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’ INTRODUCTION

Ruthenium complexes combined with different Lewis-acid-
type activators or in the absence of additives have found use as
catalyst precursors in radical processes derived from Kharasch
chemistry,1 such as the atom transfer radical polymeriza-
tion (ATRP) of vinyl monomers,2 which is commonly referred
to as the “living” polymerization.2a Mononuclear half-sandwich
ruthenium(II) complexes with cyclopentadienyl or arene li-
gands such as [RuCp(PPh3)2Cl],

3a�d [RuCp*(PPh3)2Cl],
3b�d

[RuCp*(PCy3)Cl],
3c [RuInd(PPh3)2Cl],

3a,b,d [RuCl2(p-
cymene)(L)] (L = PR3

3e,f or N-heterocyclic carbenes3g,h) and
their homo- and heterobimetallic derivatives,3i RuCl2(PPh3)3,

3j,k

Grubbs’ ruthenium�carbene complex RuCl2(=CHPh)-
(PCy3)2,

3e,f,l as well as closo- and exo-nido-ruthenacarboranes of
different types and structures3d,m,n are examples of ruthenium-
based ATRP catalysts extensively investigated in recent years. It
is believed that in terms of steric and electronic properties
dianionic dicarbollide ligands, such as [7,8-nido-C2B9H11]

2- and

its derivatives, can serve as models of η5-alkylcyclopentadie-
nyl ligands and, in particular, of the η5-pentamethylcyclo-
pentadienyl (Cp*) ligand.4a�c However, due to the doubly
negative charge, the carborane ligands much better stabilize
complexes containing metals in higher oxidation state.4d,e

Thus, the stable seven-coordinate Ru(IV) compounds
[3,3-(Ph3P)2-3-H-3-(L)-closo-3,1,2-RuC2B9H11] (1, L = Cl;
2, L = H) belonging to the family of 18-electron closo-
ruthenacarboranes have been described.5 An analogue of
complex 1 with the chelating diphosphine ligand [3,3-(dppb)-3-
H-3-Cl-closo-3,1,2-RuC2B9H11] (3) also belongs to this fa-
mily. The latter 18-electron complex has only recently
become conveniently available by the exploitation of the
phosphine�diphosphine displacement reaction of either closo
complex 15d or its exo-nido isomer.6 closo-Ruthenacarboranes,
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ABSTRACT: The heating of the 18-electron complex [3,3-
(dppb)-3-H-3-Cl-closo-3,1,2-RuC2B9H11] (3) in benzene at 80 �C
in the presence of a small amount of CCl4 as initiator afforded
paramagnetic 17-electron species [3,3-(dppb)-3-Cl-closo-3,1,2-
RuC2B9H11] (4) along with minor amounts of two P-phenylene
ortho-cycloboronated derivatives [3-Cl-3,3,8-{Ph2P(CH2)4PPh-

μ-(

�

C6H4-ortho)}-closo-3,1,2-RuC2

�

B9H10] (5) and [3,7-Cl2-3,3,8-

{Ph2P(CH2)4PPh-μ-(

�

C6H4-ortho)}-closo-3,1,2-RuC2

�

B9H10] (6) in total yield of ca. 80%. The heating of either 3 or 4 in toluene at
95 �C in the absence of CCl4 led to the selective formation of 5, which was isolated in 64% and 46% yield, respectively.
Thermolysis of 3 at higher temperatures (boiling toluene, 110 �C) gives novel paramagnetic species [3-Cl-3,3,7,8-

{Ph2P(CH2)4P-μ-(

�

C6H4-ortho)2}-closo-3,1,2-RuC2

�

B9H9] (7) featuring bis(ortho-cycloboronation) of both P-phenyl
groups at the same phosphorus atom of the ruthenium-bound dppb ligand. All new paramagnetic complexes 4�7, as well
as starting diamagnetic species 3, were characterized by single-crystal X-ray diffraction and, in addition, by EPR spectroscopic
studies of odd-electron complexes. Ruthenacarboranes 3�5 and 7 all display high efficiency as catalysts for the atom transfer
radical polymerization (ATRP) of methyl methacrylate (MMA). Complex 5 gave the best catalyst performance in terms of
polydispersity; the PDI (Mw/Mn) of the polymer samples is as low as 1.15.
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such as 1 and 3, are of interest not only due to the fact that
they belong to structurally rare examples of seven-coordinate
Ru(IV) complexes but also due to their unprecedented use as
efficient catalysts for atom transfer radical polymerization
(ATRP): a convenient way toward well-defined polymers
based on vinyl monomers.5d,7 The general scheme for ATRP
process can be described by the following scheme:

Here, MtnLx indicates a complex based on a transition metal Mt,
n is the oxidation state of the metal atom, L represents the
auxiliary ligands, R�Hal is the organohalide initiator (Hal =Cl or
Br), and Pn is the propagating polymer chain. The polymeriza-
tion starts from generation of radical species via reversible
activation of a terminal carbon�halogen bond in organohalide
compound and its addition to monomer unit (M). The equilib-
rium between active and dormant species leads to the step-by-
step growth of the polymer chains leading to polymers with
narrow polydispersity.

In accord with our preliminary communication,8 we report
here our studies on thermal reactions of the diamagnetic complex
36 in the presence and in the absence of CCl4 as initiator. By
employing these general routes, we have substantially extended
the scope of the known paramagnetic Ru(III) closo-ruthenacar-
borane complexes, some of which were found to exhibit high
efficiency as ATRP catalysts to controlled polymerization of MMA.

