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ABSTRACT: The synthesis, spectroscopy, crystal structure, and electrochemical behavior of cis-8-Ru'(CO),, cis-8-Ru"(CO)(H,0),
and cis-B-Ru"(CO)(carbene) complexes supported by sterically bulky salen ligands are described, along with catalytic activity of
chiral cis-g-[Ru'(salen)(CO),] complexes towards enantioselective carbene Si—H insertion using N,C(Ar)CO,R as carbene source
under light irradiation with product yields up to 96% and ee up to 84%. The cis-g-Ru"(CO)(H,0) complex was isolated by using a
binaphthyl salen ligand bearing bulky CPh; substituents, with the H,O molecule coordinated at the site trans to an Njm.,. atom of the
salen ligand. Light irradiation of a cis-g-Ru''(CO), complex, supported by a binaphthyl salen ligand with ‘Bu substituents, followed
by treatment with N,CAr, (Ar = Ph, p-CICsH,) gave cis-B-[Ru'" (salen)(CO)(CAr,)] which features a coordinated carbene ligand trans
to a salen Niyine atom and undergoes carbene transfer to nitrosobenzene to give the corresponding nitrone product. These findings and
related HR-ESI-MS studies provide evidence for the involvement of salen-supported cis-g-Ru'"(CO)(C(Ar)CO,R) active species in
the intermolecular carbene Si—H insertion reaction catalyzed by cis-g-[Ru'(salen)(CO),] complexes.

INTRODUCTION

Chiral ruthenium-salen complexes offer versatile catalysts
for various asymmetric organic transformation reactions,’
including atom/group transfer reactions such as epoxida-
tion,***™ cyclopropanation,’**™ and aziridination™™ of al-
kenes catalyzed by various Ru-salen complexes which bear
tetradentate salen ligands adopting planar N,O, arrangement
as in trans-octahedral metal-salen complexes (Figure 1). In
contrast, the synthesis and catalytic studies of Ru-salen com-
plexes bearing non-planar N,O, salen ligands, i.e. adopting a
cis (cis-a or cis-B) configuration of octahedral metal-salen
complexes'®®' (Figure 1, inset), are scarce.’*? Different from
trans metal-salen complexes, cis metal-salen complexes
have two unique characteristics: (i) the metal atom is stereo-
genic, which promises an effective chirality transfer for or-
ganic reactions due to close proximity of the metal to the
substrate in the inner coordination sphere; (ii) there are two
mutually cis coordination sites which allow substrate binding
and activation via an n? or n* coordination mode. In 2001,
Scott and co-workers reported that a cis-g-
[Ru"(salen)(MeCN),] complex (inset of Figure 2) is an ac-
tive catalyst for intermolecular alkene cyclopropanation with
high diastereoselectivity and enantioselectivity via a pro-
posed cis-S-Ru-salen carbene active intermediate (species |
in the inset of Figure 2);? this cis-5 species | has not been

directly detected experimentally, in contrast to the isolation
and X-ray crystal structural determination of several trans-
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Figure 1. Literature reported examples of Ru-salen catalysts fea-
turing planar N,O, salen ligands. Inset: three possible configura-
tions (trans, cis-¢, and cis-£) of octahedral metal-salen complexes.
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Figure 2. Examples of cis-4 ruthenium-salen complexes. The
previously reported ones,>® together with proposed cis-j Ru-salen
carbene intermediates, are depicted in the inset. Complexes 3-5
were first synthesized in this work.

Ru-salen carbene complexes.® Subsequently, Katsuki and co-
workers reported asymmetric sulfimidation catalyzed by cis-
S-[Ru'(salalen)(CO),] complexes (salalen ligand resembles
salen ligand except that one of the two imine groups in the
latter becomes an amine group in the former);* we reported
asymmetric intramolecular alkene cyclopropanation cata-
lyzed by cis-f-[Ru(salen)(CO),]  (e.g.,  cis-5-
[Ru'"(salenL*)(CO),] (1) and cis--[Ru"(salenL?)(CO),] (2)
shown in the inset of Figure 2) under light irradiation
which exhibits high enantioselectivity and possibly in-
volves proposed elusive cis-f-Ru-salen carbene active in-
termediates | and/or 11 (inset of Figure 2).°

To obtain an isolable or directly detectable example of cis-
S-Ru-salen carbene species and also explore new carbene
transfer reactions catalyzed by cis-f-Ru-salen complexes, we
directed our attention to sterically bulky salen ligands and
carbene insertion into Si-H bonds giving silyl compounds.
Construction of the compounds J)ossessing silyl group(s) has
received considerable attention.” Previously reported metal-
catalyzed enantioselective carbene Si—H insertion reactions

mostly e 1p|oy, for example, chiral Cu(l), Rh(ll), and Ir(III)
catalysts; "™ for Ru -catalyzed carbene Si—H insertion, there is
only one report,* which uses arylsilane substrates and a chiral
Ru(ll)-pheox catalyst (pheox: a bidentate cyclometalating
phenyloxazoline C*N ligand), in contrast to a considerable
number of reports on Ru-catalyzed other types of carbene
transfer reactions particularly cyclopropanation of alkenes.”?

