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Abstract: The heterobimetallic com-
plexes [(n™-CsH5)Ru(CO) (-
dppm)Mn(CO),] and [(n'-CsMes)Ru(y-
dppm)(p-CO),Mn(CO);] (dppm= bis-
diphenylphosphinomethane) have been
prepared by reacting the hydridic com-
plexes  [(W’-CsHs)Ru(dppm)H]  and
[(W’-CsMes)Ru(dppm)H], respectively,
with the protonic [HMn(CO)s] com-
plex. The bimetallic complexes can also

coupling reactions of epoxides with
carbon dioxide to yield cyclic carbo-
nates. Two possible reaction pathways
for the coupling reactions have been
proposed. Both routes begin with het-
erolytic cleavage of the Ru—Mn bond
and coordination of an epoxide mole-
cule to the Lewis acidic ruthenium
center. In Route I, the Lewis basic
manganese center activates the CO, by

forming the metallocarboxylate anion
which then ring-opens the epoxide;
subsequent ring-closure gives the cyclic
carbonate. In Route II, the nucleophilic
manganese center ring-opens the ruthe-
nium-attached epoxide to afford an
alkoxide intermediate; CO, insertion
into the Ru—O bond followed by ring-
closure yields the product. Density
functional calculations at the B3LYP

be synthesized through metathetical re-
actions between [(7’-CsRs)Ru-
(dppm)Cl] (R=H or Me) and Li*
[Mn(CO)s]~. Although the complexes
fail to catalyze the hydrogenation of
CO, to formic acid, they catalyze the

calculations

Introduction

Bimetallic complexes have attracted much attention because
it is believed that with two metal centers in proximity, the
reactivity of the individual metal atoms might complement
each other and give rise to so-called cooperative reactivity.!!
Moreover, the chemistry of these systems is potentially
unique and so they are promising candidates for new chemi-
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level of theory were carried out to un-
derstand the structural and energetic
aspects of the two possible reaction
pathways. The results of the calcula-
tions indicate that Route II is favored
over Route L.

cal and catalytic reactions.”! Heterobimetallic complexes are
of particular interest since it is relatively easy to introduce
metal—-metal bond polarity into these systems, which can
lead to bifunctional activity and direct selectivity in sub-
strate-system interactions. Furthermore, heterolytic cleavage
of the polar metal-metal bond in the course of a reaction
might generate a metal nucleophile and electrophile pair;
the former could act as a Lewis base to activate a substrate
and the latter as a Lewis acid to activate a second one. The
pair might also activate a polar substrate in a concerted
manner.”!

The utilization of carbon dioxide as a feedstock in the
production of chemical products has attracted much atten-
tion for economic and environmental reasons.[! One of the
promising methodologies in chemical CO, fixation is the
coupling of carbon dioxide with epoxides to synthesize
cyclic carbonates which are valuable as aprotic polar sol-
vents, fine chemical intermediates, and starting material for
the synthesis of polymers and engineering plastics.”! Various
catalysts have been explored for use in such coupling reac-
tions.!) Some previous reports have suggested that parallel
Lewis base activation of CO, and Lewis acid activation of
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epoxides is important for the success of the reaction.®* For
example, it has been proposed that in the [Cr'™salen]/(4-di-
methylamino)pyridine (DMAP)-catalyzed CO,/epoxide cou-
pling reactions, the starting [Cr''salen] complex acts as a
Lewis acid to activate the epoxide and the [Cr''salen]-D-
MAP complex, in which the Cr'™ center is rendered more
electron-rich by the coordination of the DMAP molecule,
activates the CO, by forming a metallocarboxylate interme-
diate. It is also likely that the catalytic activity of Mg—Al
mixed oxides in the coupling of carbon dioxide with epox-
ides originates from the cooperative action of neighboring
basic and acidic sites on the surface of the catalyst.®® We
herein report the synthesis, characterization, and a reactivity
study of a pair of Ru—Mn heterobimetallic complexes; the
catalysis of the carbon dioxide/epoxide coupling reactions
with these complexes has also been investigated.

Results and Discussion

Synthesis and characterization of [(n*-C;Hs)Ru(CO)(u-
dppm)Mn(CO),] (1a) and [(n*-C;Me)Ru(u-CO),(u-
dppm)Mn(CO);] (1b): We envision that the reaction of the
relatively acidic manganese carbonyl hydride [HMn(CO);]
(pK, (aq scale)=7.2)" with the hydride complex [Cp'Ru-
(dppm)H] (Cp’=Cp, Cp*; dppm= bis-diphenylphosphino-
methane; the pK, values (aq scale) of the conjugate acids
[CpRu(dppm)(H,)]* and [Cp*Ru(dppm)(H,)]* are 7.3 and
8.8, respectively)®™ would generate, by elimination of a dihy-
drogen molecule, the heterobi-
metallic complex. However,
stirring a THF solution of equi-
molar amounts of [HMn(CO);]
and [Cp'Ru(dppm)H] at room ~Ru=D +
temperature did not seem to
lead to the formation of any bi-
metallic complex. The reaction
of the two hydrides in [Dg]THF
was therefore monitored by
NMR spectroscopy. 'H and
SIP'TH} NMR  spectroscopy,
however, showed that the two
hydrides remained unchanged
over a period of several hours.
The hydride signals of the two
hydride complexes remained
sharp over a temperature range
of 213-293 K, indicative of the
absence of stable dihydrogen-
bonded bimetallic species Ru—
H--H-Mn”) The absence of R:
these stable dihydrogen-bonded

species in the solution mixture Ph
was corroborated by the varia-
ble-temperature 7, relaxation
time measurements for the hy-
dride ligand of the ruthenium CH,.
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complex. The T)(min) values of the hydride ligands of
[CpRu(dppm)H] and [Cp*Ru(dppm)H] in [Ds]chloro-
benzene were measured to be 1139 ms at 240 K and 924 ms
at 244 K, respectively; these values were lowered only
slightly to 1099 ms at 247 K and 900 ms at 246 K, respective-
ly, upon addition of one equivalent of [HMn(CO);] to the
solutions.

Despite the seeming absence of stable dihydrogen-bonded
species in the solution containing [Cp’'Ru(dppm)H] (Cp'=
Cp, Cp*) and [HMn(CO)s], it was, however, learned that H/
D exchange occurred upon addition of one equivalent of
[HMn(CO)s] to a solution of [Cp'Ru(dppm)D]; an equilibri-
um in which the deuterium was distributed equally between
the two hydride species was established within 30 minutes.
With H/D exchange occurring between [Cp’Ru(dppm)D]
and [HMn(CO);], we anticipated that spin-saturation trans-
fer between the two hydride complexes should be observa-
ble. It was, however, found that in a solution containing
equimolar amounts of [Cp’'Ru(dppm)H] and [HMn(CO)s],
irradiation of the ruthenium hydride signal did not lead to
any enhancement of the hydride signal of the manganese
complex. Conversely, the intensity of the ruthenium hydride
signal was unaltered when the hydride signal of the manga-
nese complex was irradiated. The hydride exchange between
the two complexes is probably much too slow to render the
spin-saturation transfer observable.