’RESULTS AND DISCUSSION

Synthesis of closo-Ruthenacarboranes (4�7) and Exam-
ination of Their Thermal Reactions in the Presence and in
the Absence of CCl4 as a Source of Radicals. The previous
studies have shown that in the presence of CCl4 closo-ruthena-
carboranes 1 and 3 can efficiently initiate the ATRP polymeri-
zation of MMA and styrene7,8 in the absence of additional
activators. However, the above-mentioned diamagnetic Ru(IV)
complexes are coordinatively and electronically saturated com-
pounds and, in terms of catalytic activity of organometallic ATRP
catalysts,2a cannot be considered as true catalysts for this process.
Taking into account the fact that the polymerization of MMA or
styrene in the presence of complexes 1 and 3 occurs in bulk at
relatively high temperatures (80 �C and higher), in the work that
we now report, we investigated in detail the thermal reactivity of

complex 3 in benzene and toluene at different temperatures in
the presence and in the absence of traces of CCl4.
Diamagnetic closo-ruthenacarborane 3 is known to be quite

stable both in the solid state and in solution.6 It also remains
intact after heating in benzene under reflux for about 15�17 h.
However, when a benzene solution of 3 was heated under the
same thermal conditions in the presence of traces of CCl4, three
new ruthenacarboranes (4�6) were obtained, among which 4
was the major product (Scheme 1). The TLC monitoring of this
reaction did not give a clear control of the reaction due to very
close Rf values for complexes 3, 4, and 5. In addition, all three
products 4�6 are paramagnetic, which complicates their iden-
tification by 1H and/or 31P{1H} NMR spectroscopy. In
an attempt to control the reaction, we tried to apply HPLC on
Separon SGX column using CH2Cl2/n-hexane (1:3) as mobile
phase. On the basis of theHPLC data obtained (Figure 1), we not
only accurately estimated the relative ratio of the final products

Scheme 1

Figure 1. The HPLC monitoring of the reaction of diamagnetic
complex 3 in benzene solution in the presence of CCl4 at 80� C. The
reaction time: (a) 0 h, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h.
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4, 5, and 6 as 5:1:0.1 but also determined the time of complete
conversion of diamagnetic complex 3 (ca. 4 h). As can be seen
from Figure 1, an increase in the degree of conversion of starting
complex 3 is not accompanied by the accumulation of complex 5
due to the consumption of the major reaction product 4.
Complex 5 seems to be generated from the starting diamagnetic
complex 3 rather than from complex 4 during this thermal reaction.
It should also be noted that product 6 apparently appeared in later
steps of the reaction, most probably from complex 5.
The reaction of 3with CCl4 can occur in benzene even at lower

temperature (60 �C). However, under these conditions the reaction
proceeds slower affording complexes 4 and 5 in a ratio of ca. 6:1, and
the conversion of3 achieved after 6 hwas less than 50%(HPLCdata).
The main paramagnetic complex 4 was always accompained

by species 5 during its synthesis and isolation. The best yield
(21%) of compound 4 containing 5 in a 10:1 ratio was obtained
by treatment of the crude reaction mixture with the preparative
column chromatography on silica gel followed by 3-fold recrys-
tallization from a CH2Cl2/n-hexane mixture. However, some
amount of 4 in HPLC pure form could ultimately be obtained by
additional recrystallization of the residual obtained from the
combined mother liquors (see Experimental Section). The other
two complexes 5 and 6 were in turn individually prepared in
moderate yield by alternative methods starting from 3 and 5,
respectively (vide infra). On the basis of the X-ray crystal data,
complexes 4�6 were finally formulated as [3,3-(dppb)-3-Cl-
closo-3,1,2-RuC2B9H11], 4 (major product) and its two ortho-
phenylenecycloboronated derivatives [3-Cl-3,3,8-{Ph2P(CH2)4-

PPh-μ-(ortho-

�

C6H4)}-closo-3,1,2-RuC2

�

B9H10], 5, and [3,7-Cl2-

3,3,8-{Ph2P(CH2)4PPh-μ-(ortho-

�

C6H4)}-closo-3,1,2-RuC2

�

B9H10],6.

Interestingly, although complex 3 is thermally inert in a
benzene solution at 80 �C, under more forcing conditions
(heating in a toluene solution at 95 �C) this compound produced
selectively ortho-phenylenecycloboronated paramagnetic com-
plex 5 in 64% yield. The HPLC monitoring of the reaction
(Figure 2) showed that complex 5 is the only reaction product,
and the formation of complex 4 was not observed under these
conditions. Attempts to convert complex 4 into 5 by its thermal
treatment under the same condition as for 3 resulted in the
formation of the desired product in 46% yield. It should also be
noted that under anaerobic conditions complex 5 reacted with
the chlorinated solvent CCl4 under gentle reflux affording
chloro-cage substituted complex 6 in 68% yield. Each of these
complexes 5 and 6 has been isolated as an air-stable crystalline
solid by the preparative column chromatography on silica gel and
characterized by a combination of analytical and EPR spectro-
scopic data, including their single crystal X-ray diffraction studies.
We next examined the thermolysis of 3 in toluene under more

drastic thermal conditions at 110 �C. This reaction unexpectedly
afforded, along with 5, the paramagnetic complex [3-Cl-3,3,

7,8-{Ph2P(CH2)4P(ortho-

�

C6H4)2}-closo-3,1,2-RuC2

�

B9H9] (7)
(Scheme 2). The structure of 7 was deduced from the X-ray
diffraction data (vide infra). From these data it follows that
although 7 has a polyhedral structure similar to that of 5, it
exhibits bis(ortho-cycloboronation) of two P-phenyl groups con-
nected with the same phosphorus atom of the ruthenium-
bound dppb ligand. In contrast to a number of known
monocarbon9 and dicarbon metallacarboranes,7a,10 as well

Figure 2. HPLCmonitoring of the thermolysis of 3 in toluene solution
at 95 �C. The reaction time: (a) 0 h, (b) 1 h, (c) 4 h, (d) 7 h.