Herein we report the synthesis and characterization of
new chiral cis-p-Ru-salen complexes cis-p-
[Ru"(salenL®)(CO)(H,0)] (3) and cis-g-[Ru'(salenL*)(CO),]
(4) bearing sterically bulky salen ligands, and cis-$-Ru-salen
carbene complexes cis--[Ru'(salenL?)(CO)(CAT,)] (5; Ar =
Ph: 5a, p-CIC¢H,: 5b), electrochemical properties of 1-5,
and the catalytic properties of 1-4 towards carbene insertion
into X—H (X = Si, N) bonds including detection of the corre-
sponding Ru-carbene intermediate by ESI-MS analysis, to-
gether with stoichiometric carbene transfer reactions of 5
with a nitrosoarene. The structures of 3 and 5a have been
determined by X-ray crystallographic studies. Complex 4
catalyzed enantioselective carbene Si—H insertion with prod-
uct yields up to 96% and enantioselectivities up to 84% ee.
This work, to our best knowledge, provides the first exam-
ples of isolated cis-f-Ru-salen carbene complexes and Si-H
insertion catalyzed by a Ru-salen complex.

RESULTS

Synthesis. The ligands HjsalenL?, HjsalenL?, and
H,salenL* were prepared by refluxing the corresponding
diamine and salicylaldehyde in EtOH as reported in the
literature, and the new ligand H,salenL® was prepared by a
similar procedure (see the Supporting Information). Like
the preparation of bis(carbonyl) complexes (1R,2R)-1 and
rac-2,” reactions of Rus(CO);, with enantiopure (1S,25)-
H,salenL?, (S)-H,salenL? and (R)-HsalenL® in 1,2,4-
trichlorobenzene at 185 °C under argon in the dark for 6 h
afforded chiral cis-A-[Ru'(salen)(CO),] complexes (1S,2S)-
1, (S)-2 and (R)-4, respectively (or their racemic counter-
parts if racemic H,salen ligands were used; see, for exam-
ple, Scheme 1). Interestingly, upon changing the Hsalen

Scheme 1. Synthesis of cis-# Ru-Salen Complexes 3 and 4
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ligand to rac-H,salenL® bearing bulky CPh; substituents,
the reaction under the same conditions gave a
mono(carbonyl) complex, cis-g-[Ru'(salenL?)(CO)(H,0)]
(rac-3, Scheme 1; the corresponding  cis-g-
[Ru"(salenL?)(CO),] complex was not obtained). At the
end of the reactions for all these preparations, salicylalde-
hydes of the corresponding H,salen ligands were detected
by TLC and 'H NMR, indicating partial decomposition of
the Hysalen ligands under the reaction conditions.

cis-p-[Ru''(salenL?)(CO)(CPh,)] (5a) and cis-g-
[Ru'"(salenL?)(CO)(C(CsH4-p-Cl),)] (5b) were synthe-
sized by irradiation of a refluxing solution of cis-g-
[Ru"(salenL?)(CO),] (2) in MeCN with an incandescent
lamp (300 W) for 3 h, to remove one of the two coordi-
nated CO groups in 2, followed by treatment with solu-
tions of diazo compounds N,CPh, and N,C(CgHs-p-Cl),,
respectively, in dichloromethane (DCM) at room tempera-
ture (Scheme 2). Slow addition of the diazo compound
solutions (via a syringe pump for 30 min) was required to
minimize catalytic decomposition of the diazo com-
pounds. When the solution of 2 was directly treated with
the diazo compound N,CPh, or N,C(CgH,4-p-Cl),, without
pre-irradiation with an incandescent lamp, no cis-5-Ru-
salen carbene complex (5a or 5b) was detected from the
reaction mixture.

Scheme 2. Synthesis of cis-p-Ru-Salen Carbene Complexes
5a and 5b
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Stability and Spectroscopy. Complexes 1, 2 and 4
are stable in the absence of light; in CDCI; solutions
under dark conditions, neither isomerization nor decom-
position of these complexes to mono(carbonyl) ana-
logues, such as cis-g-[Ru'(salen)(CO)(H,0)], was ob-
served upon standing at room temperature for at least 3
days, as revealed by *H NMR and ESI-MS analyses.
Complexes 5a,b are stable in open atmosphere in the
solid state (for at least 1 month) in the absence of light,
as revealed by UV-vis absorption spectroscopy, ‘H
NMR and ESI-MS analyses.

In the FAB mass spectra, cis-g-[Ru'(salen)(CO),] com-
plexes 1, 2 and 4 (in MeOH) each show three prominent
signals assignable to M*, [M — CO]" and [M — 2CO]". For
cis-p-[Ru"(salenL?)(CO)(H,0)] (3, in MeOH), two promi-
nent signals assignable to [M — H,0]" and [M — H,0 —
CO]" were observed. The HR-ESI-MS analysis of 5a re-
vealed a signal at m/z 1011.4066 with the m/z value and
isotope pattern matching that simulated for [M + H]", to-
gether with a signal at m/z 1033.3888 attributable to [M +
Na]* (Figure 3). Similar results were obtained for the HR-
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Figure 3. HR-ESI-MS spectrum of 5a in DCM.

ESI-MS analysis of 5b (e.g., m/z 1079.3179 assignable to
[M +H]).

The *H NMR spectra of 3 and 4 in CDCly (Figure
4), like that of 1 and 2,°> show well-resolved signals in
diamagnetic region (0-10 ppm). The large splitting of
the two Hinine (N=C-H) signals of the coordinated
salenL? ligand in the cis-A-bis(carbonyl) complex 4
(Figure 4b), with Ad = 0.53 ppm, is comparable to that
reported for the salenL' counterpart 1 (45, = 0.31) and
the salenL? counterpart 2 (45, = 0.57), all being sig-
nificantly larger than that (464 = 0.08 ppm) for the
salenL' adopting a planar N,O, configuration in struc-
turally characterized trans-[Ru" (salenL')(NO)(CI)].?
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Figure 4. "H NMR spectra of (a) 3 and (b) 4 in CDCl,.

