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Introduction

Polar metal–metal bonds have attracted increasing atten-
tion,[1] because they are expected to display unique structur-
al and reaction features based on a cooperative action of
the two metal centers with different characters. Early–late
heterobimetallic (ELHB) complexes have been studied ex-
tensively as typical examples of such compounds.[2] In addi-
tion to this category, a unique class of polynuclear com-
plexes called “xenophilic complexes” is known.[3] A xeno-
philic complex is defined as a polynulcear complex, in which
a hard open-shell metal center (frequently paramagnetic)[4]

and a coordinatively saturated soft metal–carbonyl fragment
are connected only through a metal–metal bond (Scheme 1),
and the metal fragments with different electronic properties
should form a polar metal–metal bond. In addition, xeno-
philic complex belongs to a family of coordinatively unsatu-
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rated species,[5] which plays a key role in transformations
mediated by organometallic species. The first examples of
xenophilic complexes, including [(py)3Co�Co(CO)4]

+

[Co(CO)4]
� (A1[Co(CO)4]), were formed by means of

redox disproportionation of metal–carbonyl complexes by
the action of pyridine as reported by Fachinetti
(Scheme 1).[3b,c] Several examples of such compounds (A),[3]

including a pentadecanuclear complex A6,[3f] have been re-
ported so far, but all previously reported xenophilic com-
plexes were formed through unpredictable redox dispropor-
tionation reactions of the metal centers. Furthermore their
structure and reactivities, in particular the properties of the
unique metal–metal bonds, have remained to be explored in
a systematic manner.

In our laboratory inorganic and organometallic chemistry
based on hydrotrispyrazolylborato (TpR) ligands has been a
recent research subject.[6] The TpR ligand,[7] which is a facial-
ly coordinating tridentate N3 ligand, is regarded as a tetrahe-
dral enforcer, because the TpR ligand frequently forms a tet-
rahedral species, [(k3-TpR)M�X]. In the case of first-row
transition metal complexes, a small ligand-field splitting
brought about by the tetrahedral geometry often leads to a
high-spin electronic configuration. Taking into account the
unique properties of the TpR ligand, we carried out the sys-
tematic synthetic study of dioxygen complexes, which was
followed by extension to organometallic systems. As a
result, we succeeded in the preparation of highly coordina-
tively unsaturated hydrocarbyl complexes, [TpRM�R’], with
14 (Fe) and 15 (Co) valence electrons; these complexes did
not undergo b-hydride elimination.[8] The successful synthe-
sis of the hydrocarbyl complexes prompted us to introduce a
metal fragment to obtain dinuclear complexes, [TpRM�
M’Ln], which should be “xenophilic”. A number of polynuc-
lear complexes bearing a TpR ligand have been prepared,
but none of them is xenophilic as their metal–metal bonds
are supported by bridging ligands (e.g., m-CO) or the TpRM
moiety is coordinatively saturated due to coordination of ad-
ditional auxiliaries (e.g., h1-CO).[9] When we initiated the
present study, no xenophilic complex with a TpR ligand was
known.[9g] The first rational synthetic method reported
herein provided a series of xenophilic complexes and ena-

bled us to perform a systematic
study on them. Herein we wish
to report results of the study on
synthesis, structure, and chemi-
cal properties of the [TpRM�
M’Ln]-type xenophilic com-
plexes containing the
Co(CO)3L and RuCp(CO)2

fragments: [TpRM�Co(CO)4]
(1/1’), [TpRM�Co(CO)3(PPh3)]
(2) [TpR =TpiPr2, Tp#; M= Ni,
Co, Fe, Mn], and [Tp#Ni�
RuCp(CO)2] (3’).[10,11] It is re-
vealed that the two metal cen-
ters in the xenophilic complexes
are held together not by cova-

lent interaction, but by electrostatic attraction.

Results

Synthesis of xenophilic complexes 1–3’

Synthesis of [TpiPr2M�Co(CO)4] (1; M=Ni, Co, Fe, Mn) by
treatment of [TpiPr2M(NCMe)3]PF6 with PPN[Co(CO)4]: We
first attempted preparation of [TpRM�Co(CO)4]-type com-
plexes by metalation of the chloro precursors bearing the
TpiPr2 and TpPh,Me ligand[10] ([TpRM�Cl] M= Co, Ni) with the
cobaltate (X+[Co(CO)4]

� X= Na, K, PPN; PPN= bis(tri-
phenylphosphine)iminium) in THF. However, the desired
products could not be obtained.[12] Then in order to activate
the TpiPr2M fragments toward nucleophiles, the chloro com-
plexes were converted to the labile, cationic, solvated com-
plexes, [TpiPr2M(NCMe)3]

+PF6
� (4·PF6)

[14] by means of Cl�

abstraction with a silver salt in acetonitrile. Treatment of the
resultant 4·PF6 with PPN[Co(CO)4] in CH2Cl2 afforded the
desired dinuclear complexes, [TpiPr2M�Co(CO)4] (1; M= Ni,
Co, Fe, Mn) (Table 1; entries 1–4).[15] Complexes 1 are sen-
sitive to the air and moisture, but no apparent deteriora-
tion was observed if they were kept under an inert atmos-
phere.

Synthesis of [Tp#M�Co(CO)3(L)] (Tp# =hydrotris(4-bromo-
3,5-dimethylpyrazolyl)borato; M=Ni, Co; L= CO (1’), PPh3

(2’)) by treatment of [Tp#M�X] with K[Co(CO)3(L)]: In
contrast to the reactions of the bulky TpR derivatives, syn-
thesis of derivatives with the less bulky Tp# ligand (Tp#: 3,5-
dimethyl-4-bromo derivative; Table 1)[10] did not require
prior conversion to the cationic precursors. Reaction of the
halo complexes with K[Co(CO)4] in THF gave the dinuclear
complexes 1’Ni,Co in moderate yields (Table 1; entries 5 and
6). Furthermore the bulkier cobaltate, [Co(CO)3(PPh3)]� ,
could be introduced into the Tp#Ni system to afford 2’Ni

(entry 7).

Synthesis of [Tp#Ni�RuCp(CO)2] (3’)—the first example of a
xenophilic complex containing a second-row metal : The suc-

Scheme 1.
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cessful direct synthesis of the Tp# derivatives encouraged us
to examine reactions with other metalates.

Reaction of [Tp#Ni�Br] with K[RuCp(CO)2] in THF did
not afford any characterizable product, but sonication of
[Tp#Ni�Br] and K[RuCp(CO)2] suspended in toluene gave
the dinuclear complex [Tp#Ni�RuCp(CO)2] (3’; Table 1;
entry 8). The obtained dark red complex 3’ is the first exam-
ple of a xenophilic complex containing a second-row metal
fragment. Reaction of [Tp#Co�Cl] gave a product that
showed spectroscopic features different from those of 3’, but
could not be isolated in a pure form despite many attempts.
Analogous reactions of [Tp#Ni�Br] with Na/K[FeCp(CO)2]
gave a product that showed two CO vibrations characteristic
of the FeCp(CO)2 fragment, but was too unstable to be iso-
lated and characterized.

Reaction of [Tp#Ni�Br] with K[Mn(CO)5] in THF over-
night gave an anionic product, which was characterized after
salt exchange (5’: NEt4 salt) (Table 1; entry 9). The product
5’, however, was not the desired product [Tp#Ni�Mn(CO)5],
but the trinuclear complex with a linear Ni-Mn-Ni linkage
as revealed by X-ray crystallography (SI 27[13]). The anionic
part sits on a crystallographic centrosymmetric site (Ni-Mn-
Ni: 1808 ; Ni1�Mn1: 2.419(1) �) and each Mn�Ni bond is
bridged by three CO ligands.

Through the synthetic methods mentioned above, eight
examples of xenophilic complexes containing the TpRM
fragments (1Ni,Co,Fe,Mn, 1’Ni,Co, 2’Ni, and 3’) were prepared suc-
cessfully.

Characterization of xenophilic complexes : The obtained
xenophilic complexes were characterized by spectroscopic
and crystallographic methods. Because the phosphine-substi-
tuted products [TpRM�Co(CO)3(PPh3)] (2/2’) obtained from

1/1’ and PPh3 (see below), also
belong to the class of xenophilic
complexes, their characteriza-
tion is described together.

X-ray crystallographic charac-
terization : All twelve xenophil-
ic complexes that appear in this
paper (1Ni,Co,Fe,Mn, 1’Ni,Co,
2Ni,Co,Fe,Mn, 2’Ni, and 3’) were
characterized by X-ray crystal-
lography. Their selected struc-
tural parameters are summar-
ized in Table 2 (see also
SI 12[13]) and, as typical exam-
ples, molecular structures of 1Ni,
1’Ni, 2Ni, 2’Ni, and 3’ are shown in
Figure 1.

[TpiPr2M�Co(CO)4] (1) and
[Tp#M�Co(CO)4] (1’): The six
complexes 1 and 1’ with the vir-
tually C3v-symmetrical core
structures with respect to the

M�Co axis are isostructural, as shown by the molecular
structures of 1Ni and 1’Ni (Figure 1; for the other complexes,
see SI 16–18, and 20[13]), and their structural parameters are
compared in Table 2.

The M�Co distances of about 2.5 � are slightly longer
than the sum of the covalent radii of M and Co (2.32 � for
Co�Co). In the case of the Co complexes 1Co/1’Co, the Co�
Co distances are comparable to those in [Co2(CO)8]
(2.522 �),[16a,17] and [Co2(m-CH2)(h5-C5H4Me)2(CO)2]
(2.497(1) �)[16b] with bridging ligands (m-CO, m-CH2), but
substantially shorter than that in [{Co(CO)3{PPh2(C6H4-
CH2NMe2-o)}}2] (2.702 �),[16c] in which the two cobalt cen-
ters are connected by the covalent metal–metal bond only.
The increase of the M�Co and M�N distances for the 1/1’
series is associated with the increase of the atomic radius of
M, and replacement of TpiPr2 by the Tp# ligand causes a
slight shortening of the M�Co bond [1/1’: D= 0.05 � (M=

Ni), 0.07 � (M= Co)].[18] No apparent systematic change is
observed for other structural parameters. The partial struc-
tures of the TpRM and Co(CO)4 moieties are similar to the
structures of related mononuclear tetrahedral TpRM�X spe-
cies and trigonal-bipyramidal X�Co(CO)4 species, respec-
tively. The TpR ligands are k3-coordinated to the metal
center; the differences in the three M�N distances for each
complex are less than 0.045 � and the aCo-M-N angles are
in the range of 119–1308 indicating C3v-symmetrical struc-
tures. The equatorial CO ligands of the trigonal bipyramidal
Co centers are tilted toward the nickel center as judged by
the M-Co-CO angles (74.3–85.48), but the linear Co-C-O
linkage (>174.18) and the M···CO distances longer than
2.6 � reveal that the CO ligands are virtually h1-bonded to
Co without any substantial bonding interaction with M,
leaving the TpRM moiety electron-deficient as in the hydro-

Table 1. Reactions of 4·PF6 or [TpRM�X] with [M’Ln].

Entry TpR Precursor M [M’Ln]
� Product Yield [%]

1 TpiPr2 4·PF6 Ni PPN[Co(CO)4] [TpiPr2Ni�Co(CO)4] (1Ni) 55
2 TpiPr2 4·PF6 Co PPN[Co(CO)4] [TpiPr2Co�Co(CO)4] (1Co) 42
3 TpiPr2 4·PF6 Fe PPN[Co(CO)4] [TpiPr2Fe�Co(CO)4] (1Fe) 35
4 TpiPr2 4·PF6 Mn PPN[Co(CO)4] [TpiPr2Mn�Co(CO)4] (1Mn) 27
5 Tp# Tp#Ni�Br Ni K[Co(CO)4] [Tp#Ni�Co(CO)4] (1’Ni) 58
6 Tp# Tp#Co�Cl Co K[Co(CO)4] [Tp#Co�Co(CO)4] (1’Co) 53
7 Tp# Tp#Ni�Br Ni K[Co(CO)3PPh3] [Tp#Ni�Co(CO)3PPh3] (2’Ni) 36
8 Tp# Tp#Ni�Br Ni K[RuCp(CO)2] [Tp#Ni�RuCp(CO)2] (3’) 41

9 Tp# Tp#Ni�Br Ni K[Mn(CO)5] 41
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carbyl complexes.[8] Thus the two metal fragments in 1/1’ are
connected solely by the metal–metal interaction. The M�Co
vector is superimposed on the threefold axis of the TpRNi
moiety as judged by the B1···M�Co1 angle (175.18–179.558),
and the staggered conformation of the three pzR rings and
the three equatorial CO ligands is evident from the N11-M-
Co-CO dihedral angles close to 608 and can also been clear-
ly seen in the bottom view of 1Ni (Figure 1).

[TpiPr2M�Co(CO)3(PPh3)] (2) and [Tp#M�Co(CO)3(PPh3)]
(2’): Structural features similar to those noted for the CO
derivatives 1/1’ are observed for the PPh3-substituted prod-
ucts 2/2’. ORTEP views for 2Ni and 2’Ni are shown in
Figure 1 (For the other PPh3-complexes, see the SI 22–24[13]).

Replacement of the axial CO ligand by PPh3 causes a
slight shortening of the M�Co lengths: 1/2 [D=0.05 � (M=

Ni), 0.07 � (M =Co), 0.04 � (M= Fe), 0.07 � (M= Mn)]. It
is notable that the core structures are slightly distorted from
a C3v-symmetrical structures to an apparent Cs-symmetrical
structure as indicated by 1) bending of the M-Co-P linkage
[160.06–172.238 (av 166.58); cf. 1: 172.4–176.88 (av 174.48),
1’: 173.1–177.78 (av 175.48)], 2) the M-Co-C3 angles being
more acute than the M-Co-C1,2 angles, 3) deviation of the
M1-C3-O3 moiety from a linear structure (173.4–175.58 ; cf.
1, 1’: 175.7–177.38), and 4) the unsymmetrical M···CO distan-

ces (M···C3<M···C1, M···C2).
This distortion will be analyzed
by DFT calculations (see
below).