Scheme 2

Figure 3. Anisotropic EPR spectra of ruthenacarboranes 4�7 recorded
in a CH2Cl2/toluene mixture at 150 K.
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as metallaborane clusters11 with an exo-cyclic linkage induced
by ortho-cycloboronation of one of the P-phenyl rings of the
metal-bound monophosphine or diphosphine ligands, com-
plex 7 containing two “one-site” ortho-phenylenecycloboro-
nated linkages represents a novel type of 12-vertex closo-
metallacarboranes belonging to this family (see the discus-
sion in the following section).
It was then found that heating a solution of 5 in toluene at

110 �C also afforded complex 7. However, in both cases, starting
from 3 or 5, complex 7 is formed in moderate yield due to its

partial decomposition during thermal treating and isolation.
Thus, the heating of compound 5 under reflux in toluene for
14 h afforded 7 in a yield of at most 35%. These observations
suggest that the thermal reaction of 3 under these conditions
(toluene, 110 �C) occurs stepwise to give the final product 7
through the intermediate formation of complex 5.
The paramagnetic nature of complexes 4�7 was further

confirmed by EPR spectroscopy. As expected, the spectra of all
four complexes proved to be similar in that they exhibit rhombic g
component patterns with g1 = 2.487, g2 = 2.070, g3 = 1.947 for

Figure 4. ORTEP representation of the molecular structure with the numbering scheme for diamagnetic complex 3; ellipsoids are drawn at the 50%
probability level (all hydrogen atoms excluding ruthenium�hydride are omitted for clarity). Selected bond lengths (Å) and angles (deg): Ru(3)�C(1)
2.258(2), Ru(3)�C(2) 2.229(2), Ru(3)�B(4) 2.315(2), Ru(3)�B(7) 2.230(2), Ru(3)�B(8) 2.282(2), Ru(3)�P(1) 2.3670(5), Ru(3)�P(2)
2.3305(5), Ru(3)�Cl(1) 2.4463(5), Ru(3)�H(1M) 1.51(3), C(1)�C(2) 1.624(3); P(1)�Ru(3)�P(2) 102.51(2), P(1)�Ru(3)�Cl(1) 80.48(2),
P(2)�Ru(3)�Cl(1) 83.12(2), Cl(1)�Ru(3)�H(1M) 136(1).

Figure 5. ORTEP representation of the molecular structure with the numbering scheme for complex 4; ellipsoids are drawn at the 50% probability level
(all hydrogen atoms are omitted for clarity).
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4; g1 = 2.385, g2 = 2.095, g3 = 1.972 for 5; g1 = 2.384, g2 = 2.091,
g3 = 1.965 for 6; and g1 = 2.300, g2 = 2.091, g3 = 1.986 for 7. The
anisotropic spectra in a toluene�methylene chloride mixture as
the solid matrix are shown in Figure 3. The EPR spectra of
complexes 4�7 are similar to the spectra of other ruthenium
complexes containing the metal atom in a pseudo-octahedral
coordination.6,10,12 A comparison of these spectra shows that the
presence of one or two ortho-cycloboronated moieties in these
compounds leads to a gradual shift of the first component of the
signal to a higher field, whereas the positions of two other
components vary only slightly. It is interesting that the EPR
spectra of compounds 5 and 6 are virtually identical, which may
indicate that the chlorine atom bound to the carborane moiety is
not involved in the delocalization of the unpaired electron.

Single-crystal X-ray Diffraction Studies of Diamagnetic
and Paramagnetic Complexes 3�7. The structure of diamag-
netic complex 3 has been previously determined by a combina-
tion of analytical andmultinuclear NMR spectroscopic data,6 and
in the present work it was unambiguously confirmed by X-ray
crystallography. Figure 4 depicts the molecular structure of 3
with selected bond lengths and angles. Complex 3 belongs to a
group of neutral seven-coordinate Ru(IV) complexes.5 The
ruthenium atom in 3 is quite symmetrically η5-coordinated by
the nido-{C2B9} cage ligand, so that the Ru�C(1,2) (2.2582(19)
and 2.229(2) Å) and Ru�B(4,7,8) (2.282(2)�2.315(2) Å)
distances are approximately equal and are consistent with those
in structurally similar complex 1.5d Two terminal chlorine
(Ru�Cl, 2.4463(5) Å) and hydrido (Ru�H, 1.51(3) Å) ligands,

Figure 6. ORTEP representation of the molecular structure with the numbering scheme for complex 5; ellipsoids are drawn at the 50% probability level
(all hydrogen atoms are omitted for clarity).

Figure 7. ORTEP representation of the molecular structure with the numbering scheme for complex 6; ellipsoids are drawn at the 50% probability level
(all hydrogen atoms are omitted for clarity).
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along with one chelating dppb ligand (Ru�P(1,2), 2.3670(5)
and 2.3305(5) Å), in sum occupy four coordination sites,
completing the seven-coordination geometry at the Ru(IV)
center. The arrangement of the metal-bound H, Cl, and dppb
ligands with respect to the open face of the cage ligand in 3 is
typical of seven-coordinate Ru(IV) closo-metalacarboranes con-
taining the {RuClHP2} vertex. As in related complex 1,5d the
position of these ligands is such that the Ru�H bond in 3 is
projected onto the B(8)�H bond (the H(3)�Ru�B(8)�H(8)
torsion angle is 19�), and there is a very short H(8) 3 3 3H(3)
(2.20 Å) distance, which is indicative of the possible through-
space interaction between these two hydrogen atoms. This is also
evidenced by the unique HRu 3 3 3HB(8) coupling with

3J(H,H) =
6.0 Hz in the 1H NMR spectrum of complex 3, which is
comparable with the 3J(HRu,HB) coupling in the spectra of other
structurally similar closo-ruthenacarboranes 15d (10.3 Hz) and
[2-Cl-2-H-2,5-(Ph3P)2-3,9-(MeO)2-2,1-RuCB8H6 (8)