The cis-p-Ru-salen carbene complexes 5a,b in CDCl;
also exhibit well-resolved diamagnetic *H NMR spectra
(Figure S1 in the Supporting Information), like other Ru-
carbene complexes such as those bearing porphyrin'® or
bis(oxazolinyl)pyridine ligands.® The salenL? ligand in
5a,b gave signals analogous to, but distinct from, that in 2,



with the most downfield H;ni,e Signal appearing at Jy 8.18
(5a), 8.19 (5b) and 8.13 (2) ppm. The **C NMR spectra of
5a,b show a low-field signal at dc 337.12 and 329.95 ppm,
respectively, attributable to the coordinated carbene C at-
0m.3’18’23

Variable-temperature 'H NMR spectra in CDCI; were
measured using 1 and 5b as examples (Figures S2 and S3
in Supporting Information), which revealed that the signals
did not significantly change upon changing the temperature
over the range of —50 to 50 °C.

The UV-vis spectral data of complexes 1-5 are present-
ed in Table S1, and the corresponding spectra are depicted
in Figure 5 for 2, 3, and 5a bearing binaphthyl salen ligands
and in Figures S4-S6 for 1, 4 and 5b. Complexes 1-4 ex-
hibit broad absorption bands with A, between 419 and
442 nm, which could be assigned to MLCT transitions. For
4, there is also an absorption band with 4.« at 366 nm (see
Figure S5) attributable to intra-ligand charge transfer tran-
sitions.**® In the case of 5a,b, their absorption bands are
similar. For example, the spectrum of 5a (Figure 5) shows
a broad band with 1. at 410 nm, together with a weak
low-energy shoulder absorption band at ca. 630-700 nm
(log & ~ 2.69 dm® mol™* cm™, see Discussion section).
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Figure 5. UV—vis absorption spectra of 2, 3 and 5a in DCM.
Inset: a clearer view of the shoulder absorption band at 630-700
nm for 5a.

In the IR spectra of complexes 1-5 (Figures S8-S13 and
Table S2), intense bands assignable to v(CO) were ob-
served. The cis-p-bis(carbonyl) complexes 1, 2 and 4 each
exhibit two intense v(CO) bands at ~2040 and ~1970 cm’
128 For cis-f-mono(carbonyl) complex 3, a single intense
v(CO) band at ~1940 cm™ was observed (Figure S10). The
cis-f-mono(carbene) complex 5a or 5b, each bearing one
coordinated CO ligand, also exhibits a single intense v(CO)
band, which appears at 1977 cm™ or 1976 cm™, respective-
ly (Figures S12 and S13).

X-ray Crystal Structures. Diffraction-quality crystals
of 1.0.25MeOH and 5a:0.5DCM were obtained by slow
evaporation of their solutions in DCM/MeOH, and a dif-

fraction-quality crystal of 3-:2DCM was grown by layering
n-hexane on the top of a solution of 3 in DCM. The struc-
tures of the three complexes determined by X-ray crystal-
lography (Figures 6 and 7, Figure S14) all feature a cis-g
configuration. Selected bond distances and angles are given
in Table 1.

For 1-0.25MeOH (Figure S14), its Ru—Ninine and Ru—
Ooar distances are 2.0517(15)-2.0735(17) A and
2.0602(13)-2.1008(14) A respectively; the two cis CO lig-
ands make a Cco-Ru-Cco angle of 88.26(9)°, and the Ru—
Cco distance for the CO ligand trans to the Oga, atom of
the salenL ligand (1.858(2) A) is shorter than that trans to
the Nimine atom of the salenL’ ligand (1.912(2) A). These
structural features are similar to those of the previously
reported 1-3MeOH.?

In the crystal structure of 3 (Figure 6), the RU—Nimine
and Ru—Ogp, distances fall within the ranges of 2.027(4)—
2.050(4) A and 2.071(3)-2.081(3) A, respectively, which
are comparable to those in 1 and 2° (Ru-N 2.028(7)-
2.090(4) A, Ru-O 2.044(5)-2.1008(14) A). The Ru-Cco
bond is trans to the Opa, atom of the salenL®
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Figure 6. ORTEP diagram (50% probability) of 3. Hydrogen
atoms and solvent molecules have been omitted for clarity.

Table 1. Selected Bond Distances (&) and Angles (Deg) of
cis-f-Ruthenium-Salen Complexes 1, 3 and 5a

1 3 5a

Ru-O1  20602(13)  2.081(3) 2.064(2)
Ru-O2 21008(14)  2.071(3) 2.060(2)
RU-N1  2.0735(17)  2.027(4) 2.031(3)
Ru-N2  2.0517(15)  2.050(4) 2.202(2)
Ri-C1®  1858(2) 1.842(5) 1.859(3)
Dihedral 50.7° 74.0° 75.5°
angle”

8C21, C35 and C51 atoms in the ORTEP drawings of 1, 3 and
5a, which are generated by repeating the symmetric unit to form
the whole structure, are presented as C1 atom. "Dihedral angle is
the angle between the two phenyl planes of the salen ligand.