[Tp#M�RuCp(CO)2] (3’): The
tetrahedral Tp#Ni fragment and
the RuCp(CO)2 fragment with
a three-legged piano-stool
structure are connected by the
Ni�Ru bond. As is evident
from a view along the Ru�Ni
axis (Figure 1), the three li-
gands on Ru (2 CO, Cp) and
the three pzR rings on Ni are ar-
ranged in a staggered confor-
mation to avoid steric repul-
sions among them, leading to a
pseudo-C3-symmetrical struc-
ture. The length of the unsup-
ported Ni�Ru bond
(2.512(1) �) is slightly shorter
than those in the coordinatively
saturated adducts with addition-
al bridging ligands (2.56–2.57 �
(18’, 19’); see below). The CO
ligands are h1-bonded to the Ru
center with no bridging interac-
tion with the Ni center as is
also evident from the linear
Ru-C-O linkage (Ru-C1-O1:
175.9(8)8 ; Ru-C2-O2: 176.5(8)8)

and the Ni···CO separations (Ni1···C1: 2.866(9) �; Ni1···C2:
2.761(8) �).

Spectroscopic characterization : Spectroscopic data for the
xenophilic complexes 1–2’ are summarized in Table 3 and
the data for 3’ is shown in the experimental part.

IR spectra : IR data is useful in discussing geometrical fea-
tures and electronic structures of xenophilic complexes. For
complexes 1/1’ and 2/2’, 1) the nCO patterns[19] (KBr, CH2Cl2)
peculiar to C3v-symmetrical, trigonal-bipyramidal structures
(X-Co(CO)4: three intense vibrations; X-Co(CO)3(L): two
intense vibrations) and 2) the nBH bands above 2500 cm�1 in-
dicative of k3-TpR coordination[20] are in accord with the de-
sired C3v-symmetrical structures consisting of the
Co(CO)3(L) and (k3-TpR)M fragments. An IR spectrum for
3’, containing two CO vibrations characteristic of the
RuCp(CO)2 fragment (1953, 1891 cm�1 (KBr)) in addition
to the nBH band at 2553 cm�1 (k3-Tp#),[20] is also consistent
with the structure characterized by X-ray crystallography
(Figure 1). It is notable that 1) no CO vibration below
1900 cm�1 (KBr, CH2Cl2) is detected, indicating lack of a
bridging CO ligand; and 2) for a certain series of complexes,
the nCO absorptions are very similar irrespective of M (e.g.,
1M series: nCO 2051�1, 1980�2, 1934�3 cm�1).

Table 2. Selected structural parameters for xenophilic complexes [TpRM�M’Ln] 1–3’.[a]

1Ni[b] 1Co[b] 1Fe 1Mn 1’Ni 1’Co

M�M’ 2.4640(8) 2.4969(8) 2.504(1) 2.582(1) 2.4190(9) 2.4467(9)
M�N [c] 2.002(4) 2.030(3) 2.057(5) 2.120(4) 2.011(4) 2.049(4)
M’-CO [c] 1.760(6) 1.764(5) 1.777(7) 1.767(7) 1.766(7) 1.784(7)
M’-C4(P1) 1.786(6) 1.793(5) 1.795(7) 1.783(7) 1.790(6) 1.773(5)
M···C1 2.826(6) 2.843(5) 2.954(6) 2.978(7) 2.859(6) 2.764(7)
M···C2 2.661(4) 2.684(3) 2.671(7) 2.707(7) 2.608(6) 2.745(6)
M···C3 2.661(4) 2.684(3) 2.667(6) 2.716(6) 2.594(6) 2.678(5)

M-M’-C1 82.2(2) 81.8(2) 85.4(2) 84.3(2) 84.5(2) 80.2(2)
M-M’-C2 76.1(1) 75.9(1) 75.0(2) 74.3(2) 75.3(2) 79.2(2)
M-M’-C3 76.1(1) 75.9(1) 75.1(2) 74.7(2) 74.9(2) 77.0(2)
M-M’-C4(P1) 176.1(2) 176.8(2) 172.4(2) 172.4(2) 173.1(2) 177.7(2)
B···M-Co 179.2(1) 179.55(9) 177.2(1) 177.2(1) 175.1(8) 179.03(9)
N11-M-M’-CO [c] 60.4(1) 59.6(1) 63.0(3) 62.8(3) 64.1(2) 59.3(2)
C1-M’-P-C(Ph) [c] – – – – – –

2Ni 2Co 2Fe 2Mn 2’Ni 3’

M�M’ 2.4138(9) 2.4236(7) 2.4465(6) 2.5113(6) 2.3768(9) 2.512(1)
M�N[c] 2.006(6) 2.063(4) 2.081(3) 2.126(3) 2.019(5) 2.039(6)
M’-CO[c] 1.75(1) 1.763(5) 1.761(5) 1.756(4) 1.769(7) 1.855(8)
M’-C4(P1) 2.198(2) 2.194(1) 2.1854(9) 2.1864(8) 2.195(2) –
M···C1 2.860(8) 2.927(5) 2.926(4) 2.962(4) 2.964(6) 2.866(9)
M···C2 2.751(8) 2.788(5) 2.811(4) 2.829(3) 2.663(6) 2.761(8)
M···C3 2.622(9) 2.537(4) 2.552(4) 2.613(3) 2.479(6) –

M-M’-C1 85.0(2) 87.0(1) 86.4(1) 85.8(1) 90.0(2) 80.4(3)
M-M’-C2 80.9(2) 81.9(1) 82.2(1) 81.0(1) 78.4(2) 76.8(3)
M-M’-C3 76.3(2) 72.8(1) 72.7(1) 73.2(1) 71.8(2) –
M-M’-C4(P1) 172.23(7) 166.48(5) 166.44(4) 167.11(4) 160.06(6) –
B···M-Co 177.5(1) 175.8(1) 175.60(9) 174.70(8) 174.2(1) 172.4(1)[d]

N11-M-M’-CO[c] 61.1(4) 61.9(2) 61.7(2) 61.9(1) 64.0(3) 47.0(3)
C1-M’-P-C(Ph)[c] 61.5(4) 60.2(3) 60.3(2) 60.2(2) 63.7(3) –

[a] Interatomic distances in � and bond angles and dihedral angles in degrees. [b] Mirror-symmetrical struc-
tures. [c] Averaged values. [d] aB···Ni�Ru.

Chem. Eur. J. 2005, 11, 2788 – 2809 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2791

FULL PAPERXenophilic Complexes

www.chemeurj.org


A significant solvent effect was noted. The results are
summarized in Table 3 and typical IR spectra for 1Ni are
shown in Figure 2. Solution IR spectra of 1/1’ observed in
CH2Cl2 were similar to those recorded as KBr pellets. In
sharp contrast to these IR spectra, those observed in MeCN
showed completely different features; no absorption was ob-
served above 1900 cm�1 and instead a single intense band
appeared at 1892 cm�1. This drastic change in the IR spec-
trum was accompanied by color change from purple red
(solid and in CH2Cl2) to blue (in MeCN); for results of the
UV-visible measurements, see below. The lower energy nCO

band observed in MeCN suggested formation of an anionic
species, which was characterized as the [Co(CO)4]

� ion and
was confirmed by comparison with an authentic sample of
the isolable PPN[Co(CO)4].[21] It should be noted that re-

moval of MeCN under reduced pressure regenerated the IR
absorptions of 1Ni (KBr), although partial decomposition
was evident. These observations revealed that dissolution of
1/1’ in MeCN caused heterolysis of the M�Co bonds to give
the ion pairs 4/4’[Co(CO)4] (Scheme 2). The IR spectra of 1/
1’ observed in THF contained two sets of signals attribut-
able to 1/1’ and [4/4’(thf)][Co(CO)4], suggesting that the two
species were present as an equilibrated mixture.

The PPh3-substituted derivatives 2/2’ exhibited IR features
similar to those of 1/1’. Dissolution in a 1:1 MeCN/CH2Cl2

mixture (CH2Cl2 was added to dissolve 2/2’) caused hetero-
lytic cleavage of the M�Co bonds as judged by the appear-
ance of the absorptions assignable to [Co(CO)3(PPh3)]� , but
dissolution in CH2Cl2 or THF did not cause any spectral
change. Retention of the M�Co bond in THF should result
from the relative instability (pKb) of [Co(CO)3(PPh3)]�[22]

with respect to [Co(CO)4]
� .

The Ru�Ni complex 3’ showed two CO vibrations charac-
teristic of the RuCp(CO)2 fragment when observed as a
KBr pellet or in CH2Cl2, but decomposed upon dissolution
in MeCN as judged by IR. Complex [RuCp(CO)2]2 (D),
which was detected as the only characterizable component,
might be formed through oxidative dimerization of
[RuCp(CO)2]

� resulting from a Ni�Ru bond heterolysis.
The significant solvent effects observed for 1/1’ and 2/2’

suggest a polar nature of the M�Co bonds in them.

UV-visible and 1H NMR spectra, and magnetic susceptibility :
UV-visible data for 1/1’ and 2/2’ are summarized in Table 3
and, as typical examples, UV-visible spectra for the series of
the TpRNi complexes are shown in the Supporting Informa-
tion (SI 1[13]). The absorptions below about 500 nm, which
are common for the TpRNi�X-series complexes including
TpiPr2Ni�Cl, are assigned to d–d transitions of tetrahedral,
high-spin TpRNi�X species.[23]

Introduction of the PPh3 ligand (2/2’) causes appearance
of new absorptions around 400 nm, which could be ascribed
either to ligand–metal charge-transfer (LMCT) bands of the
Co�P moiety or to metal–metal charge-transfer (MMCT)
bands.[24] The replacement of CO with PPh3 in complexes of
Fe and Mn (1Fe,Mn), which are virtually transparent in the
lower energy region (> 350 nm), causes appearance of new
bands in the same region (Table 3). Therefore, the bands
around 400 nm can be assigned to LMCT bands of the
Co(CO)3(PPh3) fragment.

A dramatic change was observed upon replacing the sol-
vent from CH2Cl2 to MeCN in accord with the change ob-
served by IR (Figure 2). The weakening of the d–d transi-
tions was consistent with the conversion into an octahedral
species (Scheme 2) and the spectra observed in MeCN were
essentially identical to those of 4·PF6, the starting com-
pounds. Complex PPN[Co(CO)4] did not show any intense
absorption in this region.

All xenophilic complexes obtained are paramagnetic, and
paramagnetically shifted 1H NMR spectra consistent with
the composition of the xenophilic complexes were obtained
(see the Experimental Section).

Figure 1. Molecular structures of the xenophilic complexes drawn with
thermal ellipsoids at the 30% probability level.
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The effective magnetic moments (meff) of 1Ni (2.75 mB), 1’Ni

(3.06 mB), 2Ni (3.16 mB), 2’Ni (2.97 mB), 1’Co (3.89 mB), and 2Co

(4.47 mB) indicate high-spin electronic configurations (S= 3/2
(Co), 1 (Ni)) as reported for the alkyl complexes,[8] but that
of 1Co (2.37 mB) is smaller than the expected spin-only value,
although other spectroscopic features of 1Co are very similar
to those of 1’Co.[25] The reason is not clear at present. The
Ni�Ru complex 3’ also turns out to be a triplet species
(meff =2.92).

The crystallographic and spectroscopic analyses reveal
that in the dinuclear complexes 1/1’, 2/2’, and 3’, the tetrahe-

dral, hard open-shell, high-spin metal fragment (MTpR) and
the coordinatively saturated metal carbonyl fragment (M’Ln)
with the trigonal-bipyramidal structures [Co(CO)3(L)] or
the three-legged piano-stool structure [RuCp(CO)2] are con-
nected by a metal–metal bond, leading to the characteriza-
tion as “xenophilic complexes”. The cobalt complexes 1Co

and 1’Co are isoelectronic with A 1 (Scheme 1). It is worth
noting that for a certain series of complexes, their core
structures and their CO vibrations are very similar irrespec-
tive of M.

Divergent reactivity of xenophilic complexes toward nucleo-
philes : In order to characterize the reactivity of the xeno-
philic complexes, as typical examples, complexes 1Ni,Co,
1’Ni,Co, and 3’ were subjected to reactions with donor mole-
cules.[25] As a result, the xenophilic complexes showed diver-
gent reactivity, which was dependent on the properties of
the donor molecules: hard versus soft.

Reactivity of [TpRM�Co(CO)4] (1 and 1’): The results will
be described with the emphasis on the Tp# system (1’), be-
cause the TpiPr2 complexes (1) were sluggish, presumably
due to the bulky TpiPr2 ligand and frequently gave a mixture
of products.

Reaction with hard donors—heterolytic cleavage of the M�M
interaction giving ion pairs : Reaction of the NiTp# complex
1’Ni with hard N- and O-donors (D) in CH2Cl2 caused Ni�Co
bond heterolysis to give the ion pairs (Table 4) in a manner
similar to the phenomenon observed upon dissolution of 1/1’

in MeCN (Scheme 2). The products were fully characterized
by spectroscopic and crystallographic methods. The anionic
part was readily determined to be [Co(CO)4]

� on the basis
of the strong nCO vibration around 1890 cm�1. The drastic
color change suggested a change of the coordination geome-
try of the Tp#Ni moiety, which was confirmed by X-ray crys-

Table 3. Selected spectroscopic data for xenophilic complexes 1–2’.