A mechanism for the H/D exchange between [Cp’Ru-
(dppm)D] and [HMn(CO)s] is proposed and shown in
Scheme 1. The protonic hydrogen of [HMn(CO)s] attacks
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Scheme 1. Proposed mechanism for the H/D exchange between [Cp'Ru(dppm)D] and [HMn(CO);]. R=H,
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the deuteride ligand of [Cp'Ru(dppm)D] and H/D exchange
proceeds rapidly via the transient intermediates of the Ru—
D-+H-Mn species and the n>-HD complex. It has been
shown that the kinetic products of the protonation reactions
of [Cp'Ru(L,)H] are the n’-dihydrogen complexes; depend-
ing on the ligands L,, in some cases, intramolecular tautome-
rization of the dihydrogen complexes occurs to give the
transoid dihydride form or a mixture of dihydrogen and di-
hydride complexes, while in other cases the n>-dihydrogen
form persists and does not tautomerize to give the dihydride
form.'” Although [Cp’Ru(dppm)H] (Cp'=Cp or Cp*) and
[HMn(CO)s] did not seem to react at room temperature
over a period of several hours, it was, however, found that
after a [Dg]THF solution of [CpRu(dppm)H]/[HMn(CO);s]
(1:1) had been allowed to stand at room temperature in a
sealed NMR tube for eight days, the two hydrides had react-
ed completely to yield the metal-metal-bonded bimetallic
complex [CpRu(CO)(u-dppm)Mn(CO),] (1a) and H,
[Eqg. (1)]. On a preparative scale, 1a can be prepared by re-
fluxing equimolar amounts of the two hydrides in THF for
15 h. In this reaction the chelating dppm ligand of [CpRu-
(dppm)H] unwinds upon reaction with [HMn(CO);] to yield
the dppm-bridged complex 1a.

<

p— RIS+ [HMNCO)

PPh,

_—
Ph,

Ru—— N{[n(CO)A +

oc""
Ph,P PPh,

Hy (D)

\/
1a

Not unexpectedly, 1a can also be conveniently prepared
by the reaction of the ruthenium chloro complex [CpRu-
(dppm)Cl] with lithium manganese pentacarbonyls [Eq. (2)].
Similar metathetical reactions have been employed to pre-
pare bimetallic complexes containing metal-metal bonds,™!!
including the Ru—Mo and Ru—W bimetallic complexes that
we recently reported.” It has been suggested that in the
heterobimetallic complexes [RhCo(CO);(u-dppm),],
[RhMH(CO);(p-dppm),] (M =Fe, Ru, Os), [RhM(CO),(p-
dppm),] (M=Mn, Re), and [RhbMH(CO),(p-dppm),] (M=
Cr, W), the metal-metal bonds are M—Rh' dative bonds."*!
It has also been reported that the heterobimetallic complex
formed by the metathetical reaction of Li*[n’>-CsH,P(CsH,-
p-CH;),Mo(CO),]” with [{(CsH,-p-CH;)PCH,}RhCI], con-
tains a highly polarized Rh**—Mo°~ bond; changing the do-
nating phosphine ligands on rhodium to carbonyls led to a
reduction of the metal-metal-bond polarity.'""! The bimetal-
lic complex [(PEt;),(CO)Rh—Co(CO),] has been shown to
possess a polar metal-metal bond which structurally and
chemically is best described as a Rh'~Co ™' complex in which
the [Co(CO),]” group behaves as a pseudo-halide.*T Tt
seems reasonable to regard the manganese moiety in 1a as
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a pseudo-halide that forms a dative Mn—Ru bond with a
formulation of Ru'/Mn™".

The *'P{'H} NMR spectrum of 1a exhibits a pair of dou-
blets at =>54.9 and 56.6 ppm [%/(P,P) =91.2 Hz]. The meth-
ylene hydrogen atoms of the dppm ligand appear as a triplet
at 6=2.90 ppm [J(H,P)=9.91 Hz] in the 'H NMR spectrum.
These hydrogen atoms should, in principle, be diastereotop-
ic, they are magnetically equivalent and have basically iden-
tical coupling constants to the two phosphorus atoms, proba-
bly by coincidence. Complex 1la exhibits three carbonyl
peaks at 247.0, 225.6, and 222.5 ppm (relative intensities,
2:2:1) in the *C NMR spectrum. The IR spectrum (KBr) of
the complex shows, in addition to the bands at 1896, 1938,
and 2000 cm ' due to terminal carbonyl groups, a relatively
low-energy CO stretching frequency at 1710 cm ™. The pres-
ence of this low CO stretching frequency indicates that a
bridging or semibridging carbonyl group is present in the bi-
metallic complex. Our recently reported Ru—Mo and Ru—W
heterobimetallic complexes, which contain semibridging car-
bonyl ligands, exhibit low-energy CO stretching frequencies
at 1777-1792 cm ™"

Similar to 1a, the pentamethylcyclopentadienyl analog,
[{(n*-C5(CH)s}Ru(p-CO),(p-dppm)Mn(CO);]  (1b)  (vide
infra) was prepared by the reaction of the two hydride pre-
cursors or by the metathetical reaction. The *'P{'H} NMR
spectrum of 1b shows two doublets at =48.1 [2J(PP)=
105.0 Hz] and 51.2 ppm [%J(P,P) =105.0 Hz]. Similar to those
of 1a, the methylene hydrogen atoms of the bridging dppm
ligand of 1b also appear as a triplet [0 =2.35 ppm; J(H,P)=
9.1 Hz] in the '"H NMR spectrum. The complex shows only
two carbonyl peaks at 6 =269.8 and 225.6 ppm (relative in-
tensities, 3:2) in the “C NMR spectrum. The IR spectrum
(KBr) of 1b, in addition to the bands due to terminal car-
bonyl groups, exhibits a low-energy CO stretch at
1710 cm ™!, which might be due to semibridging or bridging
carbonyl groups.

Molecular structures of 1a and 1b: The metal-metal-
bonded bimetallic structure of 1a was confirmed by X-ray
crystallography. The molecular structure of 1a is shown in
Figure 1 (the solvent molecule CH,Cl,, which is disordered,
is not shown). The crystal data and refinement details are
given in Table 1. Selected bond distances and angles are
given in Table 2. The Ru—Mn bond distance of 2.8524(7) A
in 1a is comparable to the metal-metal bond lengths mea-
sured in other Ru—Mn bimetallic complexes that contain
bridging ligands, for example, [RuMn(p-H)(u-PPh,)(n’-
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Figure 1. X-ray structure of [(CsHs)Ru(CO)(p-dppm)Mn(CO),] (1a).