ligand, with a bond distance of 1.842(5) A comparable to
the Ru-Cco distance of 1.837(26) A in 2.°> The Ru—Ouater
bond in 3 is trans to a Ru-N;min. bond and has a distance of
2.164(3) A, which is longer than that of the Ru—-Ooa, bonds
in the same complex. The cis CO and H,O ligands in 3
make a Cco-Ru-Oyqer angle of 96.75(18)°, larger than the
Cco-Ru-Cco angles in 1 and 2 (88.26(9)°-91.4(3)°).° Nota-
bly, the angle formed by the two phenyl planes of the
salenL® ligand in 3 is 74.0°, considerably larger than the
corresponding angles in 1 and 2 (50.7-58.9°).°

Complex 5a features a coordinated CPh, carbene ligand
trans to the Njmine atom and a coordinated CO ligand trans
to the Opar atom (Figure 7), corresponding to the cis-f-Ru-
salen carbene species Il depicted in the inset of Figure 2.
There are two independent molecules of 5a in the crystal-
lographic asymmetric unit, only one of which is depicted in
Figure 7. The bond angles around the Ccapene atom (C116)
are 113.7(3)° (C117-C116-C123), 119.1(2)° (C117-C116-
Ru2) and 127.0(2)° (C123-C116-Ru2), which sum up to
359.8(3)° (the corresponding sum for the Cgapene atom C52
in the other independent molecule of 5a, not shown in Fig-
ure 7, is 359.9(3)°), indicating sp? hybridization of the Ce,.
bene atOM. The RU—Capene distance of 5a is 1.939(3) A
(Ru2—-C116) and 1.967(3) A (Rul-C52), comparable to
that of trans-[Ru(salen)(CAr,)(L)] (1.910(2)-1.921(12) A;
Ar = Ph, p-MeOCgH4; L = Melm, py),? but significantly
longer than that of trans-[Ru(Por)(CPh,)(L)] (e.q.
1.845(3)-1.876(3) A; Por = porphyrin ligand TTP or Fy-
TPP; L = MeOH, Melm*?®) and trans-
[Ru(pybox)(C(CO,Me),)Cl,] (1.880(7) A, pybox =
bis(oxazolinyl)pyridine ligand).”** The two phenyl planes
of the salenL? ligand form a considerably larger angle of
75.5° in the cis-f-Ru(CO)(CPh,) complex 5a than in the
cis-B-Ru(C0), complex 2 (58.9°).°
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Figure 7. ORTEP diagram (50% probability) of 5a (only one of
the two independent molecules in the crystallographic asymmetric
unit is shown). Hydrogen atoms and solvent molecules have been
omitted for clarity.

Electrochemistry. The electrochemical properties of
complexes 1-5 were investigated by cyclic voltammetry in
DCM containing 0.1 M ["BusN]PFs. The observed redox
potentials (vs Ag/AgCI) are listed in Table 2, and the cyclic
voltammograms are shown in Figure 8.

cis-B-Ru"(CO), complexes 1, 2, and 4, each exhibits two
oxidation waves (reversible or quasi-reversible) with E;;, =
0.85-0.97 V and 1.22-1.29 V. The first oxidation is likely
to be associated with oxidation of Ru(ll) to Ru(lll). The
second oxidation is attributable to ligand-centered oxida-
tion process. This assignment is supported by the first oxi-
dation couple of the cis-g-Ru'(CO)(H,0) complex 3 with
Ey/, being less anodic than those of 1, 2 and 4, as replacing
CO (a m-acceptor) by H,O (a o-donor) is expected to in-
crease the electron density of Ru(ll) and thus cathodically
shift the Ey, of the Ru(lI1)/Ru(ll) couple.

For cis-B-Ru'(CO)(CAr,) complexes 5a,b, two oxidation
waves (irreversible or quasi-reversible) at E,, = 0.81-0.83 V
and Eqp = 1.16—1.19 V and a reduction wave (reversible) at
Eyp =—1.20 to —1.29 V appear in each of their cyclic voltam-

mograms. The oxidation waves could result from processes

Table 2. Electrochemical Data of 1-5°

reduction oxidation (V)

V)

complex

1 - 0.85° and 1.22°
2 - 0.96° and 1.29°
3 - 0.59°
4 - 0.97° and 1.26°
5a -1.29" 0.83%and 1.16°
5b -1.20° 0.81%and 1.19°
In CH,Cl, with 0.1 M ["Bu,4N]PFg as the electrolyte. Glassy
carbon was the working electrode, Ag/AgCl was the reference
electrode, and platinum wire was the counter electrode.

Cp,Fe™ = 0.40 V. "Reversible, Ey,. °Quasi-reversible, Eyp,.
“Irreversible, Ep,.

ilrf w
W —
12

Current /A

1. =
5b=\f—b—=y

-20 -15 -10 -05 00 05, 10 1.5
Potential / V (vs Ag/AgCI) [Cp,Fe "=0.40 V]
Figure 8. Cyclic voltammograms of 1-5 in DCM (0.1 M

["Bu,N]PF). Scan rate: 100 mV's .




similar to those of 1, 2 and 4. The reversible reduction
wave, which is absent in the cyclic voltammograms of the
cis-f-Ru"(CO), or cis-g-Ru'(CO)(H,0) complexes (1-4,
particularly 2 bearing the same salenL? ligand as that in
5a,b), is tentatively assigned to a carbene-based process.
This assignment is consistent with the anodic shift of the
reduction wave upon introducing electron-withdrawing p-
Cl substituents on the CPh, carbene ligand in 5a to give 5b
(Eyp: from —1.29 V for 5a to —1.20 V for 5b).