IR [cm�1] UV/Vis: l [nm] (e [cm�1 mol�1])[b]

KBr CH2Cl2 THF CH3CN [a]

nBH nCO nCO nCO nCO

1Ni 2534 2052 (s), 1982 (vs), 1937 (vs) 2051, 1980, 1947 2051, 1980, 1941, 1885 1892 488 (230), 544 (460),
867 (90), 922 (100)

1Co 2537 2052 (s), 1982 (s), 1935 (vs) 2052, 1979, 1946 2052, 1979, 1943, 1885 1892 459 (410), 640 (380),
666 (460), 690 (sh, 340), 913 (60)

1Fe 2536 2051 (s), 1980 (s), 1932 (vs) 2051, 1978, 1944 2051, 1978, 1941, 1885 1892 [c]

1Mn 2539 2052 (s), 1979 (vs), 1935 (vs) 2052, 1977, 1941 2051 1977, 1938, 1885 1892 [c]

1’Ni 2546 2062 (vs), 1993 (vs),
1951 (vs), 1934 (vs)

2057, 1986, 1948 2057, 1987, 1945,[d] 1885 1893 337 (1143), 400 (741),
543 (835), 852 (135), 941 (162)

1’Co 2544 2062 (s), 1993 (s),
1953 (vs), 1935 (vs)

2056, 1987, 1947 2069, 2038,[d] 1885 1893 366 (2625), 466 (759), 666 (500)

2Ni 2534 1979 (m), 1907 (vs), 1896 (vs) 1978, 1905, 1892 1978, 1956, 1905, 1897 1927, 1892, 1838 404 (720), 520 (630), 955 (130)
2Co 2544 1973 (m), 1899 (vs), 1884 (vs) 1978, 1954, 1905, 1889 1978, 1956, 1905, 1897 1927, 1840, 1837 386 (1200), 508 (390),

678 (540), 901 (30)
2Fe 2545 1970 (m), 1894 (vs), 1879 (vs) 1975, 1956, 1903, 1885 1975, 1956, 1903, 1890 [e] 391 (3980), 653 (49)
2Mn 2549 1970 (m), 1893 (vs), 1878 (vs) 1975, 1899, 1881 1974, 1956, 1887 [e] 393 (3940), 678 (260)
2’Ni 2544 1979 (m), 1905 (vs), 1882 (vs) 1979, 1906 1979, 1957, 1906 1927, 1894, 1837 417 (983), 514 (1051), 983 (179)

[a] PPh3 complexes 2 were recorded in CH2Cl2/CH3CN (1:1), because they were sparingly soluble in MeCN. [b] Recorded in CH2Cl2. [c] No characteristic
absorption. [d] Very weak signals. [e] Decomposed.

Figure 2. IR and UV spectra of 1Ni observed in CH2Cl2 and CH3CN.

Scheme 2.
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tallography (SI 28–32[13]). The cationic parts of the products
obtained from 4-tert-butylpyridine (6’Ni), diphenylcyclopro-
penone (7’Ni),[26] and 4-methylpyridine oxide (8’Ni) are octa-
hedral tris(ligand)-coordinated species, whereas those ob-
tained from DMSO (9’Ni ; O-coordinated), 2,2’-bipyridyl
(10’aNi), and 4,4’-dimethyl-2,2’-bipyridyl (10’bNi) contain an-
other donor molecule, that is, the aquo ligand in 9’Ni and the
isocarbonyl ligand in 10’a,bNi[27] to furnish the octahedral
2+1 adducts.

The products 6’Co–9’Co obtained from the cobalt complex
1’Co are isostructural with the corresponding nickel deriva-
tives, as their IR spectra are virtually identical to those of
6’Ni–9’Ni. The reaction of 1’Co with bipy gave an intractable
mixture of products.

Reaction with soft donors—ligand substitution and addition
at the Co(CO)4 moiety : Soft donors gave different types of
products as summarized in Table 4.

Addition of PPh3 to a solution of 1/1’ in toluene caused
vigorous gas evolution (CO), and the products were isolated
by crystallization from toluene/pentane. Characterization of
the PPh3-substituted derivatives 2/2’ is described above.

Reaction of the NiTp# complex 1’Ni with diphosphines
gave the chelated products 11’a,b, and an analogous product
13’ was obtained from tBu�NC. The diamagnetic products

11’ and 13’ were characterized
on the basis of their spectros-
copic features: 1) k3-Tp# (nBH

> 2500 cm�1),[20] 2) shift of CO
ligands to the bridging sites (n-
(m-CO)), and 3) elimination of
one of the CO ligands. Reac-
tion with Ph�C�C�Ph gave the
m-h2 :h2-adduct 15’. X-ray crys-
tallography of 11’a, 13’, and 15’
(SI 33, 34, and 36[13]) reveals
that the Tp# complexes are iso-
structural with the correspond-
ing Cp derivatives, [CpNi�
Co(CO)(D)2(m-CO)2].[28] The
reaction of the TpiPr2 complex
1Ni with diphosphines, however,
gave a complicated mixture of
products, from which no charac-
terizable compound could be
isolated.

In contrast to the reactions of
the Tp#Ni complex 1’Ni, those of
the cobalt derivative 1’Co afford-
ed very complicated mixtures,
except for the reaction with
PPh3. Products isolated in low
yields did not contain the Tp#

ligand. The reactions with 1,2-
bis(diphenylphosphino)ethane
(dppe) and tBu�NC gave the
ion pair 12 and the tetranuclear

cluster compound 14 (SI 35[13]), respectively, which were ap-
parently formed through the redox disproportionation of
the Co(CO)4 fragment in 1’Co induced by the added donors.

Reactivity of [Tp#Ni�RuCp(CO)2] (3’)

Stability of 3’: Complex 3’ was much less stable toward the
air and moisture than the Co(CO)4 derivatives 1/1’. Addition
of water to 3’ gave a mixture of the dinuclear m-pyrazolato
complex, [(m-pz#)(m-OH)(NiTp#)2] (16’) (SI 37[13]) and
[RuCp(CO)2]2 (D), which should be formed through hydrol-
ysis of the metal–metal bond followed by condensation of
the resultant [(Tp#Ni)2(m-OH)2] with pyrazole and oxidative
dehydrogenation of [H�RuCp(CO)2], respectively. Partial
hydrolysis of the TpR ligand giving pyrazole was frequently
observed during chemical reactions of TpRM complexes.[29]

The difference in the stability of 1/1’ and 3’ toward moisture
should result from the properties of the M’Ln moiety;
[RuCp(CO)2]

� is much more basic than [Co(CO)4]
� .[30] Dis-

solution of 3’ in MeCN and acetone caused decomposition
and no product other than D could be characterized.

Reactions with hard donors : Treatment of 3’ with hard
donors (4-tert-butylpyridine, bipyridine, pyridine oxide, and
diphenylcyclopropenone) in CH2Cl2 gave a mixture of the

Table 4. Reaction of [TpRM�Co(CO)4] with donors (D) in CH2Cl2.

TpR M D Product Yield

Tp# Ni 4-tert-butylpyridine [Tp#Ni(D)3][Co(CO)4] (6’Ni) 78
Tp# Co 4-tert-butylpyridine [Tp#Co(D)3][Co(CO)4] (6’Co) 39
Tp# Ni diphenylcyclopropenone [Tp#Ni(D)3][Co(CO)4] (7’Ni) 69
Tp# Co diphenylcyclopropenone [Tp#Co(D)3][Co(CO)4] (7’Co) 38
Tp# Ni 4-methylpyridine oxide [Tp#Ni(D)3][Co(CO)4] (8’Ni) 83
Tp# Co 4-methylpyridine oxide [Tp#Co(D)3][Co(CO)4] (8’Co) 56
Tp# Ni DMSO [Tp#Ni(dmso)2(OH2)][Co(CO)4] (9’Ni) 66
Tp# Co DMSO [Tp#Co(dmso)2(OH2)][Co(CO)4] (9’Co) 47
Tp# Ni 2,2’-bipyridyl [Tp#Ni(D)�Co(CO)4] (10’aNi) 83[a]

Tp# Ni 4,4’-dimethyl-2,2’-bipyridyl [Tp#Ni(D)�Co(CO)4] (10’bNi) 62[a]

TpiPr2 Ni PPh3 [TpiPr2Ni�Co(CO)4(PPh3)] (2Ni) 35
TpiPr2 CO PPh3 [TpiPr2Co�Co(CO)4(PPh3)] (2Co) 51
TpiPr2 Fe PPh3 [TpiPr2Fe�Co(CO)4(PPh3)] (2Fe) 12
TpiPr2 Mn PPh3 [TpiPr2Mn�Co(CO)4(PPh3)] (2Mn) 17
Tp# Ni PPh3 [Tp#Ni�Co(CO)4(PPh3)] (2’Ni) 36
TpiPr2 Ni/Co dppe/deppene[b] decomposition

Tp#

Tp#
Ni
Ni

dppe
deppene[b]

48
45

Tp# Co dppe [Co(CO)(dppe)2][Co(CO)4]2 (12) 11

Tp# Ni tBuNC 77

Tp# Co tBuNC [Co4(CNtBu)6(CO)6] (14) trace

Tp# Ni PhC�CPh 9

[a] M=Co; decomposition. [b] dppene =cis-1,2-bis(diphenylphosphino)ethene.
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octahedral chloronickel species coordinated by two donor
molecules, [Tp#NiCl(D)2] (17’), and [RuCp(CO)2]2 (D)
(Table 5).[31] Simple crystallization of a reaction mixture ob-
tained from 3’ and bipy gave co-crystals consisting of 17’b
and [RuCp(CO)2]2 (D) (SI 38[13]).[32] The molecular structure
of the pyridine oxide adduct 17’c was determined by X-ray
crystallography (SI 39[13]), and the other products 17’a,d
were characterized on the basis of their IR spectra and ele-
mental analysis.

Reactions with soft donors : In contrast to the reactions with
hard donors, soft donors (CO, isonitriles, PPh3, Ph�C�C�H)
readily reacted with 3’ to give the corresponding diamagnet-
ic adducts 18’ and 19’ (Table 5).[33]

IR spectra of 18’a–c and 19’ contain nBH absorptions
above 2500 cm�1 indicative of a k3-Tp# ligand, whereas the
PPh3-adduct 18’d shows the nBH band at 2472 cm�1, which is
indicative of a k2-Tp# ligand.[20] The changes of the nCO pat-
terns, that is, 1) appearance of n(m-CO) vibrations and 2) re-
placement of the n(h1-CO) vibrations by the bands charac-
teristic of the added donors
(e.g., nCN for isonitriles), reveal
coordination of the donors to
the Ru center, because
[(D)nTp#Ni�RuCp(h1-CO)2] re-
sulting from coordination to the
Ni center is not consistent with
these IR features. The CN�R
(18’b,c) and vinylidene com-
plexes (19’) show the CN and
C=C stretching vibrations
around 2150 and 1550 cm�1, re-
spectively. The functional
groups are also characterized
by 13C or 31P NMR [dC(CN�
R)=140–160 ppm (18’b,c);[34]

dC(>C=C)=251.8 ppm (19’);[35]

dP(PPh3)=46.5 ppm (18’d)].

The core parts of complexes 18’a,b revealed by X-ray
crystallography (SI 40 and 41[13]) are isostructural; coordina-
tion of the added donor to the Ru center causes the shift of
two h1-CO ligands to the bridging sites to form the coordi-
natively saturated diamagnetic species. The coordination
mode of the Tp# ligand in 18’d (SI 43[13]) is changed to k2 so
as to release steric repulsion with the bulky PPh3 ligand. In
the case of 19’ the vinylidene ligand resulting from a 1,2-hy-
drogen shift of phenylacetylene bridges the two metal cen-
ters.[35]

Thus the reaction of 3’ with
soft two-electron donors results
in coordination to the Ru
center rather than CO substitu-
tion as observed for the
Co(CO)4 derivatives 1/1’.

Reaction with isothiocyanate :
To examine the possibility of
insertion of an unsaturated or-
ganic substrate into the Ni�Ru
bond in 3’ a variety of heterocu-
mulenes were treated with
3’.[2,26] Reaction with isothiocya-
nates proceeded smoothly
(Scheme 3), whereas CO2, CS2,
and carbodiimide (Me3Si�N=

C=N�SiMe3) gave intractable
mixtures of products as ob-

served for the reaction with MeCN and acetone. Fractional
crystallization of the reaction mixtures gave the iminodithio-
carbonato complexes 20’ in addition to the isonitrile com-
plexes 18’ (Table 5). X-ray crystallography of 20’b,e revealed
the m-k1(S;Ru):k2(N,S;Ni)-iminodithiocarbonato structure
(SI 44 and 45[13]).

The compositions of the two products, that is, 20’ and 18’,
suggest that these products arise from disproportionation of
two molecules of R�N=C=S into the iminodithiocarbonato
ligand [(R�NCS2)

2�] and isocyanide (R�NC); this reaction

Table 5. Reaction of [Tp#Ni�RuCp(CO)2] with donors (D) in CH2Cl2.

D Product Yield

4-tert-butylpyridine [Tp#Ni(D)2Cl] (17’a) + [{RuCp(CO)2}2] (D) 34
bipyridine [Tp#Ni(D)2Cl] (17’b) + [{RuCp(CO)2}2] (D) 37
pyridine oxide [Tp#Ni(D)2Cl] (17’c) + [{RuCp(CO)2}2] (D) 13
diphenylcyclopropenone [Tp#Ni(D)2Cl] (17’d) + [{RuCp(CO)2}2] (D) 36
CO [Tp#Ni(m-CO)2RuCp(D)] (18’a) 34
CyNC [Tp#Ni(m-CO)2RuCp(D)] (18’b) 39
tBuNC [Tp#Ni(m-CO)2RuCp(D)] (18’c) 47
PPh3 [Tp#Ni(m-CO)2RuCp(D)] (18’d) 24

PhC�CPh 20

Scheme 3.
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is associated not only with C=S bond cleavage,[36] but also
with oxidation of the metal centers in 20’ ([Tp#NiII�m-
S2CNR�RuIICp(CO)2]; cf. [Tp#NiI�RuICp(CO)2] (3’)). A
plausible formation mechanism is summarized in Scheme 3.
Initial coordination of R�N=C=S to 3’ should form the N-
coordinated intermediate. The coordination makes the cen-
tral carbon atom of the coordinated R�N=C=S more elec-
trophilic so as to be susceptible to nucleophilic addition of a
second molecule of the substrate and form the zwitterionic
intermediate. Concomitant R�NC elimination and Ru�S
bond formation may release the m-k1(S;Ru):k1(N;Ni)-imino-
dithiocarbonato intermediate, and subsequent intramolecu-
lar S-coordination should furnish 20’. The released R�NC
molecule will be trapped by another molecule of 3’ to give
18’. While C�S cleavage reaction of S-containing heterocu-
mulenes is known,[36] the present one is a new type of trans-
formation on a transition-metal system.