Table 1. Crystal data and structure refinement for complexes
1a:0.5 CH,CI, and 1b.
1a-0.5CH,Cl, 1b
empirical formula C;55HxCIMnOsP,Ru  CyH;;MnOsP,Ru
formula weight 787.98 815.65
temperature [K] 294(2) 294(2)
wavelength [A] 0.71073 0.71073
crystal system monoclinic orthorhombic
space group P2/c P2.2,2,
unit cell dimensions
a[A] 18.813(3) 11.7144(15)
b [A] 10.5259(14) 13.1309(18)
c[A] 19.633(3) 24.014(3)
a [°] 90 90
A 1°] 90 90
v [°] 90 90
volume [A%] 3617.5(11) 3693.8(8)
V4 4 4
Ocaled [Mgm ™3] 1.429 1.467
u [mm™] 0.955 0.880
F(000) 1588 1664
crystal size [mm?] 0.22x0.20x0.14 0.30x0.16x0.14
0 range [°] for 2.11-27.54 2.48-27.52
data collection
index ranges
-23=h=24 —-12=h=15
—-13=k=13 —-17=k=13
-25=1=10 -31=[=30
reflections collected 24254 25195

independent reflections
completeness to
0=27.64° [%]
absorption correction
max. and min. transmis-
sion

refinement method

data/restraints/parame-
ters

goodness-of-fit on F2
final R indices [/>20(])]

R indices (all data)

largest diff. peak and
hole [e A7)

8410 [R(int) =0.0363]
99.6

empirical
0.8779 and 0.8174

full-matrix least-
squares on F*
8410/6/417

1.032
R, =0.0468,
wR,=0.129
R,=0.0742,
WwR,=0.1439
0.858 and —0.436

8468 [R(int) =0.0365]
99.7

empirical
0.8867 and 0.7782

full-matrix least-
squares on F*
8468/0/447

1.019
R, =0.0320,
wR,=0.0548

R, =0.0434,
wR,=0.0575
0.596 and —0.416
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Table 2. Selected bond lengths and angles for [(CsHs)Ru(CO)-
(dppm)Mn(CO),] (1a).

interatomic distances [A]

Rul-Mnl 2.8524(7) Rul-P1 2.2842(10)
Mn1-P2 2.2894(11)  Rul—-C6 1.832(5)
Mn1-C7 1.801(5) Mn1—C8 1.839(5)
Mn1—-C9 1.793(5) Mn1-C10 1.832(4)
01-C6 1.158(6) 02-C7 1.145(5)
03-C8 1.130(5) 04-C9 1.152(5)
05-C10 1.157(5)

intramolecular angles [°]

C35-P1-Rul 112.32(12) C35-P2-Mnl  113.75(12)
01-C6-Rul 171.7(4) 02-C7-Mnl  176.0(6)
03-C8-Mnl 176.3(5) 04-C9-Mnl  176.1(4)
05-C10-Mn1 167.3(4)

CsH5)(CO)s], in which the Ru—Mn bond length is

2.894(1) A:5! it is, however, shorter than those of the Ru—
Mn bimetallic complexes that have no bridging ligands, such
as the o-diimine Ru—Mn bimetallic complex [(CO)sMn—
Ru(Me)(CO),(a-diimine)] [o-diimine = pyridine-2-carbalde-
hyde-N-isopropylimine (iPr-PyCa)], in which the Ru—Mn
bond distance was found to be 2.9875(8) A.l') Note that for
one of the carbonyl ligands attached to the manganese
center, the Mn-C-O angle [Mn1-C10-O5, 167.3(4)°] deviates
more from linearity than those of the other CO ligands on
the manganese atom. Moreover, the distance of the carbon
atom of this less linear carbonyl ligand on manganese from
the ruthenium center measures 2.656(4) A; this relatively
short distance is indicative of the presence of a weak inter-
action between this CO group and the ruthenium center. In
a Zr—Ru bimetallic complex, the zirconium-bound CO,
which is slightly bent (Zr-C-O, 167°), semibridges the ruthe-
nium center and the carbon atom of the bent CO is 2.70 A
from the ruthenium center.'”? Moreover, in each of the Ru—
M (M=Mo, W) bimetallic complexes, one of the metal-
bound CO ligands is a semibridging carbonyl, the M-C-O
angle deviates significantly from linearity, and the distance
of the carbon atom of this carbonyl ligand from the rutheni-
um center falls in the range of 2.744-2.906 A 1"

Figure 2 shows the X-ray structure of 1b. The crystal data
and refinement details are included in Table 1. Selected
bond lengths and angles are given in Table 3. An obvious
difference between the structure of 1b and that of 1a is that
the former contains two bridging carbonyl groups, whilst the
latter contains only one semibridging CO. Both bridging car-
bonyl ligands in 1b lean slightly towards the ruthenium
center. The Ru—Mn bond length in 1b is, as expected, short-
er than that of 1a (2.7777(5) A versus 2.8524(7) A) as a
result of the presence of two bridging carbonyl groups. The
C—O bond lengths of the bridging carbonyls are significantly
longer than those of the terminal CO ligands in the com-
plex.

Reactions of 1a and 1b with H,/CO,: We have studied dihy-
drogen-bonding interactions in aminocyclopentadienylruthe-
nium complexes and have learned that complexes containing
intramolecular Ru—H:--H—N dihydrogen bonds catalyze CO,
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Figure 2. X-ray structure of [{Cs(CH;)s)Ru(u-CO),(u-dppm)Mn(CO);]
(1b).

Table 3. Selected bond lengths and angles for [{Cs(CH;)s}Ru(p-CO),(u-
dppm)Mn(CO);] (1b).

interatomic distances [A]

Rul-Mn1 2.7777(5)  Rul-P1 2.2969(8)
Mn1-P2 23296(9)  Rul-Cll 1.994(3)
Rul-C12 1.950(3)  Mnl-Cll 2.096(3)
Mn1-C12 2.151(3) Mn1-C13 1.804(4)
Mn1-C14 1.820(3)  Mnl-Cl5 1.792(3)
0O1-C11 1.178(3) 02-C12 1.190(3)
03-C13 1153(4)  04-Cl4 1.136(3)
05-C15 1.153(3)

intramolecular angles [°]

P1-Rul-Mnl 93.55(2) P2Mnl-Rul  93.09(2)
Rul-C12-Mnl 85.13(11) P2-C40-P1 112.78(15)
01-C11-Rul 137.0(2) O1-C11-Mnl  136.7(2)
02-C12-Rul 141.12) 02-C12-Mnl  133.6(2)

hydrogenation to yield formic acid, albeit in low yields.
During the catalytic reaction, the dihydrogen-bonded
moiety plays an important role in transferring the hydrogen
atoms of H, to the CO, molecule."®! More recently we stud-
ied the promoting effects of water and alcohols on CO, hy-
drogenation reactions catalyzed by the hydrotris(pyrazolyl)-
borato (Tp) ruthenium hydride complex [TpRu(PPhs)-
(CH;CN)H]; supported by theoretical calculations, we pro-
posed that the active species is the aquo or alcohol hydride
complex [TpRu(PPh;)(ROH)H] (R=H or alkyl), which is a
bifunctional catalyst that transfers the metal hydride and the
proton of the coordinated ROH molecule to the carbon and
oxygen atoms of the CO, molecule, respectively, in a con-
certed manner; that is, the CO, molecule does not have to
coordinate to the metal center."” One of our interests in
this work was to study the reactivity of the bimetallic com-
plexes towards H, in the hope of generating dihydrogen-
bonded bimetallic species that might act as bifunctional cat-
alysts capable of delivering a H* and a H™ in a concerted
process (Scheme 2). The bimetallic species are reminiscent
of metal-ligand bifunctional catalysts such as the Shvo cata-
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Scheme 2.