Catalytic Carbene Si—-H Insertion Reactions. At the out-
set, we examined the reaction of dimethylphenylsilane (6a)
with methyl o-diazophenylacetate N,C(Ph)CO,Me (7a) in
1,2-dichloroethane (DCE) at room temperature in the pres-
ence of cis-f-Ru-salen complexes 1-4 (5 mol%) under irradi-
ation of an incandescent lamp (300 W) for 3 h. The reactions
using chiral catalysts (1S,2S)-1 and (S)-2 gave product 8a in
similar yields (91%—92%) but (S)-2 resulted in a higher enan-
tioselectivity of 31% ee (Table 3, entries 1 and 2; in control
experiment using catalyst (1S,2S)-1 under dark condition,
neither 8a nor decomposition of 7a was detected (Table 3,
entry 8)). Complex rac-3 exhibited markedly lower catalytic
activity, affording 8a in 65% yield (Table 3, entry 3). With
use of chiral complex (R)-4 as catalyst, 8a was obtained in
96% vyield with 55% ee (Table 3, entry 4). Upon changing the
solvent from DCE to hexane, the reactions catalyzed by
(1S,25)-1 and (S)-2 gave 8a in 83-84% yields with 23-36%
ee (Table 3, entries 5 and 6). Notably, by using hexane as the
solvent, the reaction catalyzed by (R)-4 resulted in isolation of
8a in 95% yield with 71% ee (Table 3, entry 7).

With (R)-4 as catalyst and hexane as solvent, changing
the diazo compound 7a to the more bulky N,C(Ph)CO,Bu'
(7b) slightly increased the enantioselectivity to 75% ee,
with the corresponding product 8b obtained in 94% isolat-
ed yield (Table 4, entry 2; the enantioselectivity slightly
decreased from 75 to 73% ee upon lowering the reaction
temperature from room temperature to 0 °C (Table S3)).

Table 3. Solvent and Catalyst Screening for Carbene Si-H
Insertion Catalyzed by cis-g-Ru'"'-Salen Complexes®

Ph_\Si_H , P \”/COZMe cat. F,h_\Si —QPE
/ N, 7/ Co,Me
6a 7a 8a
entry cat. solvent yield" ee® (%)
(%)
1 (1S,25)-1 DCE 92 24
2 (5)-2 DCE 91 31
3 rac-3 DCE 65 -
4 (R)-4 DCE 96 55
5 (1S,25)-1  hexane 84 23
6 (5)-2 hexane 83 36
7 (R)-4 hexane 95 71
g* (15,25)-1 DCE nil® -

®Reaction conditions: 6a (1.5 mmol), 7a (0.3 mmol), catalyst
(5 mol%), solvent (1 mL), stirring at room temperature for 24 h
under argon after irradiation with an incandescent lamp (300
W) for 3 h. Plsolated yield. “Determined by HPLC. “Control
experiment under dark condition. *Product 8a was not detected
by *H NMR analysis of the crude reaction mixture.

Besides dimethylphenylsiliane (6a), other silanes including
triethylsilane (6b), triphenylsilane (6c), tripropylsilane (6d),
and tert-butyldimethylsilane (6€) were also used as substrates
under the same reaction conditions. For the aliphatic silanes
6b,d,e, their reactions with 7b in hexane catalyzed by (R)-4
afforded products 8c,e,f, respectively, in yields of 84-88%
and with 27-73% ee (Table 4, entries 3, 5, and 6). In the case
of the bulky triarylsilane 6c¢, no product 8d was detected from
the corresponding reaction (Table 4, entry 4).

The scope of diazo compounds for the (R)-4-catalyzed
reaction of 6a in hexane was examined as well, by using

Table 4. Enantioselective Carbene Si—-H Insertion Cata-
lyzed by cis-g-Ru'-Salen Complex (R)-4 for Various
Silanes and Diazo Compounds®

entry substrate diazo compound product yield®  ee®
(%) (%)
\ Ph.__CO,Me \_FPh
1 Ph—Si-H D Ph-Si——H 95 71
/ 6a N2 7a 8a CO-Me
\ Ph.__CO,Bu \ FPh
2 Ph-Si-H D Ph-Si—H 94 75
/ 6a N2 7p 8b COBU!
\_( Ph.__CO,Bu! \_( Ph
3 Si-H hid Si——H 88 73
— &b N2 7p — 8¢ COBu
Ph Ph. _CO.BU! Ph  Ph
_5i— 2 _5i 4d
4 Ph-Si-H hid Ph-Si——H ) nil
PH gc N2 7p PH g4 COzBu
? Ph.__CO,Bu! ? Ph
s \siH D _\—Si—éH 84 27
~— 6d N2 7 " ge COBU'
\ Ph.__CO,Bu! \ FPh
6 }Si—H D }Si%H 84 38
/ 6e N2 7p / g COBU!
\ CO,But \
7 Ph-Si-H Ph—Si——H nild
/ 6a N2 7¢ / 8g COBU'
OMe
MeO
\ CO,Bu! \
8§  Ph-Si-H Ph—-Si——H 92 73
/ 6a N2 74 8h CO2BU'
\ CO,Bu! \
9 Ph-Si-H Ph-Si——H 91 84
/ 6a N2 7e 8i CO2BU'
cl
cl
\ CO,But \
10 Ph-Si-H Ph-Si——H 89 60
/ 6a No 75 gj COBU!
NO,
O,N
\ CO,But \
11 Ph-Si-H Ph-Si H nil?
/ &a N; 7g gk COBuU!