13 (9.6 Hz).
The structures of paramagnetic complexes 4�7 in the solid

state were also determined by X-ray diffraction studies, which
unambiguously confirmed their 17-electron closo structures. The
molecular structures of 4�7 are shown in Figures 5�8, respec-
tively, and their selected geometrical parameters (bond distances
and angles) are listed in Table 1. As expected, the ruthenium
atom in all these complexes has the coordination number of six
being formally a three-valent 17-electron metal center. In all
complexes 4�7, the metal atom is coordinated by one chlorine
atom and two phosphorus atoms of the chelating dppb ligand
and, in addition, is bound in a η5-fashion to the C2B3 open face
of the carborane cage ligand, with the ruthenium-to-cage-atom
distances being approximately the same in paramagnetic complex
4 and species 5�7 which have ortho-phenylcycloboronated
linkages (Table 1). Moreover, the latter distances are very similar
to those observed in a number of known electronically saturated
closo-ruthenacarboranes with a similar ligand arrangement at the
metal vertex, including complex 3 (except for a somewhat
elongated Ru�B(4) distance equal to 2.315(2) Å). At the same
time, the Ru�Cl bond lengths in 4�7 (2.3681(6)�2.3853(8) Å)

are much shorter than those found in 18-electron anionic chloro-
containing complexes, such as [Et4N][3-Cl-3,3-(PPh3)2-closo-3,
1,2-RuC2B9H11] [2.515(2) Å]

14 and [Au(PPh3)2][3-Cl-3,3-(CO)2-
closo-3,1,2-RuC2B9H11] [2.452(1) Å],15 as well as in neutral
closo-ruthenacarboranes like complex 1 [2.4284(5) Å].5d The
X-ray diffraction study showed that complex 6 contains two
chlorine atoms, of which one is terminal with respect to the metal
atom, whereas another chlorine atom is bound to the cage B(7)
atom [B(7)�Cl, 1.803(4) Å] (Figure 7). Another particularly
interesting structural feature of complexes 5�7 is that either one

Figure 8. ORTEP representation of the molecular structure with the numbering scheme for one of two independent molecules of complex 7; ellipsoids
are drawn at the 50% probability level (all hydrogen atoms are omitted for clarity).

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
Paramagnetic Complexes 4�6 and for Two Independent
Molecules of 7 (A and B)

7

4 5 6 A B

Bond Lengths (Å)

Ru(3)�C(2) 2.217(2) 2.237(3) 2.245(3) 2.203(3) 2.208(3)

Ru(3)�C(1) 2.249(2) 2.270(3) 2.248(3) 2.262(3) 2.254(3)

Ru(3)�B(4) 2.250(2) 2.228(3) 2.227(3) 2.232(4) 2.246(4)

Ru(3)�B(7) 2.240(2) 2.243(3) 2.280(4) 2.230(4) 2.239(4)

Ru(3)�B(8) 2.274(2) 2.254(3) 2.281(3) 2.247(4) 2.256(4)

Ru(3)�P(1) 2.3531(5) 2.3000(7) 2.3127(9) 2.2692(9) 2.2689(9)

Ru(3)�P(2) 2.3784(5) 2.3739(7) 2.3693(9) 2.3556(9) 2.3423(9)

Ru(3)�Cl(1) 2.3710(5) 2.3681(6) 2.3699(9) 2.3853(8) 2.3723(9)

C(1)�C(2) 1.617(3) 1.600(4) 1.592(4) 1.620(4) 1.632(5)

C(18)�B(8) 1.590(4) 1.582(4) 1.591(5) 1.571(5)

C(24)�B(7) 1.596(5) 1.580(5)

Bond Angles (deg)

P(1)�Ru(3)�P(2) 92.06(2) 92.28(2) 89.45(3) 89.93(3) 91.27(3)

P(1)�Ru(3)�Cl(1) 94.53(2) 91.93(2) 100.43(3) 89.52(3) 87.37(3)

P(2)�Ru(3)�Cl(1) 87.37(2) 92.28(2) 87.15(3) 90.78(3) 91.21(3)
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or two P-phenyl rings of the ruthenium-bound diphosphine
ligand are ortho-cycloboronated to the cluster boron atoms adjacent
to ruthenium. As mentioned above, complexes 5 and 6 exhibit
mono-ortho-cycloboronation, whereas complex 7 displays bis-
(ortho-cycloboronation) of two phenyl groups bound to the same
phosphorus atomof the dppb ligand. As far as we are aware, only two
other structurally characterized boron-containing clusters exhibiting
double ortho-cycloboronation of P-phenyl groups are known in the
literature.One cluster belongs to themonocarbon arachno 10-vertex

platinacarborane clusters, [(Ph2P-ortho-

�

C6H4)2PtC

�

B8H10],
16 and

another one belongs to closo six-vertex diiridahexaboranes,

[(CO)3(PPh3)(Ph2P-ortho-

�

C6H4)2(Ir2

�

B4H2)].
17 In both species,

the bis(ortho-cycloboronated) linkages associated with different
P-phenyl groups of the metal-bound monophosphine ligands. It
should be noted that there are two independent molecules of
complex 7which show only small differences in their bond distances
and angles (Table 1). The molecular structure of only one
independent molecule is therefore shown in Figure 8.
Mechanistic Aspects of Conversion of Diamagnetic Com-

plex 3 into closo-Ruthenacarboranes 4 and 5 under Ther-
mal/CCl4 Conditions. The formation of 17-electron species 4
from diamagnetic complex 3 in the presence of CCl4 was
unexpected. The pathway by which 3 forms paramagnetic
complex 4 may be described by the two-step reaction of 3 with
CCl4 as shown in Scheme 3. The terminal H ligand at the Ru(IV)
center of complex 3 can be activated by the intramolecular
interaction with the boron hydride located at the eighth position

of the carborane cage ligand before being detached to give HCl.
As mentioned above, this interaction is confirmed by the
geometry of 3 found in the solid-state structure (Figure 1), as
well as by the unique long-range HRu

3 3 3H
B(8) coupling with

J(H,H) = 6.0 Hz observed in the 1HNMR spectrum of 3,6 which
we believe to occur via the through-space spin�spin coup-
ling between these two hydrogen atoms. As a result, both
the corresponding paramagnetic species 4 and the CCl3