Discussion

Rational and systematic synthesis of the [TpRM�M’Ln]-type
xenophilic complexes : The preparative procedures described
herein serve as the first rational and systematic synthetic
methods for homo- and heterodinuclear xenophilic com-
plexes, which are in sharp contrast to the previous unpre-
dictable and accidental redox disproportionation reactions
described in the Introduction.[3] The modified synthesis of
the diiron complex A2 through the reaction of
FeCl2·1.5 THF with Na2Fe(CO)4 in the presence of pyridine
was the only example that did not involve a redox pro-
cess.[3g]

Notable features of the present system (1–3’) are as fol-
lows.

1) Xenophilic complexes containing a TpR ligand are pre-
pared by the two methods. Direct metalation of a halide
precursor is viable, when the TpR ligand is less bulky
(e.g., Tp#). On the other hand, cationic activation of the
TpRM fragment is essential for a bulky ligand system
(e.g., TpiPr2). A less bulky TpR ligand, however, is associ-
ated with another problem in preparation of the halo
precursor, [TpRM�X].[37] While [TpRM�X] (TpR: bulky)
is readily obtained by reaction of a TpR anion with MX2,
similar reaction of a less bulky TpR anion (e.g., Tp#) fre-
quently produces the sandwich adduct [M(TpR)2], which
is inert toward subsequent nucleophilic functionalization.

2) The carbonyl–metal fragment to be introduced should
be of C3-symmetry with respect to the M�M’ axis so as
to fit the C3v-symmetrical, three wedge-shaped spaces
made by the three pzR rings of the TpR ligand. It is nota-
ble that even the rather bulky RuCp(CO)2 fragment of
pseudo-C3 symmetry can be introduced, but reaction of
the C4v-symmetrical [Mn(CO)4]

� ion gives a different
type of product (5’) with threefold symmetry (D3d).

3) On the basis of the crystallographic and spectroscopic
data the dinuclear complexes thus obtained are conclud-
ed to be “xenophilic complexes”.

4) The similar stability of the TpiPr2 and Tp# derivatives in-
dicates that kinetic stabilization by bulky substituents is
not essential for the xenophilic complexes 1–3’.

5) TpR ligands are regarded as equivalents for cyclopenta-
dienyls (h5-C5R5), because both are mono-negative six-
electron donors.[7] As for transition-metal organometal-
lics, although many isoelectronic coordinatively saturat-
ed complexes containing TpR and h5-C5R5 ligands are
known, coordinatively unsaturated, low-coordinate [(h5-
C5R5)M�X] species are very few and, in many cases, ki-
netic stabilization by bulky R substituents is essential.[38]

In contrast to the h5-C5R5 system, kinetic stabilization is
not always essential for coordinatively unsaturated orga-
nometallics with a TpR ligand, as observed for the pres-
ent dinuclear complexes as well as the hydrocarbyl com-
plexes.[8] The difference could be interpreted in terms of
ligand-field splitting. The N-based TpR ligand causes a
small ligand-field splitting, which leads to a high-spin
electronic configuration with all frontier orbitals being
occupied either by electron pairs or by unpaired elec-
trons (see below), whereas the C-based h5-C5R5 ligand
causes a large splitting, which leads to a low-spin species
with vacant frontier orbital(s) that should undergo fur-
ther reactions including decomposition.

Properties of the metal–metal bond in the xenophilic com-
plexes : The metal–metal bond in the xenophilic complexes
1--3’ is expected to be polarized. Their properties will be dis-
cussed by comparing their structural and spectroscopic fea-
tures with those of reference complexes with and without a
covalent M�X bond.

For the Co(CO)4 complexes 1, alkylcobalt complex
([R�Co(CO)4]; R=phthalimodoylmethyl)[39a] and
[Co2(CO)8]

[16a, 17] were selected as references for the cova-
lently bonded structure, and [Co(CO)4]

� was chosen as a
reference for the ionic structure. The X�Co, Co�CO, and
C�O distances and nCO values for the xenophilic complexes
and the references are summarized in Table 6. The extent of
the covalent X�M interaction in [X�M’Ln] can also be esti-
mated from a structural parameter for the M’Ln part
(Scheme 4). As for [X-Co(CO)3(L)] type complexes, as co-
valent X�M bonding interaction increases, the structure of
the Co moiety changes from a tetrahedral one to a trigonal-
bipyramidal one.[40] The distortion can be estimated by the
X-Co-CO(equatorial) angle q1 (averaged values; Table 6).
The structural and vibrational data for 1Co/1’Co are between
those of the two references (Co�CO, q1 and nCO: [R�
Co(CO)4]>1Co/1’Co> [Co(CO)4]

� ; C�O: [R�Co(CO)4]<1Co/
1’Co< [Co(CO)4]

�), and the xenophilic complexes 1Co, 1’Co,
and A1 show very similar characteristics. These features
reveal development of substantial negative charge on the
Co(CO)4 fragment in 1Co/1’Co with respect to the covalent
species. When the q1 values are normalized according to the
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two reference structures [k1:0 ([Co(CO)4]
�)�100([R�

Co(CO)4])], k1 values for the xenophilic complexes fall in
the range between 40 and 50.

Similar trends were suggested for A3 by Whittlesey[3g]

and are also evident for the [Co(CO)3(PPh3)] derivative 2
(Table 7). The parameters for the xenophilic complex 2Co

fall between those for the covalently bonded species ([R�
Co(CO)3(PPh3)] and [{Co(CO)3(PAr3)}2]) and the ionic spe-
cies (PPN[Co(CO)3(PPh2OMe)]).

For the [X�RuCp(CO)2] system, covalent and ionic struc-
tures may be characterized by the dihedral angles made by

the two cp-M-CO planes (q2; cp: the centroid of a Cp ring;
Scheme 4 and Table 8). The ionic species, [MCp(CO)2]

� ,
should have a Cs structure (q2 =180), whereas a covalent
species should assume a three-legged piano stool structure.
Because the structure of [RuCp(CO)2]

� is not reported, that
of the Fe analogue, K[FeCp(CO)2],[41] was considered in-
stead. Trends similar to the [Co(CO)3(L)] complexes are
noted (Ru�CO: [R�RuCp(CO)2]>3’; C�O: [R�
RuCp(CO)2]<3’; q2 : [R�RuCp(CO)2]<3’< [MCp(CO)2]

�).
The k2 value for 3’ is 62. (The k2 values are normalized with
respect to [R�RuCp(CO)2] (R=Cp(CO)2RuCH2CH2; k2 =

100) and [MCp(CO)2]
� (k2 =0).)

These structural and IR data reveal development of sub-
stantial negative charge on the M’Ln part, in other words,
the metal–metal bond in the xenophilic complexes is polar-
ized to a significant extent (Scheme 5). Whittlesey referred

to a shift of nCO vibrations to lower frequencies and a short
M�M distance as diagnostic for xenophilic complexes.[3a,f,g]

A substantial shortening of the Co�Co bond lengths in 1Co

and 2Co relative to that in [Co(CO)3(PAr3)]2 (by ca. 0.3 �)
should result from electrostatic attraction of the oppositely
charged metal centers. This argument is also supported by
1) the Co�Co distances of 2Co (with the more negatively
charged Co(CO)3L part) and 1’Co (with the more positively
charged NiTpR part) being slightly shorter than that in 1Co

(by 0.02–0.05 �) and 2) the DFT calculations described
below.

Table 6. Comparison of structural parameters and n(CO) values of [X�Co(CO)4] species.[a]

[X�Co(CO)4] X X�Co Co�COeq C�Oeq Co�COax C�Oax q1 (k1) n(CO) M�X

[R�Co(CO)4]
[b] phthalimidoyl-

methyl
2.075(3) 1.802 1.133 1.818(4) 1.126(4) 87.4 (100) 2107, 2040, 2029, 2020[b] covalent

[Co2(CO)8]
[c] Co(CO)4 2.522 [c] – – – – 2069, 2042, 2022 [d] covalent

[(tBuO)3Ti-Co(CO)4]
[e] Ti(OtBu)3 2.565(2) 1.75 1.17 1.77(1) 1.17(1) 79.5 (52) 2062, 1998, 1962[e] ELHB

[TpiPr2Co�Co(CO)4] (1Co)[f] CoTpiPr2 2.4696(8) 1.764 1.153 1.793(5) 1.138(6) 77.9 (43) 2052, 1979, 1946 [f] xenophilic
[Tp#Co�Co(CO)4] (1’Co)[f] CoTp# 2.4467(9) 1.777 1.139 1.77(3) 1.13(1) 78.8 (48) 2056, 1987, 1947[f] xenophilic
[(py)3Co�Co(CO)4]

+ (A1)[g] [Co(py)3]
+ 2.490(2) 1.74 1.14 [l] 1.816(13) 1.121 77.9 (43) 2050, 1992, 1943, 1933[g] xenophilic

[Co(CO)4]
�[h] none – 1.745 1.156 – – 70.8 (0) 1880[h] ionic

[a] Distances in � and n(CO) in cm�1. Structural parameters for COeq are averaged values. For q1, q2, k1, and k2, see the text. [b] Reference [39a]. IR in
hexane/toluene. [c] References [16a, 17]. An isomer with bridging CO ligands [(OC)3Co(m-CO)2Co(CO)3] was characterized by X-ray crystallography.
[d] In hexane. [e] Reference [39b]. IR in toluene. [f] Present study. IR in CH2Cl2. [g] Reference [3b]. IR as KBr disk. [h] Structural data for 8’Ni and IR
data for the PPN salt. IR in THF.

Scheme 4.

Table 7. Comparison of structural parameters and n(CO) values of [X�Co(CO)3(PPh3)] species.[a]

[X�Co(CO)3(PR3)] X X�Co Co�COeq C�Oeq Co�P q1 (k1) n(CO) M�X

[R�Co(CO)3(PPh3)][b] p-tBu-benzyl 2.120(4) 1.779 1.139 2.2497(13) 87.2 (98) 2049, 1983, 1957 [b] covalent
[{Co(CO)3(PAr3)}2]

[c] Co(CO)3(PAr3) 2.702(2) 1.788 1.155 2.218(2) 85.0 (86) 1977, 1957 [c] covalent
[TpiPr2Co�Co(CO)3(PPh3)] (2Co)[d] CoTpiPr2 2.4234(7) 1.763 1.172 2.194(1) 78.8 (48) 1978, 1954, 1905, 1889[d] xenophilic
PPN[Co(CO)3(PPh2OMe)][e] none – 1.732 1.167 2.127(2) 74.2 (�) 1943, 1847 [e] ionic

[a] Distances in � and n(CO) in cm�1. Structural parameters for COeq are averaged values. For q1, q2, k1, and k2, see the text. [b] Reference [39c]. IR in
hexane. [c] PAr3 =PPh2(C6H4-o-CH2NMe2) derivative, reference [39c]. IR in CHCl3. [d] Present study. IR in CH2Cl2. [e] Reference [39d]. IR in MeCN.

Scheme 5.
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Comparison with early–late heterobimetallic (ELHB)
complexes provides interesting insights into the electronic
structures of the metal–metal bonds. The structural parame-
ters including the q1/q2 values for the M’Ln moieties in
[(tBuO)3Ti�Co(CO)4]

[39b] and [Cp2(thf)Lu�RuCp(CO)2]
[39f]

(Table 6) are comparable to those of the corresponding xe-
nophilic complexes 1Co/1’Co and 3’, respectively. But the nCO

vibrations for the ELHB complexes appear in a higher
energy region. The most intense nCO band of [(tBuO)3Ti�
Co(CO)4] (1962 cm�1) is higher in energy than that of 1Co

(1946 cm�1) by approximately 15 cm�1 and, in particular, the
nCO vibrations of [Cp2(thf)Lu�RuCp(CO)2] are much higher
than those of 3’ and are comparable to those of covalent
species, indicating a metal–metal interaction with more co-
valent character for ELHB complexes. These IR data sug-
gest different electronic structures for the metal–metal inter-
actions in the xenophilic complexes and dinuclear com-
plexes with a covalent metal–metal bond such as ELHB
complexes.

DFT analysis of xenophilic complexes :[42] To elucidate the
electronic structures of the paramagnetic xenophilic com-
plexes unrestricted DFT calculations were performed for
the model nickel complexes bearing a simplified TpH2

ligand,[9] [TpH2Ni�Co(CO)4] (E), [TpH2Ni�Co(CO)3(PH3)]
(F), and [TpH2Ni�RuCp(CO)2] (G). The standard complex E
with singlet and triplet configurations was subjected to ge-
ometry optimization and MO calculation. As a result, the
triplet species gave a solution of lower energy in accord
with the magnetic susceptibility of 1Ni/1’Ni. The singlet spe-
cies (E’: see below) was distorted and higher in energy than
E by 34.4 kcal mol�1. Then the other model complexes F and
G were also examined with triplet configurations on the
basis of the magnetic susceptibility of 2Ni/2’Ni and 3’. The re-
sults are summarized in the Supporting Information (SI 2–
8[13]). The optimized structures for the triplet species are in
good agreement with the structures determined by X-ray
crystallography, as compared in the Supporting Information
(SI 2[13]). The substitution of the alkyl and bromo groups on
the TpR ligand by hydrogen atoms (TpH2) does not affect the
overall structures. The differences in bond lengths are less
than 0.1 �, mostly less than 0.05 �, which are comparable
to the magnitude of substituent effects. For example, re-
placement of the TpiPr2 ligand in 1Ni by the Tp# ligand (1’Ni)
causes shortening of the Ni�Co distance by 0.045 � as de-

termined by X-ray crystallography (Table 2). The following
discussion will focus on the triplet species.