#Reaction conditions: silane (1.5 mmol), diazo compound (0.3
mmol), (R)-4 (5 mol%), hexane (1 mL), stirring at room tempera-
ture for 24 h under argon after irradiation with an incandescent
lamp (300W) for 3 h. Plsolated yield. ‘Determined by HPLC.
dCarbene Si-H insertion product was not detected by *H NMR
analysis of the crude reaction mixture.




N,C(Ar)CO,BU' (Ar = 0-MeCgH,: 7¢, p-MeOCgH,: 7d, p-
MeCgH,: 7e, p-CICgH,4: 7f, p-NO,C¢H,: 79). For the diazo
compounds 7d,e,f bearing p-MeO, p-Me, and p-Cl substit-
uents, respectively, high product yields (89-92%) and
moderate-to-good enantioselectivities (60-84% ee) were
obtained (Table 4, entries 8-10). The diazo compound with
an o-Me substituent (7c) or with a strong electron-
withdrawing p-NO, substituent (7g) on the phenyl group
gave no detectable Si—H insertion product (Table 4, entry 7
or 11).

Catalytic Carbene N-H Insertion Reactions. The cis-
S-[Ru''(salen)(CO),] complexes 1, 2 and 4 were also found
to be active catalysts for carbene insertion into N-H bonds.
The reactions of tert-butylamine with N,C(Ph)CO,Me in
DCE at 50 °C for 24 h under argon catalyzed by these
complexes (after irradiation with an incandescent lamp
(300W) for 3 h) afforded the carbene N-H insertion prod-
uct in 72-80% yields (Table 5, entries 1-3; when (R)-4 was
used as the catalyst under the same conditions, the carbene
N-H insertion product was obtained in 80% yield albeit
without notable enantioselectivity). For the n-aliphatic
amine substrate n-hexylamine, the corresponding carbene
N-H insertion product was obtained in 46-55% yields un-
der similar conditions except for a higher reaction tempera-
ture (Table 5, entries 4-6).

Table 5. Carbene N-H Insertion Reactions Catalyzed by
cis-p-[Ru''(salen)(CO),] Complexes®

0 H
NHz _ Ph__CO,Me Cat. (5 mol%) N._CO,Me
>( \[Nr DCE, hv, 24 h, argon >r 7:’/h
z 50 °C
entry cat. conversion® product
(vield")
1 1 98% 78%
92% 2%
3 4 97% 80%
Ph
Cat. (5 mol%) )\
AN NH, + Pho _COMe ————————————= NSNS o Me
hid DCE, hv , 24 h , argon H
N, reflux
entry cat. conversion® product
(vield®)
4 1 95% 52%
5 2 90% 46%
6 4 93% 55%

®Reaction conditions: amine (1.5 mmol), diazo compound (0.3
mmol), catalyst (5 mol%), DCE (1 mL), stirring at 50 °C (for t-
butylamine) or at reflux (for n-hexylamine) for 24 h under argon
after irradiation with an incandescent lamp (300W) for 3 h. "De-
termined by 'H NMR using 1,1-diphenylethylene as standard.

Stoichiometric Carbene Transfer Reaction. We
examined the carbene transfer reactivity of the cis-5-
Ru-salen carbene complexes 5 using 5a as example.
Treatment of 5a with excess dimethylphenylsilane (6a)
or styrene (20 equiv) in DCE under reflux condition or
light irradiation for 24 h did not give carbene transfer
product (i.e. neither Si—H insertion nor styrene cyclo-
propanation was observed), as revealed by ‘H NMR
analysis of the reaction mixture.

Interestingly, treatment of 5a with excess nitrosobenzene
(PhNO) at 70 °C in DCE resulted in carbene transfer to
PhNO, affording the nitrone product Ph,C=NOPh in 63%
yield (Scheme 3; the nitrone product was characterized as
reported in the literature®). After carbene transfer, 5a was
converted to the Ru(CO)(PhNO) complex cis-f-
[Ru'"(salenL?)(CO)(PhNO)] which was characterized by
NMR and HR-ESI-MS (see the Supporting Information).
We monitored the reaction between 5a and PhNO by 'H
NMR spectroscopy; the resulting time course plot showed
no appreciable induction period before the Ph,C=NOPh
and  cis-g-[Ru"(salenL?)(CO)(PhNO)]  products  were
formed (Figure 9).

Scheme 3. Stoichiometric Reaction between 5a and Nitro-

sobenzene
Ph Ph
2 S}
N._ 5a Ru(salenL?)(CO) o ®/©
©/ 0 (0.05 mmol) ~N
DCE, 70 °C, argon, 24 h Ph)l\Ph
(0.5 mmol)
63% yield
100+ * 5a
] = [Ru(salenL?)(CO)(PhNO)]
80 . A Ph,C=NOPh
1e ] - -
[_ ] - "
—_ . A A A A
3 60 % " A
> v s s
[} a A
.>_' 40_ ..-: A L]
] A .
205 .
[ ]
. [} L]
0 .
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Time (h)

Figure 9. Time course plot of the stoichiometric reaction between
5a and PhNO.