• radical
are formed, and the latter could also function as a hydrogen-
abstracting reagent to form the next molecule of complex 4
(Scheme 3).
The formation of ortho-phenylcycloboronated complex 5 in

the reaction of 3 in toluene at 95 �C in the absence of CCl4 as a
source of radicals can proceed either by the thermal activation of
3 accompanied by the elimination of dihydrogen from ortho-
phenyl C�H and the cage B�Hmoieties, as it has been observed
for some other mono-ortho-phenylcycloboronated metallabor-
ane complexes11e,f or via the mechanism proposed earlier by
Stone and co-workers.9c In the latter case, the terminal hydrogen
at the metal center in 3, if it carries a positive charge, can
protonate the hydride atom B(8)�H, which should have pro-
nounced hydride properties due to the fact that the B(8) vertex is
most distant from the electropositive cage carbon atoms. The
next step may be viewed as the electrophilic substitution of the
nearest dppb ligand Ph-ring at the ortho position by the naked
B(8)+ center which is formed after the elimination of H2.
Formation of B(8)�C(Ar) σ-bond with subsequent elimination
of H+, which in its turn abstracts one electron from the metal
center, ultimately completes the transformation of 3 into 5. The
clean reaction and the high yield of 5might suggest that a driving
force for the ortho-cycloboronation occurring in this case is the
conversion from sterically crowded (and hence more labile)
Ru(IV) species to the more stable Ru(III) closo-ruthenacarborane.
Quantum-Chemical Modeling of Reactions between In-

vestigated Complexes. It was found that the above closo-
ruthenacarborane complexes with diphosphine ligands can un-
dergo transformations either under thermal conditions or in the
presence of free radicals in the reaction system to form in both
cases stable paramagnetic species. To study the events of these
reactions and to elucidate their possible mechanism, we per-
formed the quantum chemical modeling of the processes lying at
the basis of these transformations. Actually, we analyzed the
conversion of complex 3 into 4 described by Scheme 3 as well
as the reactions giving rise to ortho-phenylenecycloboronated
closo-ruthenacarboranes, namely the transformation of complex
4 into 5 and 5 into 7, respectively, which are accompanied
by the elimination of dihydrogen under relatively mild thermal
conditions.

Scheme 3

Table 2. Calculated Energy Changes in the Gas-Phase Reactions at 80 �C

calculation method

B3PW91/gena B3LYP/gena

reaction ΔrE, kcal/mol ΔrH, kcal/mol ΔrG, kcal/mol ΔrE, kcal/mol ΔrH, kcal/mol ΔrG, kcal/mol

1 3 + CCl4 f 4 + HCl + CCl3
• 21 22 7.4 17 18 3.4

2 3 + CCl3
• f 4 + CHCl3 �31 �32 �32 �35 �35 �35

3 4 f 5 + H2 �8.4 �6.9 �15 �6.3 �4.8 �13

4 5 f 7 + H2 �1.5 0.2 �8.8 0.5 2.1 �6.7
aThe composite basis set: 6-31G(d) for H, B, C, Cl, and P, and Lanl2DZ + ECP for ruthenium.
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To estimate the probability that the reactions proceed accord-
ing to the suggested schemes, we carried out quantum-chemical
calculations by the density functional theory (DFT) with the use
of the B3LYP and B3PW91 functionals. We employed the
composite basis set consisting of the 6-31G(d) basis set for
period 1�3 elements and the Lanl2DZ basis set including the
effective core pseudopotential (ECP), which models the beha-
vior of core electrons, for the ruthenium atom. The calculation
method was chosen taking into account that it gives adequate and
reliable results when modeling the structures of coordination
ruthenium and other transition metal compounds.18 The validity
of the chosen model is confirmed by the good agreement
between the bond lengths and bond angles calculated by the
geometry optimization of the metal complexes and the above-
considered results of the X-ray diffraction study. It was found that
the best agreement of the geometrical parameters is achieved
with the use of the B3PW91 functional. The calculations of the
geometry of the complexes with the use of the B3LYP functional
led to the larger bond lengths than those determined from the
X-ray diffraction data. An analogous situation has been observed
previously in the calculations of ruthenium complexes by this
method.18d,e

Table 2 gives the energy, enthalpy, and free energy changes
estimated by quantum chemical calculations. It should be noted
that the calculations with the use of different functionals gave
similar results and are, on the whole, in agreement with the
experimental data.

The positive enthalpy and free energy changes for the reaction
of complex 3with CCl4 (line 1, Table 2) indicate that this process
is endothermic and is favored by high temperature. This is
confirmed by experimental data. As mentioned above, the
reaction of complex 3 with CCl4 at 60 �C proceeds more slowly
than at 80 �C.We suggest that this process can be represented by
the two-step reaction according to Scheme 3 (see also lines 1 and
2, Table 2). Apparently, it is the step (1) giving CCl3

• radicals
that is rate-limiting in this process. Step 2, which results in the
abstraction of the hydrogen atom from 3 to form paramagnetic
complex 4, is the energetically favorable process, as evidenced by
the large negative free energy of this reaction.
The calculated energies for step 2 are indicative of the low

kinetic stability of complex 3 in the presence of free radicals. It is
necessary to take this fact into account in the analysis of the
reactivity of complex 3 under the atom transfer radical polym-
erization conditions,7 where it is gradually transformed into 4,
and the resulting paramagnetic compounds are responsible
for the polymerization, particularly at high degrees of conversion
of the monomer (vide infra). On the whole, the negative
free energies for steps 3 and 4 confirm that the formation of
complexes with the mono-ortho-phenylenecycloboronated link-
age is energetically favorable. However, the formation of the
second ortho-cycloboronated linkage is energetically less favor-
able, as evidenced by more drastic conditions of the formation of
complex 7 starting from mono-ortho-phenylenecycloboronated
complex 5.
Catalytic Activity of Complexes 3�5 and 7 in the Atom