lyst? and the chiral “metal/NH” catalysts reported by
Noyori®"! and Morris® and their co-workers. We therefore
monitored the reactions of 1a and 1b with H, by *'P{'H}
NMR spectroscopy. It was, however, found that after heat-
ing a C¢Dy solution of 1a or 1b at 100°C in a high-pressure
NMR tube under about 35 atm of H, for 45 h, the complex
remained unchanged. Attempted CO, hydrogenation (CO,/
H,=35 atm/35 atm; 100°C for 45 h) with 1a or 1b in the
presence of Et;N in an autoclave was also unsuccessful, that
is, no HCOOH-Et;N adduct was detected.

Carbon dioxide/epoxide coupling reactions with 1a and 1b:
Although 1a and 1b are not catalytically active in the hy-
drogenation of carbon dioxide, it was, however, found that
they are active in catalyzing the coupling reactions of
carbon dioxide with epoxides to give cyclic carbonates. The
results of these reactions are shown in Table 4. The catalytic
reactions were carried out in neat epoxides and no CO,/ep-
oxide copolymer was formed in any of the reactions. After
the removal of the product and the unreacted substrate
from the catalytic reaction mixture, '"H and *'P{'"H} NMR
spectroscopy showed that the bimetallic complex was recov-
ered unchanged.

Note that the presence of electron-withdrawing groups on
the epoxides leads to higher conversions (Table 4, entries 1—
4). The failure of styrene oxide and cyclohexene oxide to
couple with CO, is probably due to steric congestion. In
general, complex 1b has a lower catalytic activity than 1a;
the lower activity of 1b might be attributable to greater
steric hindrance and the presence of two bridging carbonyl
groups which render the cleavage of the metal-metal bond
a more demanding step (vide infra).

We have also studied the catalytic activity of the individu-
al metallic moieties of the complexes in CO,/epoxide cou-
pling reactions. It was found that the ruthenium complexes
[(n’-CsHs)Ru(CO)(PPh;)(CH,CN)]OTt and [(v-
CsH5)Ru(CO)(PPh;)(Cl))/AgTOTf™ were inactive in the re-
action, however, the manganese complex Li[Mn(CO),-
(PPh3)] (1¢) was found to be active, its activity in general
being lower than that of 1a but comparable to that of 1b.
The results of the 1c-catalyzed CO,/epoxide coupling reac-
tions are also included in Table 4. In general, the activities

Chem. Eur. J. 2006, 12, 1004-1015
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FULL PAPER

Entry Substrate Catalyst TONM! TOF!! Entry Substrate Catalyst TONP! TOF!!
1 epifluorohydrin 1a 8640 216 14 butadiene monoxide 1b 1940 48

2 epichlorohydrin 1la 8000 200 15 1,2-epoxyhexane 1b 120 3

3 epibromohydrin 1la 6450 161 16 cyclohexene oxide 1b trace trace
4 propylene oxide 1a 1490 37 17 epifluorohydrin 1c 7020 176
st propylene oxide 1a trace trace 18 epichlorohydrin 1c 5400 135

6 butadiene monoxide 1a 2800 70 19 epibromohydrin 1c 4100 103
7 1,2-epoxyhexane 1a 480 12 20 propylene oxide 1c 440 11

8 cyclohexene oxide 1a trace trace 211 propylene oxide 1c trace trace
9 epifluorohydrin 1b 7050 176 20l propylene oxide 1c trace trace
10 epichlorohydrin 1b 5300 132 23 butadiene monoxide 1c 1795 45
11 epibromohydrin 1b 4200 105 24 1,2-epoxyhexane 1c 110 3

12 propylene oxide 1b 450 11 25 cyclohexene oxide 1c trace trace
130 propylene oxide 1b trace trace

[a] Typical reaction conditions: 3.5 umol catalyst, 31.5 mmol substrate (S/C=9000), 40 bar CO, pressure, 100°C, 40 h. [b] Turnover number (TON)=no.
of moles of product/no. of moles of catalyst. [c] Turnover number frequency (TOF)=TON/time(h). [d] 7.0 umol of CH;CN added. [e] 7.0 umol of

[12]crown-4 added.

of 1a and 1b are similar to those of Cr',[a Zp™ ml Cylt [om]
and Co"™! salen-type complexes and [Re(CO)sBr].1! Com-
plexes 1a and 1b, however, exhibit much higher catalytic ac-
tivities in the coupling reactions of epihalohydrins with CO,.
Note that in general the catalytic activity of the less well-de-
fined [Ni(PPh;),CL]/PPhy/Zn/n-Bu,NBr system!® is more
than an order of magnitude higher than those of 1a and 1b.

Proposed mechanism for the catalytic CO,/expoxide cou-
pling reaction: It has been proposed that the coupling of ep-
oxides with carbon dioxide to yield cyclic carbonates proba-
bly requires the activation of both substrates; the former by
a Lewis acid and the latter by a Lewis base." Route I of
Scheme 3 shows a possible mechanism for the 1a-catalyzed
CO,/epoxide coupling reactions. Heterolytic cleavage of the
metal-metal bond generates an electrophilic ruthenium
fragment and a nucleophilic manganese moiety. An epoxide
molecule then coordinates to the Lewis acidic ruthenium
center, whilst the Lewis basic manganese center activates
the carbon dioxide by forming a metallocarboxylate anion.
Although not isolated, the man-

ganese carboxylate [Mn(CO),-

(PPh;)(CO,)]” was believed to

ring-opening of the former.’* The proposed epoxide com-
plex and the ring-opened species in Route I of Scheme 3 are
probably transient intermediates because we have not been
able to detect either of these species in NMR-monitored
catalytic CO,/propylene oxide coupling reactions carried out
in 10 mm sapphire high-pressure NMR tubes. We have also
failed to isolate or detect any epoxide complex in independ-
ent studies involving the reactions of [(n’-CsHs;)Ru-
(PPh;)(CO)(CH;CN)]* and [(n’-CsHs)Ru(PPhy)(CO)(Cl)]/
Ag*OTf™ with propylene oxide. The fact that the addition
of a small amount of CH;CN, which is a much better coordi-
nating ligand to ruthenium than propylene oxide, completely
quenches the catalytic reaction (Table 4, entry 5) lends sup-
port to the notion that activation of the epoxide by the elec-
trophilic ruthenium center is crucial to the success of the
coupling reaction. The 1b-catalyzed coupling reaction could
probably proceed by the same mechanism, although the
cleavage of the Ru—Mn metal-metal bond, which is flanked
by two bridging carbonyl groups, might be a more demand-
ing step. Moreover, 1b is more hindered than 1a.