Detection of Reaction Intermediates in the cis-g-
[Ru''(salen)(CO),]-Catalyzed Carbene Si-H Insertion
Reaction under Light Irradiation. The carbene Si—H in-
sertion reactions with N,C(Ar)CO,R catalyzed by cis--
[Ru'(salen)(CO),] complexes 1, 2, and 4 under irradiation
of an incandescent lamp are likely to involve photolytic
decarbonylation of the catalysts to form cis-f-



[Ru"(salen)(CO)(solv)] followed by reaction with the diazo
compound to generate Ru-carbene active intermediate cis-
S-[Ru"(salen)(CO)(C(Ar)CO,R)]. Our attempts to isolate
such cis-B-Ru"(CO)(solv) and cis-5-Ru'"(CO)(C(Ar)CO,R)
intermediates have not been successful, except for the iso-
lation of the cis--Ru'(CO)(H,0) complex 3 stabilized by
bulky CPh; substituents on the salen ligand.

To help identify the reaction intermediates, HR-ESI-MS
and/or UV-vis analyses of the corresponding reaction mix-
tures were performed using complex 2 as example. When a
solution of 2 in DCE was irradiated with an incandescent
lamp (300 W) under argon, a marked change of the UV-vis
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“lT o —— Tiou
A885.3424
(b) 2 after irradiation in MeCN
(A) m/z Calcd
cis-B-[Ru(salenL2)(CO),] (2) 895.3025 ([M + NaJ*)
cis-B-[Ru(salenL?)(CO)(MeCN)] 885.3443 (M
cis-B-[Ru(salenL2)(MeCN),] 898.3760 (M)
cis-B-[Ru(salenL?)(CO)(C(Ph)CO,Buf)] 1035.4262 ([M + H
(8) 1035.4270
experimental
1035.4262
|
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Figure 10. High-resolution ESI-MS spectra of (a) cis-B-
[Ru(salenL?)(CO),] (2), (b) 2 after irradiation with an incandes-
cent lamp (300 W) in MeCN, (c) the reaction mixture of (b) and
N,C(Ph)CO,BU' (4 equiv), (d) the reaction mixture of (c) and
dimethylphenylsilane (6a). Insets: (A) Calculated m/z values, (B)
observed isotope pattern for the peak at m/z 1035.4270 and simu-
lated isotope pattern for {[Ru(salenL?)(CO)(C(Ph)CO,Bu')] + H}".

spectrum of this solution was observed after about 10 min
(Figure S7). HR-ESI-MS measurements revealed that irra-
diation of a solution of 2 in refluxing MeCN with an incan-
descent lamp (300 W) for 15 min led to transformation of 2
to a species (m/z 885.3424, Figure 10b) assignable to the
Ru(CO)(solv) complex cis-g-[Ru'"(salen)(CO)(MeCN)]
(m/z Calcd for M™: 885.3443), and subsequent treatment
with a solution of N,C(Ph)CO,BU' (4 equiv) in DCM (add-
ed via a syringe pump over 5 min, with the reaction mix-
ture stirred for additional 10 min) generated a species ex-
hibiting m/z 1035.4270 (Figure 10c) which is assignable to
the Ru(CO)(C(Ar)CO;R) complex cis-f-
[Ru(salenL?)(CO)(C(Ph)CO,BU")] (m/z Calcd for [M + H]*:
1035.4262). Upon treatment with dimethylphenylsilane
(6a, 50 equiv) for 15 min, the species with m/z 1035.4270
vanished, suggesting that this species is reactive with the
silane substrate 6a.

DISCUSSION

cis-B-Bis(carbonyl) complexes cis-g-[Ru''(salen)-
(CO),] such as 1 and 2 were previously reported as
catalysts for intramolecular cgclopropanation of al-
kenes under light irradiation® via proposed cis-f-
mono(carbonyl) species (formed by photolytic de-
carbonylation) and cis-p-Ru-salen carbene species
cis-B-[Ru''(salen)(CO)(CHCO,R)], neither of which
has been isolated or clearly identified.® In contrast to
the good stability of isolated cis-f-
[Ru”(salen)(Cogz] complexes 1, 2, and 4 bearing
salenL!, salenL? and salenL’ ligands, respectively,
(e.g. aerobic oxidation of these complexes in CDCl;
solutions is quite slow, with their yellow color grad-
ually turning deep green over a week possibly due to
the slow oxidation of Ru(l1) to Ru(111)*), the corre-
sponding cis-fg-mono(carbonyl) counterparts for the
three salen ligands, generated by photolytic decar-
bonylation (like dissociation of the CO ligand in
M(CO),-type complexes facilitated by irradiation®),
were found not sufficiently stable for isolation. The
cis-f-Ru"(CO)(H,0) complex 3 bearing bulky
salenL? ligand is a unique cis-g-mono(carbonyl) Ru-
salen complex that has been isolated, probably ow-
ing to stabilization by the bulky CPhs substituents of
the salenL® ligand. The X-ray crystal structure of 3,
featuring a H,O ligand trans to the Njmine atom and a
CO ligand trans to the Oga, atom, is in agreement
with the expected relative strength/reactivity of the
two cis Ru-Cco bonds in cis-g-[Ru'(salen)(CO),]
complexes, i.e., the Ru—Cco bond trans to the imine
group (a m-acceptor reducing Ru—CO =n-back bond-
ing) is weaker than that trans to the phenoxide group
(a m-donor enhancing Ru—CO n-back bonding) and
would more readily undergo ligand substitution re-
action. Accordingly, the two intense v(CO) bands at
~2040 and ~1970 cm™ in the IR spectra of 1, 2, and
4 (Table S2) can be assigned to the CO ligands trans
to the imine and phenoxide ligands, respectively,
consistent with the longer Ru—Cco bond trans to the
imine group than trans to the phenoxide group in the
X-ray crystal structures of 1 and 2.°



With regard to the proposed elusive cis-g-
Ru(CO)(CHCO,R) or cis-Bf-Ru(CO)(C(Ar)CO,R)
species supported by salen ligands, an isolable ex-
ample has yet to be obtained, though the HR-ESI-
MS measurements depicted in Figure 10 provide
evidence for the possible formation of cis-g-
[Ru(salenL?)(CO)(C(Ph)CO,BUY].