TpH2Ni�Co(CO)4 (E): Geometry optimization and MO cal-
culations were performed under two conditions: within C3

symmetry and without any geometrical constraint (C1 sym-
metry). The results of the calculations under the former con-
dition will be discussed in more detail and are given in the
Supporting Information (SI 2 and 3[13]), because 1) the calcu-
lation within C3 symmetry gave a structure of a lower
energy, 2) an essentially C3 symmetrical structure was ob-
tained even under the C1 conditions, and 3) the structures of
1Ni and 1’Ni are virtually C3 symmetrical as described above.
In addition, a symmetric structure makes analysis of orbital
interactions easier.

An MO diagram for E is shown in Figure 3 together with
those of F and G. The energy levels for metal-based orbitals
and metal–ligand mixed orbitals are indicated with bold
lines and normal lines, respectively. The dotted lines are for
ligand-based orbitals and many of them are omitted for the
clarity. The metal-based orbitals are shown in Figure 4.[43]

Orbitals up to a102 and b100 are filled with unpaired
electrons leading to a 202 electron system. The twenty
metal-based orbitals shown in Figure 4 are divided into the
Co(CO)4-based orbitals (a102–100,95,94, b100–98,93,92) and
the NiTpH2-based orbitals (a88–86,64,63, b102,101,89–87). It
is notable that eight pairs of orbitals (a102-b100, a101-b99,
a100-b98, a95-b93, a94-b92, a88-b88, a87-b89, a86-b87) are
very similar in their energies and shapes. From a simplified
MO viewpoint, this electronic configuration corresponds to
the situation in which all cobalt d orbitals and a part of the
Ni d orbitals (a88-b88, a87-b89, a86-b87) are occupied by
electron pairs. In sharp contrast to these orbitals, the other
Ni-based orbitals (a64,63, b102,101) are different in energy
by about 10 eV, but very similar in their shapes. Because the
a64,63 orbitals are filled and the b102,101 orbitals are
vacant, the two unpaired electrons on a64,63 lead to the
triplet electronic configuration. The large energy separation
between the a64,63 and b102,101 orbitals should be due to
Coulombic repulsion of the d electrons. Thus this MO pic-
ture is in good agreement with the xenophilic structure con-
sisting of the coordinatively saturated Co(CO)4 fragment
and the NiTpR fragment with a high-spin (triplet) electronic
configuration. Figure 3 clearly shows that all frontier orbitals
are occupied by electrons, and the stability of the coordina-

Table 8. Comparison of structural parameters and n(CO) values of [X�RuCp(CO)2] species.[a]

[X�RuCp(CO)2] X X�Ru Ru�CO C�O q2 (k2) n(CO) M�X

(m-CH2CH2)[RuCp(CO)2]2
[b] CH2CH2RuCp(CO)2 2.189(3) 1.88 1.12 132.7 (100) 2077, 1953 [c] covalent

[{RuCp(CO)2}2] (D)[d] RuCp(CO)2 2.791(2) 1.81 1.15 133.3 (99) 2018, 1959 [c] covalent
[(thf)Cp2Lu�RuCp(CO)2]

[e] LuCp2(thf) 2.955(2) 1.84 1.16 148.9 (66) 2027, 1965[f] ELHB
[Tp#Ni�RuCp(CO)2] (3’)[g] NiTp# 2.512(1) 1.855 1.16 150.6 (62) 1953, 1891 [g] xenophilic
K[RuCp(CO)2] none – – – 180 (0)[h] 1896, 1811[f] ionic

[a] Distances in � and n(CO) in cm�1. Structural parameters for COeq are averaged values. For q1, q2, k1, and k2, see the text. [b] Reference [39e]. [c] In
hexane. [d] The isomer without m-CO ligands, reference [32]. [e] Reference [39f]. [f] In THF. [g] Present study. IR as KBr disk. [h] For K[FeCp(CO)2],
reference [41].
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tively unsaturated species E should be ascribed to the lack
of a vacant frontier orbital. This type of stabilization of an
electron-deficient species is regarded as “spin block”, al-
though such a phenomenon is still a matter of debate.[44]

Of the twenty metal-based orbitals, four dz2-type orbitals
(a100, b98, a86, and b87; Ni�Co axis: z axis) are responsible
for a M�M s interaction. While, in these orbitals, contribu-
tion of one of the two metal dz2-type orbitals is predominant
(Co: a100, b98; Ni: a86, b87), the orbitals a100 and b98
with out-of-phase combinations take part in anti-bonding
M�M s-interactions and orbitals a86 and b87 with in-phase
combination take part in bonding M�M s-interactions. Ac-
commodation of four electrons in these four orbitals leads
to virtually zero bond order for the Ni�Co s interactions, in-
dicating that covalent s-bonding interactions are virtually
negligible. Very weak dp–dp interactions are found for
a95,94 and b93,92, but they are based on anti-bonding com-
binations.

Slight bending of the Co-C-O(equatorial) linkages from
linear structures (~1748) could be related to attractive inter-
action between the Ni center and the CO carbon atoms, in
which the electron density is increased by the action of the
negatively charged Co center. The bending is observed irre-
spective of X in [X�Co(CO)4], and the orbital interaction
dominating the bending is the in-phase interaction of the dz2

orbital-like lone pair electrons (or the Co�C s-bonding elec-
trons in the case of I) with p orbitals of the carbon atoms of
the equatorial CO ligands, as indicated by the contour plot
for a100 of E (shown here).[43]

However, this back-donating interaction from the Co
center to the equatorial CO ligands is anti-bonding in char-

acter with respect to the Ni···CO interaction. Ni···CO attrac-
tive interactions are found for a64,63, which should contrib-
ute not only to the bending but also to connection of the
two metal fragments. A contour plot of a63 is shown above.
However, because 1) the Ni···CO interaction is very weak
and 2) very weak anti-bonding counterparts are also found
for metal–ligand mixed orbitals with energy around
�11.5 eV, the net Ni···CO bonding effect is not significant.

An attractive interaction between the two metal centers,
alternative to the covalent interaction, is an electrostatic
one between the positively charged NiTpH2 fragment and
the negatively charged Co(CO)4 fragment. To evaluate the
ionic interaction, comparison is made with the putative com-
plex [Li···Co(CO)4] (H ; SI 6[13]), in which the lithium cation
interacts with the cobalt center. (In the actual Li salt of
[Co(CO)4]

� , the Li cation weakly interacts with the oxygen
atom of the CO ligand, [Li···OC�Co(CO)3].[45]) Comparison
is also made with the methyl cobalt complex, [CH3�
Co(CO)4] (I), a reference compound with a covalent X�Co

Figure 3. MO diagrams for [TpH2Ni�MLn] [MLn =Co(CO)4 (E), Co(CO)3(PH3) (F) and RuCp(CO)2 (G)]. Bold, normal, and dotted lines are for metal-
based orbitals, metal–ligand mixed orbitals, and ligand-based orbitals, respectively.
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bond (SI 7[13]). The results are summarized in Table 9;[43] for
the simplicity only a spin orbitals are shown for E.

The Li···Co separation (2.284 �) is slightly shorter than
the sum of covalent radii of Li and Co (2.39 �=1.23+1.16).
At a first glance, the Co-based d orbitals of E (E 102–100,
95,94) and H (H 38–34) are very similar in the energy levels
and the shapes, but the Co d-orbital levels of I are substan-
tially lower in energy than those of E and H. In particular,
the dz2-type orbital of the covalent species I (I 39) (CH3�Co
axis: z axis) is strongly stabilized relative to the correspond-
ing orbitals (E a100 and H 36) owing to the covalent Co�
CH3 interaction, while the energy gaps between the dxy and
dx2�y2 orbitals and the dxz and dyz orbitals are comparable
(H38,37–H 35,34: 1.36 eV; I41,40–I38,37: 1.53 eV). These
data clearly indicate that the metal–metal interaction in E
resembles the electrostatic Lid+ ···Cod� interaction in H
rather than the covalent bond in I. Furthermore such an in-
teraction is supported by the total atomic charges on Ni
(0.840) and Co (�0.386) in E.

Results of frequency analysis of the CO stretchings are
also shown in Table 9. First of all, the values calculated for

E are in good agreement with those observed for 1Ni and
1’Ni. In addition, when the CO vibrations of E are compared
with those of the references H and I, 1) the nCO patterns for
E and H are very similar with each other and 2) the CO vi-
brations of I are shifted to higher frequencies by approxi-
mately 50 cm�1, due to a decreased back-donation that re-
sults from localization of Co d electrons onto the covalent
Co�CH3 bond.

Thus the present DFT calculation leads to a conclusion
that the interaction between the two metal centers in
[TpH2Ni�Co(CO)4] (E) is not so covalent as in [CH3�
Co(CO)4] (I), but is as ionic as in [LiCo(CO)4] (H). The vir-
tually negligible covalent interaction is supported by the
constant nCO vibrations and the isostructural features for a
certain series of [TpRM�Co(CO)3(L)]-type complexes irre-
spective of M.

Two modes are feasible for interaction of carbonylmeta-
lates with a cation, that is, oxygen- (J) and metal-atom inter-
actions (K ; Scheme 6), because the anionic charge is delo-
calized over the M-C-O linkage. In principle, hard and soft
cationic species would form O- and M-interacting structures,
respectively. In the case of the interaction of [Co(CO)4]

�

Figure 4. Metal-based molecular orbitals of E.

Table 9. Comparison of the features of occupied molecular orbitals of
[X�Co(CO)4] species (X =NiTpH2 (E), Li (H), Me (I)).

[TpH2Ni�Co(CO)4] (E) [Li�Co(CO)4] (H) [Me�Co(CO)4] (I)

n(CO) vibrations [cm�1] (intensity)
2034.6 (497) 2035.4 (317) 2080.3 (165)
1985.5 (378) 1978.0 (364) 2038.6 (362)
1950.4 (887) 1943.3 (1046) 2021.7 (800)
1950.3 (889) 1942.8 (1047) 2021.6 (800)

Scheme 6.
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with alkali metals, which are typical hard cations, the O in-
teraction (J) has been confirmed by X-ray crystallogra-
phy,[45] whereas interaction with soft metal fragments is not
terminated at the stage of K, but further leads to a covalent
species (L). To the best of our knowledge, no Co-interacting
ionic species (K) has been reported so far. Trialkylammoni-
um salts, [R3NH···Co(CO)4],[46] may be the most relevant
system, but they are not ionic species; rather they are hy-
brids of ammonium cobaltate and an amine adduct of hy-
dride [R3N···HCo(CO)4].

The TpR complexes 1/1’ (E) and A 1 (Scheme 1) are re-
garded as tetracarbonylcobaltates, in which the cation inter-
acts with the cobalt center (K ; Scheme 6). It should be
noted that the M�M distances in the ionic species 1/1’ and
A1 are substantially shorter than the covalent M�M bond.
While the ionic picture of the metal–metal interaction was
suggested previously,[3a,g] the present study verifies the pre-
dominant electrostatic interaction on the basis of the unre-
stricted DFT calculations. In accord with such an ionic inter-
action, the metal–metal interaction in 1/1’ and 2/2’ is readily
cleaved in a polar medium such as MeCN as described
above. Although structural drawings with a bond between
the two metal centers may not be correct, such expressions
are used for the sake of convenience.

[TpH2Ni�Co(CO)3(PH3)] (F): For the PH3-substituted deriv-
ative F, structure optimization was carried out without geo-
metrical constraint to examine the bending of the Ni-Co-P
linkage. As a result, an MO diagram very similar to that of
E is obtained (Figure 3; SI 4[13]), although the calculation
with no geometrical constraint causes mixing of the metal-
and ligand-based orbitals as well as separation of the degen-
erate orbitals. All the cobalt d orbitals (a99–97,95,94, b97–
93) and a part of the Ni orbitals (a84–82 and b85–83) are
occupied by electron pairs, whereas accommodation of each
one electron in a64,63 leads to a triplet configuration (cf.
b99,98: vacant).

The bending of the Ni-Co-P linkage (172.78 ; cf. 2Ni :
172.23(7)8, 2’Ni : 160.06(6)8) can be interpreted in terms of
orbital interactions found in Fa64,63, which are essentially
the same as those in E a64,63 (responsible for the weak O!
Ni donating interaction). Replacement by the PPh3 ligand
increases the electron density at the Co center to promote
back-donation to the CO ligands, which further enhances
the donating interaction from the CO ligands to Ni. The do-
nating interaction should become much more effective by
approach of the CO carbon atom to the Ni center (i.e. fold-
ing of the Ni-Co-CO(equatorial) angle), which consequently
brings about bending of the Ni-Co-L(axial) linkage. Al-
though such a bending causes a loss in the similar donating
interactions from the other two equatorial CO ligands to Ni,
the effective interaction with the more folded CO ligand
would compensate the loss. However, the Ni···CO interac-
tion is so weak as to be fluxional, because the three pyrazol-
yl rings are equivalent at RT, as observed by 1H NMR spec-
troscopy (methyl signals for the pz# groups of 2’Ni : dH = 2.1
(9 H), �7.1 ppm (9 H)).

[TpH2Ni�RuCp(CO)2] (G): Structure optimization of G was
carried out under no geometrical constraint. The MO dia-
gram for the resultant virtually Cs symmetrical structure G
(Figure 3; SI 5[13]) consists of orbital interactions similar to
those of E and F, although, of course, orbitals of different
characters arising from the RuCp(CO)2 fragment are includ-
ed. All Ru-based d orbitals (a105–103,101,96, b103–
101,99,94) and a part of the Ni-based orbitals (a90–88, b91–
89) have their counterparts of similar energies and shapes to
form pairs of orbitals as noted for E, whereas the Ni-based
orbitals (a70,69) do not have their counterparts in the simi-
lar energy region and, instead, the Ni-based orbitals of b-
spin (b105,104) are found in the higher energy region
(Figure 3). The shapes of the two pairs of orbitals, a70-b105
and a69-b104 (shown here), are similar as also noted for E
and F. Accommodation of 208 electrons leaves the higher
energy orbitals (b105,104) vacant to form the triplet elec-
tronic configuration with two unpaired electrons on a70,69
on Ni; on the other hand, the RuCp(CO)2 moiety is coordi-
natively saturated.