Transfer Radical Polymerization (ATRP) of Methyl Metha-
crylate (MMA). Diamagnetic and paramagnetic closo-ruthena-
carboranes 3�5 and 7 were examined as precatalysts for the
controlled radical polymerization ofMMA initiated by CCl4. The
results showing the molecular-weight characteristics of the final
polymers are summarized in Table 3. A comparison of the
polydispersity indexes of the samples shows that the polymers
synthesized in the presence of paramagnetic complexes 4, 5, and
7 are smaller than that in the case of diamagnetic complex 3. This
suggested that the paramagnetic complexes, which are formed

Table 3. Molecular-Weight Characteristics of polyMMA
Obtained in the Presence of closo-Ruthenacarboranes 3�5
and 7 at 80 �C for 80 h

complex conversion Mn Mw Mw/Mn Mn, theor

3 80 19 100 23 100 1.21 30 400

4 66.8 18 800 21 900 1.17 25 300

5 58.4 15 700 18 000 1.15 22 200

7 62.4 14 700 17 000 1.16 23 700

Figure 9. (a) First-order plot for monomer conversion versus time and (b) the dependence of Mn and Mw/Mn on conversion, for polymerization of
MMA in the presence of 7 and CCl4.
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in situ from ruthenacarborane 3 during the polymerization of
MMA, are the most probable catalyst precursors for the polym-
erization. It should be noted that on passing from 4 to species 5 a
slight decrease in the polydispersity index was observed; i.e., the
control of the polymerization over the chain growth step is
enhanced in this case. Taking into account the higher stability
of complex 5 under thermal conditions compared to other

compounds of this series, it can be speculated that this complex
is the true precursor in the catalytic cycle of the controlled/living
polymerization of MMA.
It should be noted that the molecular weights of the obtained

samples are somewhat lower than those theoretically predicted
from the initial ratio of MMA to initiator and conversion times.
This fact may be due to the side processes that occur during the
polymerization. The most significant difference between theore-
tically predicted and really achieved values is observed when
complex 3 is used as the precatalyst, and this fact agreed well with
an instabitity of 3 under the experimental conditions.
The dependence of MMA conversion versus time was inves-

tigated on complex 7, as an example. The semilogarithmic plot of
ln([M]0/[M]t) versus time is linear (Figure 9a), indicating a
constant concentration of active species during the polymeriza-
tion and first-order kinetics with respect to monomer. Further-
more, the number-average molecular weight (Mn) also increased
linearly with conversion (Figure 9b) that indicates a constant
number of polymer chains during the polymerization. These
results suggest that radical polymerization with the catalyst 7
occurs in a controlled fashion. The same plots are observed for
polymerization of MMA in the presence of two other complexes
4 and 5.

’CONCLUSION

In this paper, the synthesis and structural characterization of a
series of novel paramagnetic (17-electron) closo-ruthenacarbor-
anes 4�7 have been described, some of which exhibit single or
double ortho-cycloboronation of the ruthenium dppb ligand
P-phenyl group. Formation of complex 7 featuring bis(ortho-
cycloboronation) of the two phenyl groups bound to the same
phosphorus atom of the dppb ligand is without precedent in

Table 4. Crystal Data and Details of the X-ray Experiments
for Complexes 3 and 4

3 4

molecular formula C30H40B9ClP2Ru C30H39B9ClP2Ru 3
0.3(C7H16) 3 0.2(C6H14)

fw 696.37 742.66
dimensions, mm3 0.36 � 0.33 � 0.16 0.26 � 0.12 � 0.08
cryst syst monoclinic monoclinic
space group P21/n C2/c
a, Å 12.4338(5) 12.4511(5)
b, Å 18.6092(7) 18.6812(7)
c, Å 14.7003(6) 30.6394(12)
R, deg
β, deg 106.6710(10) 90.7650(10)
γ, deg
V, Å3 3258.4(2) 7126.1(5)
Z 4 8
Fcalc, g cm�3 1.420 1.384
2θmax, deg 60 58
linear abs (μ), cm�1 6.83 6.30
no. unique reflns (Rint) 9467 (0.0465) 9476 (0.0378)
no. obsd reflns (I > 2σ(I)) 7591 7917
no. params 426 474
R1 (on F for obsd reflns)a 0.0332 0.0325
wR2 (on F2 for all reflns)b 0.0793 0.0740
GOF 1.001 1.022

aR1 = ∑||Fo| � |Fc||/∑|Fo|.
bwR2 = {∑[w(Fo

2 � Fc
2)2]/∑w(Fo

2)2}1/2.

Table 5. Crystal Data and Details of the X-ray Experiments for Complexes 5, 6, and 7

5 6 7

molecular formula C30H37B9ClP2Ru 3CH2Cl2 C30H36B9Cl2P2Ru C30H35B9ClP2Ru

fw 778.27 727.79 691.33

dimensions, mm3 0.45 � 0.35 � 0.08 0.55 � 0.10 � 0.02 0.28 � 0.16 � 0.08

cryst syst orthorhombic triclinic orthorhombic

space group Pbca P1 Pbca

a, Å 17.2584(9) 10.332(2) 17.9940(11)

b, Å 14.1124(7) 10.450(2) 18.5256(11)

c, Å 28.7848(14) 16.281(3) 36.676(2)

R, deg 74.691(3)

β, deg 76.727(3)

γ, deg 82.264(3)

V, Å3 7010.8(6) 1645.1(5) 12226.1(13)

Z 8 2 16

Fcalc, g cm�3 1.475 1.469 1.502

2θmax, deg 58 56 58

linear abs (μ), cm�1 7.91 7.59 7.28

no. unique reflns (Rint) 9277 (0.0568) 7864 (0.0586) 16210 (0.1134)

no. obsd reflns (I > 2σ(I)) 7511 5776 10712

no. params 455 397 775

R1 (on F for obsd reflns)a 0.0383 0.0416 0.0447

wR2 (on F2 for all reflns)b 0.1022 0.0831 0.0998

GOF 1.040 0.994 1.023
aR1 = ∑||Fo| � |Fc||/∑|Fo|.

bwR2 = {∑[w(Fo
2 � Fc

2)2]/∑w(Fo
2)2}1/2.



