0.007 A, and the sum of the
angles around the iron center is 359.99°. Thus, it can be con-
cluded that the iron center in 2 adopts a planar three-coordi-
nate structure with two -Si(SiMe;),(SiMe, Bu) ligands and one
THF ligand. The Fe-Si bonds (Fe-Si(1): 2.4892(6) A; Fe-Si(2):
2.4751(6) A) are significantly shorter than those in four-coordi-
nate iron(u)-disilyl complex 1 (Fe-Si: 2.5445(8) A), whereas the
Si(1)-Fe-Si(2) angle (139.27(2)°) is comparable to that seen in
1 (135.23(3)°).° It should also be noted here that the Fe-Si
bonds in 2 are slightly shorter than those of recently reported
three-coordinate iron(u) disilyl complex B (Fig. 1; 2.4923(11)/
2.5209(12) A), presumably due to the steric repulsion induced
by M°CAAC in B.* Moreover, the Fe-Si bonds in 2 are compar-
able to those in Tilley’s anionic iron(u) disilyl complex A (Fe-
Si: 2.488(6)/2.491(6) A).

Recently, we have reported that the two THF ligands in 1
can be readily exchanged for two N-heterocyclic carbene (NHC)
ligands such as 1,3-dimethyl-4,5-dimethylimidazol-2-ylidene
(MeIM™®). During this reaction, a change in the coordination
geometry from tetrahedral to square planar occurred, to
furnish trans-Fe[Si(SiMes)s],(MeIM™®),, i.e., a planar four-coor-
dinate iron(n) complex with a trans configuration.* To further
investigate the coordination behavior of MeIM™*, it was
treated with 2 in toluene at —78 °C and allowed to warm to
room temperature; the resulting planar three-coordinate
complex Fe[Si(SiMe;),(SiMe,Bu)],(MeIM™®) (3) was obtained
in 69% yield as a sole product via a simple ligand-exchange
reaction (Scheme 1). Complex 3 is paramagnetic, and in its "H
NMR spectrum in Ce¢Dg at room temperature, the signals
derived from the SiMe; and SiMe, Bu groups appear at —26.32,
9.99, and 26.78 ppm, while those of the coordinated MeIM™®
appear at 0.28 and 73.13 ppm. The estimated magnetic

. 7 1
FeBr, MesSi  sime,Bu e Megsi, SMe2Bu
Me3Si—Si MelM NP

+ 3 . .-Si

) (1 equiv.) Me;Si \ N
Sitveg = Fe—(THF) - /Fe_< |
i—Si N o oluene N

2] SIMzes r.t tBUMSZSI;/SI\S'Me 78°Ctor.t tBUMeZSi_/Si\ /

) ., . i - -t .

Sittez B somn oS P somin MesSi Sitlea

2, green crystals, 83% 3, dark brown crystals, 69%

Scheme 1 Synthesis of planar three-coordinate iron(i) complexes 2
and 3 supported by two —Si(SiMes),(SiMe,'Bu) ligands.
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moment of 3 based on the Evans method (ues = 5.32) is com-
parable to that observed in 2, suggesting that the spin state
and coordination geometry around the iron center are main-
tained in the reaction. The molecular structure of 3 in the
solid state was determined by single-crystal XRD analysis
(Fig. 2).

Similar to 2, 3 adopts a three-coordinate planar structure in
which the sum of the three angles around the iron center is
359.67°. The Si-Fe-Si angle (135.43(2)°) is comparable to that
of 2, and the Fe-Si bonds are slightly elongated (2.5020(7)/
2.5096(6) A) than 2, presumably due to steric repulsion
between the -SiMe,’Bu groups and the MeIM™* ligand.
The Fe-C(1) bond length is 2.1150(14) A in 3. The Fe-Si and
Fe-C bond distances in trans-Fe[Si(SiMe;);],(MeIM™®), were
reported to be 2.5385(4) A and 1.9563(15) A, respectively; the
former is slightly longer than those in 3, whereas the latter is
significantly shorter than that in 3. This elongation of the Fe-
C(NHC) bond in 3 might be induced by the steric repulsion
between the ‘Bu group on the Si atom and the Me substituent
on the nitrogen atom of the MeIM™* ligand.

Thus, it can be concluded that the substitution of one of
three SiMe; groups on the central silicon atom of the -Si
(SiMe;); ligand for a -SiMe,’Bu moiety effectively promotes the
formation of three-coordinate planar Fe(u)-disilyl complexes 2
and 3. Given their high coordinative unsaturation, we expected
that 2 and 3 would exhibit good reactivity. In our previous
paper, we reported that tetrahedral four-coordinate complex 1
and the aforementioned four-coordinate planar complex trans-
Fe[Si(SiMe;);],(MeIM™*), show good catalytic performance in
the hydrosilylation of acetophenone.”” Thus, the catalytic per-
formance of 2 and 3 was examined in the hydrosilylation of
acetophenone using the hydrosilanes, Ph,SiH, and 1,1,3,3-
tetramethyldisiloxane (TMDS).°

In the hydrosilylation of acetophenone with Ph,SiH, cata-
lyzed by 0.1 mol% of 2, complete conversion of acetophenone
after 20 min was confirmed when the reaction was performed
at room temperature (entry 2, Table 1). In stark contrast, when
four-coordinate 1 was used, 1 h was required for the full con-
version of acetophenone in the reaction with Ph,SiH, (entry
1).*® Moreover, complete conversion of acetophenone was con-
firmed after 1 h by 0.1 mol% of 3 (entry 3). These reactions

«

Fig. 2 Molecular structures of 2 (left) and 3 (right) in the solid state with
thermal ellipsoids at 50% probability; all hydrogen atoms are omitted for
clarity.
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Table 1 Hydrosilylation of acetophenone catalyzed by iron complexes
2and 37

Ph,SiH,
o] or oISl
O . Fe cat
+ Mey(H)Si” “Si(HMe;, ————
©)J\ (TMDS) neat, r.t., time ©/\H\
(2 equiv.)
([Si] = Si(H)Ph, or SiMe,0Si(H)Me,)
Cat. loading Time Conv.?