o

be the intermediate in the reac- 3):0 oo
tion of K[CpFe(CO)(PPhy)- ) o
(CONl  with  [Mn(CO)- o ©0 o e oot
(PPh,)|BF, followed by the ad- 0_,C /o v \S o
= —Ru—Mn‘—CO 0
dition of CHi to afford OC/R’u & Nin-co oc IS o <P Lo
[CpFe(CO),(PPh;)|BE, and PhyP pph, €O N OCP; i ‘ e
[Mn(CO),(PPh;)(CH;)].*! Nu- A R\v : p
cleophilic ring-opening of the \f o
. . Route I Route IT
ruthenium-attached epoxide by ) co,
the manganese carboxylate in R 1 R
Scheme 3 generates A which + CO cO
[ co > ¢ co = .
then extrudes the cyclic carbon- @/0 ’ £ /<0 ,Rﬂ() -]Jm/_ co /Rﬁo Mn/i(c%
ate by ring-closure. It is widely ~Ru O Mn-CO L0 L Co o¢ Lo CO
oc” | | Neg < Ph,P PPh, 5 PhpP PPh,
accepted that coordination of Ph,P PPh, \ 5
Co,

an epoxide molecule to a Lewis

acid facilitates nucleophilic ~ Scheme 3.
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An alternative mechanism for the CO,/epoxide coupling
reaction is also proposed (Scheme 3, Route II). In this pro-
posed mechanism, the manganese fragment, instead of form-
ing a metallocarboxylate with CO,, ring-opens the epoxide,
which is activated by O-coordination to the ruthenium frag-
ment, to form the cyclic alkoxide B. CO, then inserts into
the Ru—O bond to form the cyclic metal carbonate C, which
then extrudes the cyclic carbonate. The insertion of CO,
into a metal—alkoxide bond to form a metal carbonate spe-
cies is well-documented.™!

The lithium salt of the manganese tetracarbonylate anion
Li[Mn(CO)4(PPh;)] (1¢) was shown to be an active catalyst
in the coupling reactions, although, in general, its activity is
lower than that of 1a (Table 4). The lithium cation of 1c is
probably capable of activating the epoxide by attaching to
the oxygen atom of the latter. The fact that the addition of
acetonitrile (Table 4, entry21) or 12-crown-4 (Table 4,
entry 22), which is able to solvate or encapsulate Li*, re-
spectively, practically quenches the activity of 1c¢ gives cre-
dence to this premise. It has been reported that benzo[15]-
crown-5 acts as a deactivator in sodium halide catalyzed
COy/epoxide coupling reactions; the crown ether is a good
host for the sodium cation.!’! The proximity of the metal
centers in 1a is an advantage over 1e.

co
~ | «CO
[Ru——[Mn] = /Ru‘(Mn*CO
poop oc”|oc”|
Ph,P._ _PPh,
— ol M
H, 0 oC
: [Ru] [Mn]
P b
[Ru] EMnl NS
RS ) T
TS,.g 44.04 (29.15)
38.08 (27.22) Route 1
> TS,

(RuJ-~~-~~ W]
F\’ |

Computational study: To understand the structural and en-
ergetic aspects of the possible reaction pathways proposed
above for the carbon dioxide/epoxide coupling reactions cat-
alyzed by Ru—Mn heterobimetallic complexes, theoretical
calculations at the B3LYP level of density functional theory
were carried out. In our calculations, the model catalyst
[(n’-CsHs)Ru(CO)(p-dppm)Mn(CO),] was used in which
the phenyl groups in the dppm ligand were replaced by hy-
drogen atoms. The two proposed reaction pathways (Rou-
tes I and IT in Scheme 3) were studied. For the convenience
of our discussion, all the calculated structures of the inter-
mediates, reactants, and transition states are numbered and
the transition states are labelled with TS.

Coupling reaction of carbon dioxide and ethylene oxide:
Figure 3 shows the two possible reaction pathways (Routes I
and II) for the carbon dioxide/epoxide coupling reaction;
the relative free energies and electronic energies (in paren-
theses) are also shown. To take into account the effect of
entropy, we use the free energies rather than the electronic
energies in our discussion because two or more molecules
are involved in the reactions studied herein. For the reader’s
information, the relative electronic energies are also shown
in parentheses in Figure 3.

PP R Ml

g R
(10.76) P P
N

7
30.14 (4.49)

0.00 (0.00)
(R 4.43(3085) O
PP 11 oC Os-0
U s o RU O Mn (Z:)
! 1 \ !
-9.61(-23.88) Rll_j’O Mn 0-C PP *
AR
i1 RU\P y n c 1012 (-24.04) (Rul—— v
\__ Routell RS

Figure 3. Schematic illustration of the two reaction pathways studied in the coupling reaction of carbon dioxide with ethylene oxide. The calculated rela-
tive free energies (kcalmol™) and the relative electronic energies (in parentheses) of the species involved in the reaction are given. The relative energies
of all species are given relative to [(11>-CsHs)Ru(CO)(u-dppm)Mn(CO),], CO,, and C,H,O.
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Both Routes I and II begin with a bimetallic complex 1.
After heterolytic cleavage of the Ru—Mn bond, an epoxide
molecule coordinates to the electrophilic ruthenium center
through the Opoxide) atom to afford complex 2 via the transi-
tion state TS;,. In Route I, carbon dioxide then coordinates
to the nucleophilic manganese center through the electro-
philic carbon atom to form complex 3. Ring-opening of the
epoxide in 3 to form 4 takes place via the transition state
TS, In this step, one of the two nucleophilic oxygen atoms
of the carboxylate moiety attacks one of the carbon atoms
of the coordinated epoxide ring, which behaves as an elec-
trophile, to afford a relatively stable intermediate 4. Inter-
mediates 4 and 5 are rotational isomers which differ in their
O-C-C-O dihedral angles, being —72.5 and 59.3°, respective-
ly. We were unable to locate the rotational transition state
because of the flatness of the potential energy surface near
the transition state, however, we expect that the rotational
barrier is small. From the rotational isomer §, ring-closure
occurs via TSs4 to give 6 in which the product molecule
(cyclic carbonate) is coordinated to the ruthenium metal
center. The last step involves the dissociation of the cyclic
carbonate from the ruthenium center and regeneration of
the catalyst via transition state TSq_;.