The orbitals responsible for the Ru�Ni s interaction are
also shown here.[43] The a88-b89 and a104-b102 orbitals are
bonding and anti-bonding orbitals, respectively, and accom-
modation of four electrons leads to virtually zero Ni�Ru s-
bond order, suggesting that the dinuclear structure is based
on ionic interaction between the two metal fragments as
concluded for E. Let us point out that the shapes and
energy levels of the Ni-based orbitals of G are very similar
to those of the corresponding orbitals of E and F, that is, the
TpH2Ni orbitals are not much affected by the organometallic
M’Ln fragment, owing to the very weak covalent interaction
between the two metal centers.

Divergent reactivity of the xenophilic complexes : The xeno-
philic complexes 1, 1’, and 3’ show divergent reactivity de-
pendent on the properties of the donor molecules to be re-
acted. Roughly speaking, hard nucleophiles (N- and O-
donors) attack the TpRM moiety, in the case of 1/1’, to give
the ion pairs, whereas soft nucleophiles attack the organo-
metallic moiety (e.g.,Co(CO)3(L), RuCp(CO)2) to give the
substituted products or addition products. Plausible reaction
mechanisms are summarized in Scheme 7, in which mecha-
nisms for the TpRNi systems are shown for convenience.
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Reaction with hard donors : Two mechanisms are plausible
for the heterolytic cleavage of the metal–metal interaction
in 1/1’ and 2/2’, which is clear evidence for its polar nature.
One involves a spontaneous dissociation equilibrium
(step a) and the other involves a bond cleavage process in-
duced by interaction with the donor (steps e–g).

The former mechanism may be supported by the structure
of 10’ (Table 4), which is apparently formed by way of 1)
trapping of the ionized form N by bipy (step c) or 2) coordi-
nation of bipy to the m-isocarbonyl intermediate O (step d).
Although neither N nor O (steps a and b) has been detected
in non-coordinating solvents (e.g., CH2Cl2), this possibility
cannot be excluded completely as the DFT calculations sug-
gest the Co-interacting form N with a short metal–metal dis-
tance as the dominant resonance contributor.

The other mechanism is associated with spin-crossover
(step e). Metal –metal bond heterolysis is not unique for
xenophilic complexes. For example, Geoffroy reported that
treatment of [(OC)(Ph3P)Rh�Co(CO)4] with MeCN caused
Rh�Co bond heterolysis to give the ion pair, [(OC)-
(Ph3P)2Rh(NCMe)]+[Co(CO)4]

� , which reverted to the
starting complex upon evaporation.[47] The electron-with-
drawing Co(CO)4 part enhances the electrophilicity at the
coordinatively unsaturated Rh center, which is susceptible
to nucleophilic attack by the donor. Furthermore the
[Co(CO)4]

� ion resulting from the heterolysis is stable, and
the cationic metal residue is stabilized by coordination of

the donor to furnish the square-
planar adduct. The xenophilic
complexes 1–3’ are also elec-
tron-deficient species, but no
vacant frontier orbital for coor-
dination of a donor molecule is
available owing to the high-spin
configuration. A vacant site,
however, could be generated
through flipping and pairing of
the unpaired electrons in the
frontier orbitals, that is, spin-
crossover (step e). In addition,
the adduct formation with soft
donors (see below) should also
involve an analogous high-spin
to low-spin conversion, because
the reactants (triplet) and the
products (singlet) differ in spin
states. Spin crossover is a new
idea for understanding the be-
havior of paramagnetic transi-
tion-metal complexes.[48]

The singlet species resulting
from the spin-crossover was ex-
amined by a DFT calculation.
Geometry optimization was
performed starting from the op-
timized structure of E (triplet;
see above) by simply changing

the spin state from triplet to singlet. An optimized structure
for the coordinatively unsaturated 32e species (E’: singlet;
SI 8[13]) and its LUMO are shown here.[43]

The shifting of two of the four CO ligands to the semi-
bridging sites leads to a distorted Cs-symmetrical structure.
The core structure resembles those of 11’a and 13. The

LUMO is developed over the two metal centers with more
contribution of the Ni orbital and consists of an anti-bond-
ing p-interaction of the d orbitals of Ni and Co. Therefore
donor molecules can interact with either of the metal cen-
ters, and coordination of a hard donor to the hard Ni center
(step f) followed by elimination of [ML(CO)2]

� (step g) pro-
duces the ion pair R when [ML(CO)2=Co(CO)4].

These two mechanisms cannot be differentiated by the ex-
perimental results obtained so far. An intermediate N(O), P,
or T generated as a very minor component of the equilibria
(not enough for a spectroscopic detection) may be trapped
by the donor to finally furnish the ion pair R.

Scheme 7.
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Reactions involving insertion of organic carbonyl groups
(>C=O) into a M�M bonds were reported by Gade for
ELHB complexes, [LZr�MCp(CO)2] (L= tripodal amido
ligand; M= Fe, Ru).[26] While we expected a similar reaction
for 1’, only ligand replacement was observed for the reaction
with diphenylcyclopropenone to form 7’ (R) (Table 1). Nu-
cleophilic addition of the liberated [Co(CO)4]

� ion to the
acyl carbon atom of the coordinated ketone in 7’ would
afford an insertion product, but the insufficient electrophilic
activation by the MTp#+ fragment as well as the very weak
nucleophilic cobaltate may terminate the reaction at the
stage of the ionized form 7’ (R). The reaction with R-NCS
(Scheme 3) is the only indication of an insertion reaction.

Reactions of the Ru�Ni complex 3’ are complicated. Dis-
solution in polar solvents such as MeCN, acetone, and THF
gives intractable mixtures of products, and reaction in
CH2Cl2 described above produces mixtures of the chloro
complex, [Tp#Ni(D)2�Cl] (17’), and [{RuCp(CO)2}2] (D),
which are apparently formed by means of an unknown radi-
cal mechanism. Because 3’ is stable in CH2Cl2, a radical in-
termediate should be formed upon interaction of 3’ with
hard donors [N (step h) or Q (step i)]. The different reaction
pathways observed for the Co(CO)4 and RuCp(CO)2 com-
plexes should be attributed to the large difference in their
acid–base properties, that is, pKa = 8.3 [H�Co(CO)4] versus
20.2 [H�RuCp(CO)2].[30] The much more stable [Co(CO)4]

�

ion, in other words, a good leaving group, should be readily
dissociated from the dinuclear entity to give N (from M) or
R (from Q).

Reaction with soft donors : Reaction of the Co(CO)4 com-
plexes 1/1’ (M) with PPh3 results in CO-replacement to give
the PPh3 derivative 2/2’ (U), whereas the NiTp# complex 1’Ni

undergoes addition reactions with diphosphines and isoni-
triles to give the diamagnetic 1:2 adducts (V). Reaction of
the Ru complex 3’ with soft donors results in coordination
to the Ru center to give the adducts 18’ and 19’ (U).

First of all, the conversion of the triplet species 1 and 3’
into the singlet products should involve a spin-crossover
process (step e) to make the conversion spin-allowed. Fur-
thermore, taking into account the structures of the reaction
products having bridging CO ligands, the subsequent reac-
tion mechanism should also involve isomerization from a h1-
CO form to a m-CO form, which is frequently observed for
polynuclear carbonyl complexes.[49] The regiochemistry
seems to be determined by the soft–hard theory.[50] Soft
donors should prefer the soft metal–carbonyl fragment in S
(in equilibrium with P) or the delocalized intermediate T
(E’ when M’L= Co(CO)2). While the contribution of the Co
orbital to the LUMO in E’ is less than that of the Ni orbital,
the open space over the Co center may make the addition
to the Co center kinetically favorable. Addition of a soft
donor to the M’ site in S or T gives the coordinatively satu-
rated 34-electron species (U : step k). The reactions of 3’ are
terminated at this stage, but those of the Co(CO)4 deriva-
tives 1/1’ eliminate a CO ligand to furnish the substituted
xenophilic complex V (2/2’) (step l). The robust Ru�CO

bond in U (from 3’) relative to the Co�CO bond in U (from
1/1’) should hinder CO elimination causing the ligand re-
placement.

In the case of the reactions of 1’Ni with isonitrile or di-
phosphine, a repeated nucleophilic addition of the donor to
the Co moiety in V (steps l,m) forms the product W with
two bridging CO ligands, but further ligand elimination pro-
ducing a new disubstituted xenophilic complex X (step n)
does not occur.

Another key point of the present addition reactions is the
electron counting of the adducts. The adducts W formed
from the nickel complex 1’Ni are coordinatively saturated di-
nuclear species with a 34-electron configuration and, accord-
ingly, the products are stable and diamagnetic. If it is as-
sumed that the reaction pathways for the Ni and Co com-
plexes are similar, the reactions of the Co derivative 1’Co

should form paramagnetic, coordinatively unsaturated 33-
electron species W(Co), which should further undergo frag-
mentation of the dinuclear structure accompanied by redox
disproportionation to give the final products without the Tp#

ligand (12, 14).

Conclusion

This paper describes the results of the first systematic study
of synthesis, characterization, and chemical properties of a
series of xenophilic complexes containing a MTpR fragment,
[TpRM�M’Ln] 1/1’, 2/2’, and 3. It is revealed that 1) their
metal–metal bonds are polarized [TpRMd+ d�M’Ln], 2) the
stability of coordinatively unsaturated xenophilic complexes
arises from the lack of a vacant frontier orbital due to a
high spin configuration (spin block),[44] 3) the metal–metal s

interaction is not covalent with virtually zero s-bond order,
4) the two metal centers are held together mainly by elec-
trostatic attraction between the oppositely charged metal
fragments, and 5) xenophilic complexes 1–3’ are regarded as
carbonylmetalates, in which the cation interacts with the
metal center rather than with the hard CO oxygen atom.
The simple dinuclear structures of 1–3’ lead to the successful
analysis of their electronic structures and chemical proper-
ties, and the insights obtained by the present study could be
extended to interpretation of the more complicated systems
A (Scheme 1).

Critical differences between the M�M interactions in xen-
ophilic complexes and polar M�M bonds (e.g., ELHB com-
plexes) can be interpreted in terms of Scheme 8, which illus-
trates qualitative s-bonding interactions. The metal–metal
bond in homodinuclear complexes is a pure covalent s

bond. Heterodinuclear complexes consisting of different
metal fragments contain a covalent bond, but, owing to the
different orbital energies, contribution of the lower energy
metal component (M) to the M�M’ s bond is larger than
that of the other metal fragment (M’). The resultant elec-
tronic structure is best described as a resonance hybrid of
the covalent form and the ionized form, in which the M and
M’ parts are, to some extent, negatively and positively
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charged, respectively. The unequal electron distribution
makes the M�M’ bond polar, but the basic interaction is still
a covalent interaction, although contribution of the ionic
resonance structure is variable depending on the properties
of the metal fragments and, in some cases, dp–dp interac-
tions may participate in the bonding interaction. There may
be some electrostatic interaction, but it is not so significant
as in the case of xenophilic complexes. In contrast to these
situations, both bonding and anti-bonding M�M s-bonding
orbitals of the particular [TpRM�ML’n] series of xenophilic
complexes are occupied by electron pairs leading to virtually
no covalent s-bonding interactions. Instead electrostatic at-
traction between the oppositely charged metal centers holds
the two metal fragments together. The development of the
charges on the two metal fragments does not originate from
the s orbitals, but from electronic configurations of the
metal components, which are not associated with the s inter-
action. One may be surprised to find that the metal frag-
ment of a higher orbital energy (the M’Ln part) is negatively
charged in contrast to heterodinuclear complexes, although,
at the moment, we have no idea whether this tendency is a
general one or not. The lack of a s-bonding interaction is
strongly supported by 1) no dependence of the nCO vibra-
tions and the core structures of a certain [TpRM�
Co(CO)3(L)] series of complexes on M and 2) the very simi-
lar TpH2Ni-based orbitals in the three molecules (E, F, and
G) irrespective of the M’Ln fragments (Figure 3).

Reactions of 1–3’ with hard and soft donors afford prod-
ucts resulting from interaction with the MTpR and M’Ln

parts, respectively. Despite the lack of a vacant site, the xen-
ophilic complexes readily react with singlet donor molecules
by means of spin-crossover. The electronic structures of the
xenophilic complexes are so flexible that their spin state
should be changed to singlet through spin-crossover to
render the chemical transformation spin-allowed. The xeno-
philic species, therefore, can be viewed as a masked form of
a reactive, coordinatively unsaturated intermediate. The
unique xenophilic complexes described herein should result
from the unique coordination properties of the TpR ligand,
in particular, as a tetrahedral enforcer.[7]

Experimental Section

General methods : All manipulations were carried out under an inert at-
mosphere by using standard Schlenk tube techniques. THF, diethyl ether,
hexanes, toluene (Na-K alloy), CH2Cl2, MeCN (P2O5), and MeOH (Mg-
(OMe)2) were treated with appropriate drying agents, distilled, and
stored under argon. 1H, 13C, and 31P NMR spectra were recorded on
JEOL GX-270, Lambda-300, and Lambda-500 spectrometers. Solvents
for NMR measurements containing 0.5% TMS were dried over molecu-
lar sieves, degassed, distilled under reduced pressure, and stored under
Ar. IR spectra were recorded on a JASCO FT/IR 5300 spectrometer as
KBr pellets unless otherwise stated and reported in cm�1. Magnetic sus-
ceptibility was measured on a Sherwood Scientific MSB-AUTO.
[TpiPr2M�Cl],[51a] [TpPh,MeM�Cl],[51b] KTp#,[51c] 4·PF6,

[14] PPN[Co(CO)4],[21]

and K[RuCp(CO)2]
[52] were prepared according to the published meth-

ods. Preparation of [Tp#Ni�Br] and [Tp#Co�Cl] is described in the Sup-
porting Information (SI 9[13]). Other chemicals were purchased and used
as received.