7583 dx.doi.org/10.1021/ic200487w |Inorg. Chem. 2011, 50, 7574–7585

Inorganic Chemistry ARTICLE

metallacarborane chemistry. The paramagnetic closo-ruthenacar-
borane complexes 4, 5, and 7 efficiently catalyzed the atom tran-
sfer radical polymerization of methyl methacrylate, affording
MMA-based polymers with an extremely narrow molecular-weight
distribution.

’EXPERIMENTAL SECTION

General Considerations. All thermal reactions were carried out in
Schlenk equipment under an atmosphere of dry argon using standard
Schlenk-line techniques. All solvents including those used as eluents for
chromatography were distilled from appropriate drying agents under
argon prior to use. Starting complex 36 was prepared according to the
published method. The EPR spectra were recorded in frozen toluene/
CH2Cl2 (1:1) mixture at 150 K with a Bruker-EMX spectrometer,
operating at 9.75 GHz. IR spectra were obtained from KBr pellets on a
Specord M-82 instrument. The EPR spectra were calibrated with
diphenylpicrylhydrazyl (DPPH, g = 2.0037). The HPLC used for
analysis of ruthenacarborane mixtures formed in the reactions was
performed on a Separon SGX column (150 mm in length and 3 mm
in diameter, silica gel 5 μ). The bulk polymerizations of MMA were
performed in glass tubes under a residual pressure of monomer (1.3 Pa).
The MWDs of the polymer samples were determined by SEC. All
calculations were performed with Gaussian0319 at the DFT (B3PW9120

or B3LYP21) level. The optimizations, vibration frequency, and zero-
point energy calculations were performed using the 6-31G(d) basis set
for all atoms except for ruthenium, which is treated with Lanl2DZ with
ECP.22 Microanalyses were performed by the Analytical Laboratory of
the Institute of Organoelement Compounds of the RAS.
Thermal Transformation of Diamagnetic Complex [3,3-

(dppb)-3-H-3-Cl-closo-3,1,2-RuC2B9H11] (3) in the presence
of CCl4: Preparation of Paramagnetic Complex [3,3-(dppb)-
3-Cl-closo-3,1,2-RuC2B9H11] (4). To a stirred solution of freshly
recrystallized 3 (100 mg, 0.14 mmol) in 20 mL of benzene was added
0.1 mL of degassed CCl4 via syringe, and the resulting mixture was
stirred at room temperature for 15 min, and then gently refluxed for ca.
4 h until starting complex 3 disappeared from the reaction mixture
(HPLC control). After cooling, the solvent was evaporated under reduced
pressure, and the residue was treated by column chromatography on
silica gel. The first dark-red band eluted from the column with a
benzene/n-hexane (2:1)mixture was found to contain the crudemixture
of 4 and 5 in the approximate ratio 5:1, respectively (HPLC data). The
second dark-red band contains traces (1.4 mg) of crude product 6. After
the evaporation of the solvent, themixture of complexes4 and 5 (79.2mg)
was repeatedly (3 times) recrystallized from CH2Cl2 by addition of
petroleum ether (bp 60�100 �C) followed by keeping the resulting dark
red solution at +10 �C for 12 h. This resulted in isolation of 21 mg of 4
that contains, based on the HPLC data, less than 9.5% of 5. Recrystalli-
zation of the residual obtained from the combined mother liquors
afforded additionally up to 12mg of pure complex 4 (total yield of 4 is ca.
34%). IR (KBr, cm�1): 2560 (νB�H). EPR (CH2Cl2/toluene, 150 K):
g1 = 2.487; g2 = 2.070, g3 = 1.947. Anal. Calcd for C30H39B9ClP2Ru 3
0.3n-C7H16: C, 53.15; H, 6.04; B, 13.41; P, 8.55. Found: C, 52.50; H,
6.26; B, 13.09; P, 8.24.
Preparation of Paramagnetic Complex [3-Cl-3,3,8-{Ph2P-

(CH2)4PPh-μ-(

�

C6H4-ortho)}-closo-3,1,2-RuC2

�

B9H10] (5) by the
Mild Thermolysis of 3 and 4. Freshly prepared complex 3
(50 mg, 0.07 mmol) was dissolved in 15 mL of toluene, and the resulting
yellow solution was stirred at 95 �C for 7 h. After cooling, the solvent
was evaporated under vacuum, and the residue was purified using a
short silica gel column (ca. 15�18 cm in length and 1.5 cm in diameter).
The narrow dark-red band eluting with a benzene/n-hexane (2:1)
mixture was collected and dried under vacuo. Recrystallization from

CH2Cl2/n-hexane at +5 �C for 12 h yielded 32 mg (64%) of the cherry-
colored crystals, which from analysis of EPR spectrum and X-ray
diffraction data is deduced to be paramagnetic complex 5. IR
(KBr, cm�1): 2562 (νB�H). EPR (CH2Cl2/toluene, 150 K): g1 = 2.385,
g2 = 2.095, g3 = 1.972. Anal. Calcd for C30H37B9ClP2Ru 3 0.5CH2Cl2:
C, 49.79;H, 5.21; B, 13.22; P, 8.42. Found: C, 49.77; H, 5.51; B, 12.96; P,
7.99. An alternative route to 5 consisted of thermal treatment of 4 in
toluene at 95 �C. Complex 4 (70 mg, 0.1 mmol), taken as a mixture of 4
and 5 in a ratio of ca. 4:1 (HPLC data), was stirred in toluene (15 mL) at
95 �C for 7.5 h. The solvent was evaporated under vacuum, and the
residue was purified by column chromatography on silica gel similar to
that described above. After isolation, the solid was recrystallized from
CH2Cl2 by addition of n-hexane, yielding 32.6 mg (47%) of the cherry-
colored crystals, which from the comparative analysis of its HPLC data is
deduced to be compound 5.
Preparation of Paramagnetic Complex [3-Cl-3,3,7,8-