In RouteIl, after coordination of the epoxide to the
ruthenium center to give complex 2, the nucleophilic manga-
nese center attacks one of the carbon atoms of the rutheni-
um-coordinated epoxide and opens the epoxide ring to
afford a stable alkoxide intermediate 8 via transition state
TS, Carbon dioxide interacts with the oxygen atom
bonded to the ruthenium center to form 9. Insertion of the
carbon dioxide molecule into the Ru—O bond generates the
cyclic metal carbonate 10 via the transition state TSy_. In-
termediates 10 and 11 are rotational isomers with different
Ru-O-C=0 and O=C-O-C dihedral angles. The Ru-O-C=0
dihedral angles of 10 and 11 are 139.9 and 13.4°, respective-
ly, and the O=C-O-C dihedral angles are —7.2 and —173.4°,
respectively. Ring-closure of 11 occurs via TS, to give 6
with the cyclic carbonate (the product molecule) coordinat-
ed to the ruthenium center through the oxygen atom. Final-
ly, dissociation of the cyclic carbonate from 6 and formation
of the Ru—Mn bond regenerates the bimetallic catalyst.

Energetic aspects of Routes I and II: On the basis of the
energy profiles shown in Figure 3, we can see that Route I
involves two major steps. 1) Coordination of the epoxide to
the Lewis acidic ruthenium center with heterolytic cleavage
of the Ru—Mn bond and metallocarboxylate-nucleophilic
ring-opening of the epoxide. 2) Ring-closure of intermediate
5 to yield the product molecule (cyclic carbonate) and re-
generation of the catalyst. Coordination of the epoxide to
the ruthenium center and formation of the metallocarboxy-
late 3 occur sequentially in the first major step leading to a
significant decrease in entropy. The Ru—Mn heterolytic
cleavage causes charge separation, giving ruthenium a
formal charge of +1 and manganese a charge of —1. The
charge separation, entropy loss, and opening of the epoxide
ring, all together, contribute to a very large barrier
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(53.91 kcalmol !, 1—-TS;_,) to the first major step. In the
second major step, ring-closure in § to yield the product
molecule (cyclic carbonate) again leads to charge separa-
tion. This step (5—TSs) has a barrier of 35.93 kcalmol .

Route II involves three major steps. 1) Coordination of
the epoxide to the Lewis acidic ruthenium center with heter-
olytic cleavage of the Ru—Mn bond and manganese-nucleo-
philic ring-opening of the epoxide to give 8. 2) Insertion of
CO, into the Ru—O bond in 8 to give 10. 3) Ring-closure in
10 to yield the cyclic carbonate and regeneration of the cata-
lyst. The first major step has an overall energy barrier of
44.04 kcalmol ™', which is less than the overall barrier calcu-
lated for the first major step of Route I. The energy re-
quired for coordination of the epoxide and heterolytic cleav-
age of the Ru—Mn bond is the same as that in Route I. The
smaller overall barrier here is a result of a smaller barrier to
manganese-nucleophilic ring-opening than that for the met-
allocarboxylate-nucleophilic ring-opening of Route 1. By ex-
amining the energy changes for the steps 2—TS, 3 and 2—
TS; 4, we can conclude that the unfavorable metallocarboxy-
late-nucleophilic ring-opening in Route I is mainly related
to an entropy effect. In Route II, ring-opening occurs imme-
diately after the heterolytic Ru—Mn bond cleavage. Howev-
er, the ring-opening in Route I occurs after 2 has taken up
one more molecule, CO,. The insertion of CO, into 8 in the
second major step does not cost much energy with an
energy barrier of 24.68 kcalmol™. In the third major step,
ring-closure in 10 to yield the product molecule (cyclic car-
bonate), similar to the second major step in Route I, has a
large barrier of 44.59 kcalmol™ (from 10 to TS;,). Again,
formation of 6 causes charge separation between the two
metal centers, contributing to the large barrier. As the dif-
ference in the overall energy barriers between the first and
third major steps is small, we expect that these two steps are
important in determining the reaction rate.

By comparing the energetics of Routes I and II described
above, one finds that Route II is favored over Route 1. The
experiments described in the preceding section show that
the presence of electron-withdrawing groups on the epox-
ides leads to higher conversions (Table 4). It is expected that
electron-withdrawing groups, which increase the electrophi-
licity of the epoxide carbon atoms, should reduce the barrier
to the manganese-nucleophilic ring-opening step in Rou-
te II. Electron-withdrawing groups should also facilitate the
ring-closure in 11 because this step is also related to the
electrophilic attack of one of the epoxide carbon atoms on
the ruthenium-bonded oxygen in 11.

Note that the reaction barriers calculated for both Routes
I and II are very high. As mentioned above and as will be
discussed in more detail below, the reaction paths involve
heterolytic Ru—Mn bond cleavage which causes charge sepa-
ration. It is well recognized that gas-phase calculations,
which are now commonly carried out in computational
chemistry, for such charge separation processes always pro-
duce very high reaction barriers.”® Since we are interested
in the comparison of Routes I and II, the relative barrier
heights are more important than the absolute barriers. Note
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also that intermediates 8-10 were predicted by the calcula-
tions to be stable. However, we did not observe these spe-
cies experimentally. We suspect that the calculations might
have overestimated the electrostatic interactions between
ruthenium and oxygen and between manganese and carbon
atoms in the Ru—O and Mn—C bonds of the intermediates,
again because gas-phase models were used.

Structures of the species in Route II: Structural details of
the optimized intermediates and transition states of the fa-

vored route (Route IT) are shown in Figure 4. Complex 1
can be described as being composed of a square pyramidal
18-electron Mn! d®*ML; anion coordinated to a 16-electron
Ru" d*-CpML, cation fragment through a dative Ru«—Mn
bond. The calculated bond length of Ru—Mn in 1 is 2.933 A,
which is slightly longer than the corresponding bond length
(2.852 A) in the X-ray crystal structure reported in Table 2.
The metal-phosphine and metal—carbonyl distances are
well-reproduced. The calculated bond lengths and bond
angles of 1 are in reasonably good agreement with the ex-

TS, 16 (39.27)

6(29.35)

1401 /1.488
g o QR 9?
\

TSe, (30.14)