Entry Cat. Hydrosilane (mol%) (h) (%)
1° 1 Ph,SiH, 0.1 1 >99
2¢ 2 Ph,SiH, 0.1 0.33 >99
3¢ 3 Ph,SiH, 0.1 1 >99
44 4 Ph,SiH, 0.1 3 >99
5¢ 5 Ph,SiH, 0.55 0.5 >99
6/ 6 Ph,SiH, 1.0 3 >99
7¢ 1 TMDS 0.5 24 30
8 2 TMDS 0.5 24 60
9 3 TMDS 0.5 24 81

“Reactions were performed using acetophenone (3 mmol) with
Ph,SiH, (6.6 mmol) or acetophenone (1 mmol) with TMDS (2.2 mmol)
in the presence of a catalytic amount of the iron catalyst under neat
conditions at room temperature. “The conversion was determined
using "H NMR spectroscopy in the presence of an internal standard
(1,4-dioxane). “Reactions were performed using acetophenone
(3 mmol) with Ph,SiH, (6.6 mmol) in benzene (3 mL) in the presence
of 0.1 mol% of iron catalyst at room temperature. ¢ For details, see ref.
10a. ¢ For details, see ref. 10b.” For details, see ref. 10c.

were monitored by "H NMR spectrum, and the time course of
these reaction was summarized in the ESL{ It was found that
complex 2 apparently exhibited superior catalytic performance
than four-coordinated catalyst 1. Although full conversion of
acetophenone was confirmed in the reaction catalyzed by both
1 and 3 after 1 h, induction period apparently observed in the
reaction mediated by 1, presumably due to the generation of
active species from 1 by liberation of coordinated THF ligand
(s)- Subsequently, we performed the hydrosilylation of aceto-
phenone with TMDS using 0.5 mol% of 2 at room temperature
for 24 h, which resulted in 60% conversion of acetophenone
(entry 8), whereas the conversion reached only 30% using 1 as
the catalyst under otherwise identical reaction conditions.*” A
slight increase in conversion (81%) was observed when 3 was
used as the catalyst under otherwise identical reaction con-
ditions (entry 9). Thus, it can be concluded that substitution
of one of the three SiMe; groups on the -Si(SiMes); ligand
with a SiMe,’Bu moiety leads to highly active iron catalysts.

As described in Table 1, both complexes 2 and 3 showed
good catalytic performance in the hydrosilylation of acetophe-
none with Ph,SiH,. It is known that hydrosilylation of aceto-
phenone with Ph,SiH, is often used to evaluate the catalytic
performance of newly synthesized iron complexes.'® As the
representative, Chirik’s iron complex 4 shown in Fig. 3 was
revealed to catalyze the hydrosilylation of acetophenone with
Ph,SiH, effectively with 0.1 mol% of catalyst loading at room
temperature, but complex 4 required 3 h to complete the reac-
tion (entry 4)."° Tilley have reported that a dinuclear complex
5 also showed good catalytic performance for the same cataly-
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Fig. 3 Previously reported iron(i) catalysts that exhibited high catalytic
performance for the hydrosilylation of acetophenone with Ph,SiH,.

sis at room temperature, but higher -catalyst loading
(0.55 mol%) is required (entry 5)."°” In addition, Huang et al.
have described that the same hydrosilylation proceeded at
room temperature to quantitatively afford the desired product
with 1 mol% of 5 in 3 h (entry 6)." By comparison of the cata-
Iytic performance of 2 and 3 with aforementioned iron cata-
lysts, it could be concluded that 2 and 3 could be categorized
as one of the most active catalyst for the hydrosilylation of
acetophenone among the iron catalyst. In conclusion, appro-
priate modification of the steric environment of the organosi-
lyl ligand -Si(SiMes); to —Si(SiMe;),(SiMe,Bu) led directly to
the construction of highly coordinatively unsaturated planar
three-coordinate Fe(r) complexes when KSi(SiMe;),(SiMe,'Bu)
was treated with FeBr, in THF. The relatively labile THF ligand
can subsequently be readily replaced by N-heterocyclic carbene
(NHC) ligands such as 1,3-dimethyl-4,5-dimethylimidazol-2-
ylidene (MeIM™®). These Fe(u) complexes showed high cata-
Iytic activity in the hydrosilylation of acetophenone using
the hydrosilanes, Ph,SiH, and 1,1,3,3-tetramethyldisiloxane
(TMDS). In modern organosilicon chemistry, the design and
application of sterically demanding substituents of the type
-Si(SiR3); to kinetically stabilize highly reactive compounds is
currently a hot topic.'* Using these precedents as a strategy for
ligand design, we will continue working on a series of coordi-
natively unsaturated, highly reactive base-metal complexes and
investigate their applications as catalysts in our laboratories.
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