{Ph2P(CH2)4P-μ-(

�

C6H4-ortho)2}-closo-3,1,2-RuC2

�

B9H9] (7) by
Thermolysis of 3 and 5. A stirred solution of freashly prepared 3
(340 mg, 0.49 mmol) in 15 mL of toluene was gently refluxed for 5 h
under argon atmosphere. The solvent was concentrated to dryness
under reduced pressure, and the residue was treated by column
chromatography on silica gel. The first dark-red band obtained from
the column using a benzene/n-hexane (2:1) mixture was then purified
by recrystallization from CH2Cl2/n-hexane to give 66 mg (19.5%)
of dark-red crystals, which from analysis of EPR spectrum is deduced
to be paramagnetic complex 5. The second band was then eluted with
benzene to afford, after the evaporation of the solvent and recrystalliza-
tion of the crude material from CH2Cl2/n-hexane, analytically pure 7
(41 mg, 12%) as olive-brown crystals. Data for 7 follow. IR (KBr, cm�1):
2555 (νB�H). EPR (CH2Cl2/toluene, 150 K): g1 = 2.300, g2 = 2.091,
g3 = 1.986. Anal. Calcd for C30H35B9ClP2Ru: C, 52.12; H, 5.10; B, 14.07;
P, 8.96. Found: C, 51.79; H, 5.13; B, 13.93; P, 8.76. An alternative route
to 7 consisted of thermal reaction of 5 in toluene at reflux. A solution of
freshly prepared 5 (60 mg, 0.09 mmol) in 15 mL of toluene was gently
refluxed with stirring for 14 h under argon. The solution was cooled to
ambient temperature, and the toluene was evaporated under reduced
pressure. The resulting solid was then treated by column chromatogra-
phy on silica gel using a mixture of benzene/n-hexane (2:1) as eluent.
The first dark-red band eluted from the column was found to contain
crude starting complex 5, which was then recrystallized from CH2Cl2/
n-hexane, yielding 19mg (32%) of pure 5 as dark-red crystals. The second
fraction eluted with benzene was collected and dried under vacuum,
affording 22 mg of 7 as a brown crystalline solid (37% yield).
Preparation of Paramagnetic Complex [3,7-Cl2-3,3,8-

{Ph2P(CH2)4PPh-μ-(

�

C6H4-ortho)}-closo-3,1,2-RuC2

�

B9H10] (6)
by Heating of 5 in CCl4. A stirred solution of 33 mg (0.048 mmol) of
5 in 15 mL of CCl4 was gently refluxed for 20.5 h. Chlorinated solvent
was removed in vacuum, and the residue was purified by column
chromatography on silica gel using CH2Cl2/n-hexane (2:1) mixture as
eluent. The solvent was evaporated under reduced pressure, and the
crude solid material was recrystallized from CH2Cl2/n-hexane affording
complex 6 (23 mg, 68%) as ruby crystals. Data for 6 follow. IR
(KBr, cm�1): 2580 (νB�H). EPR (CH2Cl2/toluene, 150 K): g1 =
2.384, g2 = 2.091, g3 = 1.965. Anal. Calcd for C30H36B9Cl2P2Ru: C,
49.51; H, 4.98; Cl, 9.74. Found: C, 49.83; H, 4.66; Cl, 9.69.
Polymerization Procedure. A typical experiment of the MMA

polymerization with complex 3 is given as example below. In a glass tube
was placed complex 3 (6.9 mg, 0.01 mmol), solution of CCl4 (0.2 mL of
0.1 M in toluene, 0.02 mmol), and MMA (0.8 mL, 7.6 mmol). The
oxygen was removed via three freeze�pump�thaw cycles, and the tube
was then sealed and placed in an oil bath with thermostat set at 80 �C. In
predetermined time, the polymerization was terminated by cooling the
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tube with the reaction mixture in liquid nitrogen. The polymer formed
was diluted with CHCl3 (ca. 5 mL) and precipitated with an excess of
n-hexane. This procedure was repeated one more time, and the polymer
obtained was dried at 50 �C under vacuum to the constant weight.
Monomer conversion was determined gravimetrically. All polymers
obtained by this method were then analyzed by SEC on a Knauer
instrument equipped with two polystyrene gel columns (Phenomenex,
pore size 103�105 Å) and an RI Detector K-2301 differential refract-
ometer as the detector. THF was used as the eluent. The columns
were calibrated against 8 standard poly(methyl methacrylate) samples
received from Waters (the Mn varies from 2580 to 9.81 � 105).
X-ray Diffraction Studies of Complexes 3�7. Single-crystal

X-ray diffraction experiment in all cases was carried out with a Bruker
SMART APEX II diffractometer (graphite monochromated Mo KR
radiation, λ = 0.710 73 Å, ω-scan technique, T = 100 K). The APEX II
software23 was used for collecting frames of data, indexing reflections,
determination of lattice constants, integration of intensities of reflec-
tions, scaling, and absorption correction, and SHELXTL24 was used for
space group and structure determination, refinements, graphics, and
structure reporting. The structures were solved by direct methods and
refined by the full-matrix least-squares technique against F2 with the
anisotropic temperature factors for all non-hydrogen atoms. The hydro-
gen atoms of carborane moieties in structures 3�7 as well as the hydride
ligand in complex 3 were located from difference Fourier maps and
refined isotropically. The H(C) atoms were placed geometrically and
included in the structure factors calculation in the riding motion
approximation. The principal experimental and crystallographic para-
meters are presented in Tables 4 and 5.
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