Figure 4. B3LYP-optimized structures for the species shown in Figure 3 (Route II). The free energies (kcalmol™') relative to the reactants are given in

parentheses. Bond lengths are given in angstroms.
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perimental values. In 2, the Ru—Mn distance is considerably
lengthened to 4.803 A, indicating that the Ru—Mn bond is
completely broken. The calculated NBO natural charges®”!
of the ruthenium and manganese centers are 0.12 and —0.86,
respectively, suggesting that 2 more closely resembles a
ruthenium cation/manganese anion pair. Heterolytic bond
cleavage in the gas-phase requires a huge amount of energy,
therefore, the high activation barrier for the process 1—2 is
reasonable. In the transition state TS, g, the O epoxideyCeepoxide)
bond is lengthened to 1.927 A and the Ciepoxide)"Mn distance
is reduced to 3.700 A. These features indicate that TS, g is
an early transition state. The ruthenium and manganese cen-
ters in 8 are bridged by an alkoxide group. In the transition
state TSy 49, the Cico,y~Oepoxidey aNd Ru—Oc,) distances are
shortened to 1.486 and 2.524 A, respectively, and the Cco,—
Ocoy oand Ru—Opoxiqey bonds are lengthened to 1.290 and
2.636 A, respectively. These geometrical features indicate
that TS, is a concerted four-center transition state. In the
intermediate 10, the ruthenium and manganese centers are
bridged by the carbonate group. From 10 to 11, the Ru—O—
C=0 dihedral angle changes from 139.9 to 13.4°, so that the
lone pairs of the oxygen atom, which is bonded to the ruthe-
nium atom, are ready to interact with one of the carbon
atoms of the epoxide in the transition state TS;_¢ in the
ring-closure process. In the transition state TS;;, the Mn—
Clepoxize) distance is lengthened to 3.112 A and the Cepoxidey™
O(co, distance shortened to 1.769 A, typical of a late transi-
tion state. In 6, the Mn—Cyqe) and Ru—Mn distances are
4.446 and 4.804 A, respectively, indicating that there is no
bonding interaction between the ruthenium and manganese
fragments. The calculated NBO natural charges?® of the
ruthenium and manganese centers are 0.10 and —0.88, re-
spectively. Similar to the process of 1—2, heterolytic bond
cleavage occurs in the 11—6 process, requiring a high activa-
tion barrier. In the transition state TSs; the Ru—Mn dis-
tance is shortened to 4.493 A and the Ru—O distance is
lengthened to 2.545 A. This transition state is related to dis-
sociation of the product molecule (cyclic carbonate) and re-
generation of the catalyst.

Conclusions

This work reports catalytic CO,/epoxide coupling reactions
with well-defined heterobimetallic complexes. Our study in-
dicates that cooperative participation of the metal centers of
the complexes occurs during the catalytic process. Theoreti-
cal calculations seem to support a reaction pathway involv-
ing heterolytic cleavage of the Ru—Mn bond and epoxide
coordination to the Lewis acidic ruthenium center, ring-
opening of the epoxide by the Lewis basic manganese
center followed by CO, insertion into the Ru—O bond to
afford the carbonato intermediate, which then undergoes
ring-closure to yield the cyclic carbonate product. The heter-
olytic metal-metal bond cleavage and the ring-closure steps,
both of which cause charge separations, have high energy
barriers.
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Experimental Section

All experiments were carried out under dry nitrogen using standard
Schlenk techniques. All solvents were distilled and degassed prior to use.
Dichloromethane was distilled from calcium hydride. Tetrahydrofuran,
diethyl ether, toluene, and hexane were distilled from sodium-benzophe-
none ketyl. Methanol and ethanol were distilled from magnesium and
iodine. [Mn,(CO),,] was purchased from Strem. Li(C,Hs);BH was pur-
chased from Aldrich. [Mn,y(CO)s(PPh;),]* Li[Mn(CO)],” [(n’*-
CsHs)Ru(dppm)CI],PY [(0’-CsHs)Ru(dppm)H],FY [1°-C5(CH;)s]Ru-
(dppm)CI], [n*-Cs(CHa)s]Ru(dppm)H] [(’-CsHs)Ru(CO)-
(dppm)]LP? and [(n*-CsHs)Ru(CO)(PPh,)(CH,CN)]BF,*¥ were prepared
according to published procedures. [HMn(CO)s] was synthesized accord-
ing to a literature procedure except that Li(C,Hs);BH was used instead
of Na/Hg.* Propylene oxide and butadiene monoxide were purchased
from Aldrich. Epifluorohydrin, epichlorohydrin, styrene oxide, cyclohex-
ene oxide, isobutylene oxide, and 1,2-epoxyhexane were purchased from
Acros. All substrates were dried with molecular sieves before use.

Infrared spectra were recorded with a Bruker Vector 22 FT-IR spectro-
photometer. '"H NMR spectra were recorded with a Bruker DPX 400
spectrometer at 400.13 MHz. Chemical shifts (0, ppm) were measured
relative to the proton residue of the deuteriated solvent ([Dg]THF: 6=
1.85 ppm, C¢Ds: 0=7.40 ppm). *'P{'H} NMR spectra were recorded with
a Bruker DPX-400 spectrometer at 161.98 MHz. The chemical shifts are
referenced to external 85% H;PO, in D,0 (6=0.0 ppm). *C{'H} NMR
spectra were recorded with a Bruker DPX-400 spectrometer at
100.63 MHz. High-pressure NMR studies were carried out in a sapphire
NMR tube; the 10 mm sapphire NMR tube was purchased from Saphi-
kon, Milford, NH, USA, and the titanium high-pressure valve was con-
structed at the ISSECC-CNR, Firenze, Italy. Mass Spectrometry was car-
ried out with a Finnigan MAT 95S mass spectrometer. Elemental analy-
ses were performed by M-H-W Laboratories, Phoenix, AZ, USA.
[(*-CsHs)Ru(CO) (u-dppm)Mn(CO),] (1a) by H, elimination: A THF
(15mL) solution of [HMn(CO)s] (0.032 g, 0.163 mmol) was transferred
into a Schlenk flask equipped with a water condenser and loaded with a
sample of [(n’-CsHs)Ru(dppm)H] (0.090 g, 0.163 mmol). The resulting
mixture was refluxed for 24 h. After cooling to room temperature, the
solvent was removed under vacuum to afford an orange paste. Hexane
(5mL) was added, with stirring, to obtain an orange solid which was
washed with diethyl ether (1 mL) and hexane (2 mL) and then dried in
vacuo for 6 h. Yield: 0.099 g (82%). Elemental analysis calcd (%) for
C;5H,,05P,RuMn: C 56.39, H 3.65; found: C 56.29, H 3.61; IR (KBr):
#(C=0)=1710 (m), 1896 (s), 1938 (s), and 2000 cm™ (s); 'H NMR
(400.13 MHz, CsDg, 25°C): 0=2.90 (t, J(H,P)=9.91 Hz, 2H; PCH,P),
5.02 (s, SH; Cp), 7.72-7.13ppm (m, 20H of dppm); *'P{'H} NMR
(161.98 MHz, CsDg, 25°C): 6=54.9 (d, J(P,P)=91.2 Hz), 56.5 ppm (d,
J(PP)=91.2 Hz); ESI-MS (CH,Cl,/MeOH as solvent): m/z: 746 [M]*.
[(*-CsHs)Ru(CO) (u-dppm)Mn(CO),] (1a) by metathetical reaction: A
THF solution (10 mL) solution of Li*[Mn(CO);]~ (0.060 g, 0.295 mmol)
was transferred with a cannula into a Schlenk flask equipped with a
water condenser and loaded with a sample of [(1’-CsHs)Ru(dppm)CI]
(0.173 g, 0.295 mmol). The mixture was refluxed for 24 h. After cooling
the solution to room temperature, the solvent was removed under
vacuum to yield a crude orange solid. Toluene (8 mL) was added to the
solid and the resulting mixture was filtered through Celite to remove the
salt. The solvent of the filtrate was removed by vacuum to give an
orange paste which was washed with diethyl ether (1 mL) and hexanes
(2mL) and dried in vacuum for 6 h to afford the pure product. Yield:
0.176 g (80%). The IR, NMR, and mass spectrometric data of the prod-
uct were identical to those of the product obtained by the synthetic
method described above.