Synthesis of 1: As a typical example, the synthetic procedures for 1Ni is
described below. Complexes 1Mn,Fe,Co were prepared in an analogous
manner. CH2Cl2 (10 mL) was added to a mixture of [TpiPr2Ni-
(NCMe)3]PF6 (4Ni·PF6; 300 mg, 0.379 mmol) and PPN[Co(CO)4] (403 mg,
0.568 mmol), and the resultant solution was stirred for 2 h at ambient
temperature. After removal of the volatiles under reduced pressure the
residue was extracted with ether and the deep purple crystal 1Ni (143 mg,
0.206 mmol, 55% yield) was obtained by crystallization at �20 8C.

Data for 1Ni : 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=82.43
(3 H), 6.16 (3 H), 3.15 (18 H), 1.84 (3 H), �0.64 (18 H), �10.30 ppm (1 H);
elemental analysis calcd (%) for C31H46BN6O4CoNi: C 53.56, H 6.67, N
12.09; found: C 53.34, H 6.91, N 12.19.

Data for 1Co : Dark green crystals; 1H NMR (300 MHz, [D6]benzene,
25 8C, TMS): d =80.1 (3 H), 8.0 (3 H), 3.3 (18 H), 2.5 (21 H), �25.1 ppm
(1 H); elemental analysis calcd (%) for C31H46BN6O4Co2: C 53.34, H 6.67,
N 12.08; found: C 53.48, H 6.68, N 11.77.

Data for 1Fe : Pale green crystals; 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d =66.9 (3 H), 14.7 (18 H), 3.3 (6 H), �1.1 (18 H), �6.1 ppm (1 H);
elemental analysis calcd (%) for C31H46BN6O4CoFe: C 53.78, H 6.70, N
12.14; found: C 53.78, H 6.91, N 10.88.

Data for 1Mn : Pale green crystals; 1H NMR (300 MHz, [D6]benzene,
25 8C, TMS): d =80.5 (3 H), 8.0 (6 H), 3.3 (18 H), 2.5 (18 H), �25.3 ppm
(1 H); elemental analysis calcd (%) for C31H48O5N6BCoMn (1Mn·H2O): C
52.48, H 6.82, N 11.85: found: C 52.43, H 7.05, N 11.91.

Synthesis of 1’: As a typical example, the synthetic procedures for 1’Ni is
described below; 1’Co was prepared in an analogous manner. A solution
of KCo(CO)4 in THF (10 mL) was prepared by treatment of [Co2(CO)8]
(100 mg, 0.29 mmol) with NaK2.8. [Tp#Ni�Br] (300 mg, 0.446 mmol) was
added to the resultant solution and the mixture was stirred overnight. Ex-
traction with hexane (20 mL), filtration through a Celite pad, removal of
the volatiles under reduced pressure and crystallization of the residue
from hexane at �20 8C gave 1’Ni as dark purple crystals (198 mg,
0.26 mmol, 58 % yield).

Data for 1’Ni : 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d =4.8
(9 H), �6.9 (9 H), �11.4 ppm (1 H); elemental analysis calcd (%) for
C19H19O4N6BBr3CoNi: C 29.89, H 2.51, N 11.21, Br 31.39; found: C
29.82, H 2.81, N 10.96, Br 31.20.

Data for 1’Co :[53] A very broad 1H NMR signal (in [D6]benzene) centered
around 15 ppm was observed.

Synthesis of 2 and 2’: As a typical example, the synthetic procedures for
2Ni are described below and 2Mn,Fe,Co and 2’Ni,Co were prepared in an analo-
gous manner. A solution of 1Ni (300 mg, 0.432 mmol) and PPh3 (113 mg,
0.432 mmol) in toluene (10 mL) was stirred for 3 h at ambient tempera-
ture. Filtration through a Celite plug followed by concentration of the fil-
trate and crystallization from toluene/pentane gave 2Ni as dark red crys-
tals (95 mg, 0.102 mmol, 35 % yield).

Data for 2Ni : 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=76.8
(6 H), 8.9 (3 H), 7.6 (6 H), 7.0 (6 H), 3.9 (3 H), 2.8 (18 H), 1.8 (3 H), �0.1

Scheme 8.
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(18 H), �10.9 ppm (1 H); elemental analysis calcd (%) for
C48H62BN6O3PCoNi: C 62.33, H 6.62, N 9.04; found: C 61.88, H 6.76, N
8.99.

Data for 2Co : Brown crystal; 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d=70.5 (3 H), 26.9 (3 H), 21.7 (6 H), 10.2 (3 H), 10.0 (6 H), 9.3
(18 H), 2.1 (3 H), �15.6 (18 H), �37.4 ppm (1 H); elemental analysis calcd
(%) for C51.5H66BN6O3PCo2 (2Co·(toluene)0.5): C 63.39, H 6.71, N, 8.61;
found: C 63.18, H 6.74, N 8.21.

Data for 2Fe : Brown crystals;[53] 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d =63.2 (3 H), 9.2 (3 H), 8.0 (18 H), 7.7 (6 H), 6.42 (6 H), 6.0 (6 H),
1.5 (18 H), �12.0 ppm (1 H).

Data for 2Mn : Brown crystals;[53] 1H NMR (300 MHz, [D6]benzene, 25 8C,
TMS): d=70.4 (3 H), 26.8 (3 H), 21.6 (6 H), 10.2 (3 H), 10.0 (6 H), 9.2
(18 H), �12.1 (18 H), �37.3 ppm (1 H).

Syntheis of 2’Ni : A solution of K[Co(CO)3(PPh3)] in THF (10 mL) was
prepared by reduction of [Co(CO)3(PPh3)]2 (133 mg, 0.164 mmol)] with
Na-K alloy. [Tp#Ni�Br] (200 mg, 0.297 mmol) was added to the resultant
solution and the mixture was stirred overnight. Removal of the volatiles
under reduced pressure, extraction with toluene (20 mL), filtration
through a Celite pad, concentration, and crystallization of the resultant
residue from toluene/pentane at �20 8C gave 2’Ni as deep purple crystals
(106 mg, 0.107 mmol, 36% yield). 1H NMR (300 MHz, [D6]benzene,
25 8C, TMS): d=8.6 (6 H), 7.5 (3 H), 6.9 (3 H), 2.1 (9 H; pz#), �7.1 (9 H;
pz#), �12.2 ppm (1 H; BH); elemental analysis calcd (%) for
C39.5H38O3N6PBBr3CoNi (2’Ni·(toluene)0.5): C 45.45, H 3.67, N 8.05; found:
C 45.67, H 3.70, N 8.08.

Synthesis of 3’: Sonication of a suspension of [Tp#Ni�Br] (300 mg,
0.446 mmol) and K[RuCp(CO)2] [prepared by reduction of
[Ru2Cp2(CO)4] (149 mg, 0.335 mmol) with Na-K alloy in THF and dried
in vacuo] in toluene (10 mL) gave a brown precipitate, which was filtered
through a Celite pad, evaporated under reduced pressure, and extracted
with CH2Cl2. Concentration and crystallization from CH2Cl2/hexane gave
3’ as dark brown crystals (148 mg, 0.181 mmol, 41 % yield). IR: n =2553
(BH), 1953 (vs, CO), 1891 cm�1 (vs, CO); UV/Vis l (e)=988 (109), 859
(39), 649 (137), 505 (904), 388 nm (1089); 1H NMR (300 MHz, [D6]ben-
zene, 25 8C, TMS): d=8.7 (5 H), 1.9 ppm (9 H); the other Me signal could
not be located; elemental analysis calcd (%) for C24.1H28.8O2N6-
BBr3Cl0.6NiRu (3’·(CH2Cl2)0.3·(hexane)0.3): C 33.42, H 3.35, N 9.70, Br
27.68, Cl 2.46; found: C 33.05, H 3.50, N 9.34, Br 27.14, Cl 2.41.

Evaporation of the filtrate followed by crystallization from toluene/Et2O
gave 16’. IR: ñ =3703 (w, O�H), 2957 (w, O�H), 2925 (m, O�H), 2856
(w, O�H), 2518 cm�1 (m, BH); elemental analysis calcd (%) for
C39H55O2N14B2Br7Ni2 (16’·Et2O): C 32.30, H 3.82, N 13.52, Br 38.57;
found: C 32.30, H 3.82, N 12.89, Br 38.76.

Synthesis of 5’: [Tp#Ni�Br] (300 mg, 0.045 mmol) was added to a solution
of K[Mn(CO)4] in THF [0.05 mmol; generated in situ from NaK2.8 and
[Mn2(CO)10] in THF (10 mL)] and the resultant mixture was stirred over-
night. NEt4I (1 equiv) was added to the reaction mixture, which was fur-
ther stirred overnight. Addition of toluene (10 mL) was followed by re-
moval of the insoluble materials by filtration through a Celite pad. Addi-
tion of hexane followed by crystallization at �20 8C gave complex 5’
(48 mg, 0.0028 mmol, 13% yield). IR: ñ=3072 (w, CH), 2959 (m, CH),
2924 (m, CH), 2852 (w, CH), 2537 (m, BH), 1958 (s, CO), 1894 (s, CO),
1847 (vs, CO), 1793 cm�1 (v, CO).[53]

Reaction of 1 and 1’ with hard donors : As a typical example, the synthet-
ic procedures for 6’Ni are described below; other complexes were pre-
pared in an analogous manner. Addition of 4-tert-butylpyridine (60 mL,
0.485 mmol) to a solution of 1’Ni (0.100 g, 0.131 mmol) in CH2Cl2 (10 mL)
caused a color change to green. After the mixture was stirred for 1 h the
volatiles were removed under reduced pressure and the residue was crys-
tallized from THF/hexane to give 6’Ni as blue crystals (119 mg,
0.102 mmol, 78% yield).

Data for 6’Ni : IR: ñ= 3096 (w, CH), 2968 (m, CH), 2932 (m, CH), 2871
(m, CH), 2555 (m, BH), 2004 (w, CO), 1884 cm�1 (vs, CO); ESI-MS: m/z :
728.4 [Tp#Ni(Py�tBu)]; elemental analysis calcd (%) for C46.5H59O4N9-
BBr3ClCoNi (6’Ni·CH2Cl2): C 46.10, H 4.91, N 10.40; found: C 46.60, H
5.27, N 10.37.

Data for 6’Co : Red-purple crystals; IR: ñ =2967 (m, CH), 2871 (w, CH),
2554 (w, BH), 2003 (w, CO), 1884 (vs, CO), 1615 cm�1 (s, Py); ESI-MS:
m/z : 727.4 [Tp#Co(pytBu)]; elemental analysis calcd (%) for
C46.9H59.8O4N9BBr3Cl1.8Co2 (6’Co·(CH2Cl2)0.9): C 45.22, H 4.84, N 10.12;
found: C 44.88, H 5.12, N 10.66.

Data for 7’Ni : Yellow crystals (crystallized from CH2Cl2/toluene/Et2O);
IR: ñ =3060 (w, CH), 2953 (m, CH), 2929 (m, CH), 2862 (w, CH), 2545
(w, BH), 2004 (w, CO), 1884 cm�1 (vs, CO); ESI-MS: m/z : 799.3 [Tp#Ni-
(OCC2Ph2)]; elemental analysis calcd (%) for C64H49O7N6BBr3CoNi: C
55.61, H 3.57, N 6.08; found: C 54.97, H 3.37, N 5.98.

Data for 7’Co : Yellow crystals (crystallized from CH2Cl2/toluene/Et2O);
IR: ñ =3060 (m, CH), 2960 (m, CH), 2926 (m, CH), 2859 (w, CH), 2546
(m, BH), 1980 (w, CO), 1887 cm�1 (vs, CO); ESI-MS: m/z : 799.3 [Tp#Co-
(OCC2Ph2)]; elemental analysis calcd (%) for C64.5H50O7N6BBr3ClCo2

(7’Co·(CH2Cl2)0.5): C 54.37, H 3.54, N 5.90; found: C 54.83, H 3.73, N 5.73.

Data for 8’Ni : Pale green crystals (crystallized from CH2Cl2/hexane); IR:
ñ= 3107 (m, CH), 2961 (w, CH), 2926 (w, CH), 2545 (m, BH), 2002 (w,
CO), 1876 cm�1 (vs, CO); ESI-MS: m/z : 702.3 [Tp#Ni(PyOMe)]; elemental
analysis calcd (%) for C37H40O7N9BBr3CoNi: C 40.74, H 3.70, N 11.56;
found: C 40.92, H 3.75, N 11.28.

Data for 8’Co : Orange crystals (crystallized from CH2Cl2/hexane); IR: ñ=

3112 (w, CH), 3042 (w, CH), 2970 (w, CH), 2929 (w, CH), 2002 (w, CO),
1874 cm�1 (vs, CO); ESI-MS: m/z : 703.4 [Tp#Co(PyMeO)]; elemental
analysis calcd (%) for C41H49O7N9BBr3Cl2Co2 (8’Co·(CH2Cl2)(hexane)0.5):
C 40.39, H 4.05, N 10.34; found: C 40.47, H 3.65, N 10.62.

Data for 9’Ni : Yellow green crystals (reaction in toluene; crystallized
from toluene/hexane); IR: ñ=3006 (w, CH), 2961 (w, CH), 2918 (w, CH),
2552 (m, BH), 2006 (w, CO), 1876 cm�1 (vs, CO); elemental analysis
calcd (%) for C25H39O8N6S3BBr3CoNi (9’Ni·DMSO): C 29.56, H 3.87, N
8.27; S 9.47; found: C, 29.72; H, 3.93; N, 8.19; S, 9.58.