The successful isolation of stable cis-g-
[Ru"(salenL?)(CO)(CAr)] complexes (5a,b) indicates
a substantial stability enhancement of a cis-#-Ru-salen
carbene complex upon changing the carbene group
from CHCO,R or C(Ar)CO,R to CAr,. Complexes
5a,b adopting cis-g-configuration constitute a novel
type of isolated Ru-carbene complexes supported by
salen ligands.

The characterization of 5a,b was based on HR-
ESI-MS, UV-vis, and NMR measurements and, for
5a, also by X-ray crystal structure determination and
stoichiometric carbene transfer reactivity. The Cg,.-
bene Signal of 5a,b at 6c 337.12-329.95 ppm in their
13C NMR spectra is comparable to, though apprecia-
bly downfield from, that reported for trans-
[Ru(salen)(CAr,)(Melm)] complexes (dc 316.3—
317.3 ppm; Ar = Ph, p-MeOCg¢H,).® The weak low-
energy absorption at ca. 620-700 nm (log ¢ ~2.51—
2.69 dm® mol™® cm™) in the UV-vis spectra of 5a,b
was tentatively assigned to d-d transition. Such tran-
sitions have previously been reported at 520 nm (log
e 2.56 dm® mol* cm™) for [RuCIl,(CHPh)(PCys;),]
(Cy = cyclohexyl)®* and at ca. 630-660 nm (log ¢
2.80-3.12 dm® mol* cm?') for trans-
[Ru(salen)(CPh,)(L)] (L = Melm, py).? In the X-ray
crystal structure of cis-f-Ru(CO)(CPh;) complex 5a,
the CPh, carbene ligand is trans to the imine group,
like the H,O ligand in the cis-f-Ru(CO)(H,0) com-
plex 3; this is supportive of the formation of 5a from
a cis-p-Ru(CO)(solv) intermediate (generated by
photolytic decarbonylation of the cis-g-Ru(CO),
complex 2 in solution) with its coordinated solvent
molecule being replaced by the carbene group. The
relatively long Ru—Cgsmene distance of 5a (1.953(3)
A, averaged value for the two crystallographically
independent molecules) is possibly associated with
the presence of a trans imine group which competes
for the n-back bonding with Ru and would weaken
the pm(Cearpene)-dm(RU) interaction.

Considering the experimental findings obtained in this
work, particularly the isolation of cis-B-Ru(CO)(CAr,)
complexes 5a,b and HR-EI-MS detection of a species
assignable to cis-A-[Ru(salenL?)(CO)(C(Ph)CO,BUY], a
mechanism of the chiral cis-s-[Ru"(salen)(CO),]-
catalyzed enantioselective carbene Si—H insertion reac-
tions was proposed and depicted in Scheme 4, using cat-
alyst 2 as example. This catalyst could undergo decar-
bonylation under light irradiation to give a cis-f-
Ru''(CO)(solv) species (a structural analogue of 3). Sub-
sequent reaction of this species with diazo compound

N,CR'R? is likely to generate a cis-A-Ru(CO)(CR'R?)
intermediate which is proposed to be the active species
undergoing carbene transfer reactions to give the corre-
sponding Si—H insertion products.

Scheme 4. Proposed Mechanism  for  cis-$-
[Ru'(salen)(CO),]-Catalyzed Intermolecular Carbene In-
sertion into Si-H Bond

Na

Nz

Sl— O R1

Bu

CONCLUSIONS

We have synthesized and characterized new cis-g-
ruthenium—salen complexes 3, 4, 5a and 5b, including their
electrochemical behavior, and also examined the catalytic
properties of 1-4 towards carbene insertion into Si-H
and/or N-H bonds.*®* Complex 3 represents a cis-f-
[Ru(salen)(CO)(solv)] analogue stabilized by the binaph-
thyl salen ligand with bulky CPh; substituents, and com-
plexes 5a,b are unique Ru-salen carbene complexes adopt-
ing a cis-f configuration and exhibiting carbene transfer
reactivity towards nitrosobenzene to give a nitrone prod-
uct.®* The chiral cis-f-[Ru"(salen)(CO),] complexes
(1S,25)-1, (S)-2, and (R)-4 can catalyze asymmetric inter-
molecular carbene Si—H insertion; using catalyst (R)-4
which bears a biphenyl salen ligand with ‘Bu substituents,
the reactions of an aryl silane and aliphatic silanes with
aryldiazoacetates N,C(Ar)CO,R as the carbene sources in
hexane at room temperature upon light irradiation afforded
carbene Si—H insertion products in up to excellent yield and
with moderate-to-good enantioselectivity. The isolation and
spectroscopic/structural studies of 3 and 5a, together with
HR-ESI-MS analysis of a solution of 2 under light irradia-
tion and its reaction mixture with N,C(Ar)CO,R before and



after addition of a silane substrate, provide evidence for the
involvement of cis-g-ruthenium—-salen mono(carbene)
complexes as the key intermediates in the cis-f-
[Ru'(salen)(CO),]-catalyzed intermolecular Si—H insertion
reactions.
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