[{n*-Cs(CH;)s}Ru(u-CO),(u-dppm)Mn(CO);] (1b) by H, elimination:
This complex was prepared by using the same procedure as described
above for the preparation of 1a except [{n>-Cs(CH;)s}Ru(dppm)H] was
used in place of [(n’-CsHs)Ru(dppm)H]. Yield: 0.059 g (83 % ). Elemental
analysis caled (%) for CyH;,0sP,RuMn: C 58.90, H 4.57; found: C 58.77,
H 4.61; IR (KBr): #(C=0)=1710 (m), 1892 (s), 1912 (s), 1989 cm™" (s);
"H NMR (C,D,, 400.13 MHz, 25°C): 6=1.76 (s, 15H; methyls of Cp*),
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2.35 (t, J(H,P)=9.1 Hz, 2H; PCH,P), 7.66-7.04 ppm (m, 20H of dppm);
SP{'H} NMR (C¢D, 161.98 MHz, 25°C): 6=48.1 (d, J(P,P)=105.0 Hz),
51.2 ppm (d, J(PP)=105.0 Hz); ESI-MS (CH,ClL/MeOH): m/z: 816 [M]*.
[n*-Cs(CH;)s}Ru(n-CO),(n-dppm)Mn(CO),] (1b) by metathetical reac-
tion: Complex 1b was synthesized by using the same procedure as de-
scribed above for the preparation of 1a by the same method except that
[{n*-Cs(CH;)s}Ru(dppm)Cl] was used instead of [(n’-CsHs)Ru(dppm)Cl].
Yield: 0.109 g (83 %).

H/D exchange between [(-CsRs)Ru(dppm)D] (R=H, CH;) and
[HMn(CO);]: In a typical experiment, the ruthenium deuteride complex
(0.006 mmol) was loaded into a 5-mm NMR tube which was then sealed
with a rubber septum. The tube was purged and filled with nitrogen. De-
gassed [Dg]THF (0.4 mL) was added through a syringe to dissolve the
complex. A [Dg]THF solution (0.4 mL) of [HMn(CO)s] (0.006 mmol)
was added to the tube using a syringe and a needle. The '"H NMR spec-
trum of the mixture was recorded immediately at room temperature.

Li[Mn(CO),(PPh;)] (1c): A sample of [Mn,(CO)s(PPh;),] (0.15g,
0.17 mmol) was dissolved in THF (10 mL) in a 50 mL Schlenk flask.
Excess Li(C,H;);BH (1.0m solution in THF, 0.44mL, 0.44 mmol,
2.5 equiv) was added slowly to this solution, which was cooled to 0°C,
using a syringe and a needle over a period of 20 min. The solution was
stirred for 2.5 h, during which time the temperature of the reaction mix-
ture gradually increased to room temperature. The solvent was then re-
moved under vacuum to afford a crude yellow solid which was washed
with diethyl ether (3 mL). The residue was then extracted with toluene
(5mL) and the solvent of the extract was removed under vacuum to
yield a yellow solid which was washed with hexane (5 mL) and dried in
vacuo. Yield: 0.10g (74%). IR (KBr): #(C=0)=1890 (sh), 1904 (s),
1996cm™ (m); 'H NMR (400.13 MHz, [Dg]THF, 25°C): 6=7.44-
7.84ppm (m, H atoms of PPhy); *'P{'"H} NMR (161.98 MHz, [Dy]THF,
25°C): 6=74.67 ppm (s); ESI-MS (CH,Cl,/MeOH): m/z: 429 [M—Li]*.
Catalytic coupling reactions of CO, with epoxides: The reactions were
carried out in a 40-mL stainless steel autoclave. In a typical run, the com-
plex (3.5 umol) was dissolved in the epoxide (31.5 mmol) and the solu-
tion was heated under 40 bar of CO, at 100°C for 45 h. The reactor was
cooled rapidly in an ice-bath and carefully vented. The cyclic carbonates
formed were isolated by vacuum distillation and analyzed by 'H NMR
spectroscopy.

Crystallographic analysis of [(n’-CsHs)Ru(CO)(u-dppm)Mn(CO),] (1a)
and [{n°-C5(CH;)s}Ru(u-CO),(n-dppm)Mn(CO);] (1b): Crystals of 1a
and 1b suitable for X-ray diffraction studies were obtained by layering
hexane on CH,Cl, solutions of the complexes. A suitable crystal of 1a or
1b was mounted on a Bruker CCD area detector diffractometer and sub-
jected to Moy, radiation (1=0.71073 A) from a generator operating at
50 kV and 30 mA. The intensity data of 1a and 1b were collected in the
range of 260 =3-55° with oscillation frames of ¢ and o in the range of 0—
180°; 1321 frames were recorded in four shells. An empirical absorption
correction based on Fourier coefficient fitting was applied using the
SADABS program (Sheldrick, 1996). The crystal structures were deter-
mined by direct methods, which yielded the positions of some of the non-
hydrogen atoms, and subsequent difference Fourier syntheses were em-
ployed to locate all of the remaining non-hydrogen atoms that did not
show up in the initial structure. Hydrogen atoms were located based on
difference Fourier syntheses connecting geometrical analysis. All non-hy-
drogen atoms were refined anisotropically with a weight function of w=
1/[6*(F,%)+0.1000p]*+0.0000p, where p = (F,2+2F.?)/3. Hydrogen atoms
were refined with fixed individual displacement parameters. All experi-
ments and computations were performed with a Bruker CCD area detec-
tor diffractometer and a PC computer using the Bruker Smart and
Bruker SHELXTL packages.

Computational details: Density functional theory calculations at the
Becke3LYP (B3LYP) level of theory™! were used to optimize the geome-
tries of all the reactants, intermediates and transition states. Frequency
calculations at the same level of theory were also performed to identify
all stationary points as minima (zero imaginary frequency) or transition
states (one imaginary frequency). Intrinsic reaction coordinates (IRC)P!
were also calculated for the transition states to confirm that such struc-
tures indeed connect two minima. The effective core potentials (ECPs)
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of Hay and Wadt with a double-¢ valence basis set (LanL2DZ)*” were
used to describe ruthenium, manganese, and phosphorus atoms. For all
the other atoms, the standard 6-31G basis set’® was used. Polarization
functions were added for the ruthenium [{(Ru)=1.235], manganese
[£(Mn)=2.195],® and phosphorus [£4(P)=0.340] atoms.*”! All calcula-
tions were performed by using the Gaussian 03 software package!*!! on
PC Pentium IV computers.

CCDC-276203 (1a) and CCDC-276204 (1b) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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