Data for 9’Co : Pink crystals (reaction in toluene; crystallized from tolu-
ene/hexane): IR: ñ =3006 (w, CH), 2957 (w, CH), 2918 (w, CH), 2548 (w,
BH), 2006 (m, CO), 1885 cm�1 (vs, CO).

Data for 10’aNi : Orange crystals (reaction in toluene; crystallized from
toluene/hexane). IR: ñ =3122 (w, CH), 3079 (w, CH), 3024 (w, CH), 2959
(m, CH), 2928 (m, CH), 2870 (w, CH), 2548 (m, BH), 2006 (w, CO),
1879 cm�1 (vs, CO); ESI-MS:m/z : 749.3 [Tp#Ni(bipy)]; elemental analysis
calcd (%) for C29H27O4N8BBr3CoNi: C 37.87, H 2.96, N, 12.18; found: C
37.42, H 4.06, N 11.17.

Data for 10bNi : Orange crystals (reaction in toluene; crystallized from
toluene): IR: ñ =2961 (w, CH), 2924 (w, CH), 2546 (w, BH), 2006 (w,
CO), 1887 (vs, CO), 1828 cm�1 (m, sh, CO); ESI-MS: m/z : 777.4 [Tp#Ni-
(bipyMe2)]; elemental analysis calcd (%) for C31H33O4N8BBr3CoNi: C
39.20, H 3.50, N 11.80; found: C 38.98, H 3.74, N 11.38.

Reaction of 1 and 1’ with soft donors—formation of 11’a : First, dppe
(53 mg, 0.131 mmol) was added to a solution of 1’Ni (100 mg, 0.131 mmol)
in CH2Cl2 (10 mL), and then the resultant mixture was stirred for 2 h.
Removal of the volatiles under reduced pressure followed by crystalliza-
tion from CH2Cl2/Et2O gave 11’a as brown crystals (71 mg, 0.062 mmol,
48% yield). 1H NMR (500 MHz, [D8]THF, 25 8C, TMS): d =7.67 (t, 3J-
(H,H) =8.5 Hz, 8 H; Ph), 7.46 (t, 3J(H,H) =7 Hz, Ph), 7.40 (t, 3J(H,H) =

7 Hz, Ph), 2.55 (d, 2J(H,P) =14.5 Hz, 4H; PCH2), 2.25 (s, 9H; Me),
1.89 ppm (br s, 9 H; Me); 13C NMR (125 MHz, [D8]THF, 25 8C, TMS): d=

147.9, 141.5 (2 s, pz), 135–120 (Ph signals), 95.4 (4-pz), 31.9 (t, 2J(C,P)=

22 Hz, PCH2), 13.0, 11.6 ppm (2 s, Me); 31P NMR (202 MHz, [D8]THF,
25 8C, H3PO4): d=62.1 ppm; IR: ñ=3053 (w, CH), 2964 (w, CH), 2932
(m, CH), 2856 (m, CH), 2534 (w, BH), 1960 (vs, CO), 1889 (m, CO),
1812 (s, CO), 1777 cm�1 (vs, CO); elemental analysis calcd (%) for
C46H48O3.5N6P2BBr3CoNi (11’a·(Et2O)0.5): C 47.18, H 4.13, N 7.18; found:
C 47.40, H 4.14, N 6.79.

Reaction of 1’Ni and 1’Co with soft donors : Reaction of 1’Ni with dppene
(dppene =cis-1,2-bis(diphenylphosphino)ethene)) and reaction of 1’Co

with dppe were carried out in a manner similar to the preparation of
11’a.

Data for 11’b : Brown crystals; 1H NMR (270 MHz, [D8]THF, 25 8C,
TMS): d= 7.70 (t, 3J(H,H) =8.4 Hz, 8H; Ph), 7.47–7.40 (m, 12H; Ph),
7.30–7.19 (m, 2H; =CH), 2.28 (s, 9H; Me), 1.91 ppm (br s, 9H; Me);
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13C NMR (67.8 MHz, [D8]THF, 25 8C, TMS): d =149.6 (d, 2J(C,P)=

150 Hz, P-CH), 148.2, 141.9 (s � 2, pz), 134.3 (d, 3J(C,P)=6 Hz, o-Ph),
134.0 (d, 2J(C,P)=2.4 Hz, ipso-Ph), 131.5 (p-Ph), 129.6 (t, 4J(C,P)=

10 Hz, m-Ph), 95.7 (4-pz), 13.8, 11.9 ppm (2 s, Me); 31P NMR (202 MHz,
[D8]THF, 25 8C, H3PO4): d=61.84 ppm (br); IR: ñ= 3075 (w, CH), 3065
(w, CH), 2967 (m, CH), 2923 (w, CH), 2853 (w, CH), 2528 (m, BH), 1965
(vs, CO), 1812 (vs, CO), 1775 cm�1 (vs, CO); elemental analysis calcd
(%) for C46H46O3.5N6P2BBr3CoNi (11’b·(Et2O)0.5): C 47.26, H 3.97, N
7.19; found: C 47.14, H 4.06, N 6.80.

Data for 12 : Identified on the basis of its IR feature (a hybrid of the
structurally characterized [Co(CO)(dppe)2]OTf[54] and PPN[Co(CO)4]
and the ESI-MS spectrum containing the peaks for the cationic part.

Formation of 13’: tert-Butylisonitrile (28 mL, 0.131 mmol)was added to a
solution of 1’Ni (100 mg, 0.131 mmol) in toluene (5 mL), and the resultant
mixture was stirred for 1 h. Removal of the volatiles under reduced pres-
sure followed by crystallization from toluene/hexane gave 13’ as deep red
crystals (91 mg, 0.10 mmol, 77% yield). 1H NMR (270 MHz, [D8]THF,
25 8C, TMS): d=2.41, 2.33 (2 s, 18 H; Me), 1.56, 1.50 ppm (2 s, 18 H (2:1);
Me); 13C NMR (67.8 MHz, [D8]THF, 25 8C, TMS): d =147.0, 140.9 (pz),
94.4 (4-pz), 57.3 (CMe3), 30.0, 29.7 (CMe3), 12.7, 10.6 (Me); (�90 8C)
239.2 (m-CO), 198.5 (br s, CO), 146.9 (3 or 5-pz), 145.6 (C�N), 144.5 (3 or
5-pz’), 94.4, 94.0 (4-pz), 57.5, 29.2 (CMe3), 14.1, 10.9, 10.8, 10.4 ppm
(Me(pz)); IR: ñ=2980 (m, CH), 2928 (w, CH), 2862 (w, CH), 2539 (w,
BH), 2169 (vs, CN), 2142 (vs, CN), 2003 (vs, CO), 1831 (vs, CO), 1801
(vs, CO), 1775 ppm (s, CO); elemental analysis calcd (%) for
C28H37O3N8BBr3CoNi: C 37.29, H 4.14; N 12.43; found: C 37.41, H 4.38,
N 12.22.

Formation of 14 : Because the reaction of 1’Co gave only a trace amount
of crystals, compound 14 was characterized only by X-ray crystallography
(SI 35[13]).

Formation of 15’: Diphenylacetylene (47 mg, 0.262 mmol) was added to a
solution of 2’Ni (100 mg, 0.131 mmol) in toluene (10 mL) and the resultant
mixture was stirred for 2 d. Concentration followed at �30 8C gave 15’ as
brown crystals (10 mg, 0.011 mmol, 9 % yield). IR: ñ=3053 (w, CH),
2961 (w, CH), 2922 (w, CH), 2526 (w, BH), 2057 (vs, CO), 2005 cm�1 (vs,
CO).[53]

Reaction of 3’ with hard donors : Upon addition of 3 equivalents of donor
to a solution of 3’ (100 mg, 0.123 mmol) in CH2Cl2 (10 mL), the solution
turned green. After concentration under reduced pressure hexane was
added and the mixture was cooled at �30 8C to give the green product.

Data for 17’a : IR: ñ=3082 (w, CH), 2961 (vs, CH), 2928 (vs, CH), 2869
(s, CH), 2526 (m, BH), 1614 ppm (vs, py); elemental analysis calcd (%)
for C33H45N8BBr3ClNi: C 44.12, H 5.05, N 12.47, Br 26.68, Cl 3.95; found:
C 44.48, H 5.05, N 12.47, Cl 3.95, Br 25.86.

Data for 17’b : IR: ñ= 3104 (w, CH), 3071 (w, CH), 3052 (w, CH), 3028
(m, CH), 2957 (m, CH), 2927 (m, CH), 2545 (m, BH), 1606 (s, py),
1601 cm�1 (s, py); elemental analysis calcd (%) for C25H27N8BBr3ClNi: C
38.29, H 3.47, N 14.29, Br 30.57, Cl 4.52; found: C 37.94, H 3.53, N 13.84,
Br 28.12, Cl 4.75.

Data for 17’c : IR: ñ =3101 (w, CH), 3073 (w, CH), 3039 (w, CH), 2959
(w, CH), 2924 (w, CH), 2514 (m, BH), 1637 (m, py), 1612 (m, py); ele-
mental analysis calcd (%) for C28.25H35.5O2N8BBr3Cl3.5Ni (17’c·
(CH2Cl2)1.25): C 35.63, H 3.76, N 11.76; found: C 35.95, H 4.21, N 11.39.

Data for 17’d : IR: ñ= 3109 (w, CH), 3070 (w, CH), 3041 (w, CH), 2955
(w, CH), 2925 (m, CH), 2855 (w, CH), 2511 (m, BH), 1861 (s, CO), 1602
(vs, C=C), 1585 (vs, C=C), 1572 cm�1 (s, C=C).[53]

Reaction of 3’ with soft donors—formation of 18’a : A solution of 3’ in
CH2Cl2 (10 mL) was stirred for 2 h under a CO atmosphere (1 atm). Con-
centration under reduced pressure and addition of hexane followed by
cooling �30 8C gave 18’a as deep brown crystals (35 mg, 12 mmol, 34 %
yield). 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d= 5.61 (s, 5H;
Cp), 2.35 ppm (s, 18 H; Me); 13C NMR (67.8 MHz, [D2]CH2Cl2, 25 8C,
TMS): d=147.8, 142.7 (2 s, pz), 96.0 (4-pz), 88.5 (Cp), 11.9 ppm (Me);
IR: ñ =3119 (w, CH), 3107 (w, CH), 2963 (m, CH), 2926 (m, CH), 2533
(m, BH), 2013 (vs, CO), 2003 (vs, CO), 1858 (s, CO), 1846 (s, CO), 1815
(vs, CO), 1801 cm�1 (vs, CO); elemental analysis calcd (%) for

C23H24O3N6BBr3NiRu; C 32.78, H 2.87, N 9.97; found: C 32.73, H 3.02, N
10.06.

Formation for 18’b : Compound 18’b was prepared by a procedure similar
to that decribed for 18’a, and its analytically pure samples was obtained
by the reaction with Cy�N=C=S (see below).

Data of 18’c : 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d=5.39 (s,
5H; Cp), 2.34 (br s, 15 H; Me), 1.54 (s, 3H; Me), 1.47 ppm (s, 9 H; tBu);
1H NMR (270 MHz, [D2]CH2Cl2, �90 8C, TMS): d=5.37 (s, 5H; Cp),
2.31, 2.24 (2 s, 12H; Me), 1.85 (s, 3 H; Me), 1.39 ppm (s, 12 H; Me, tBu);
13C NMR (67.8 MHz, [D2]CH2Cl2, 25 8C, TMS): d =244.9 (CO), 147.5,
142.1 (2 s, pz), 95.6 (4-pz), 86.3 (Cp), 32.0, 31.0 (s � 2, CMe3), 11.7 ppm
(Me); IR: ñ =3104 (w, CH), 2979 (m, CH), 2959 (m, CH), 2933 (m, CH),
2865 (w, CH), 2521 (m, BH), 2145 (s, CN), 1836 (m, CO), 1830 (m, CO),
1786 cm�1 (vs, CO); elemental analysis calcd (%) for C28H35O2N7-
BBr3Cl2NiRu (18’c·CH2Cl2): C 34.22, H 3.59, N 9.98; found: C 34.32; H
3.26; N 9.54.

Formation for 18’d : A suspension containing 3’ (100 mg, 0.123 mmol) and
PPh3 (32 mg, 0.184 mmol) in toluene (10 mL) was sonicated for 1 h with
an ultrasonic bath to get a homogeneous solution, which was further stir-
red for 2 h. Concentration under reduced pressure followed by crystalli-
zation after addition of hexane gave 18’d as orange crystals (34 mg,
0.032 mmol, 24% yield). 1H NMR (500 MHz, [D8]THF, 25 8C, TMS): d=

7.69 (t, 3J(H,H) =8 Hz, 6H; m-Ph), 7.43 (t, 3J(H,H) =7 Hz, 9 H; o-, p-
Ph), 4.92 (s, 5H; Cp), 2.22, 2.04 ppm (2 s, 18H; Me); 13C NMR (125 MHz,
[D8]THF, 25 8C, TMS): d=242.8 (d, 2J(C,P)=12.2 Hz, m-CO), 148.4 (3 or
5-pz), 142.8 (3 or 5-pz), 136.8 (d, 1J(C,P)=46.5 Hz, ipso-Ph), 135.4 (d, 2J-
(C,P)=11.3 Hz, Ph), 131.5 (p-Ph), 129.4 (d, 2J(C,P)=10.1 Hz, Ph), 96.4
(4-pz), 89.6 (Cp), 14.8, 14.3, 12.2 ppm (3 s, Me); 31P NMR (202 MHz,
[D8]THF, 25 8C, H3PO4): d=46.5 ppm; IR: ñ =3107 (w, CH), 3052 (w,
CH), 2956 (m, CH), 2925 (m, CH), 2865 (w, CH), 2472 (m, BH), 1962
(m, CO), 1821 (w, CO), 1772 cm�1 (vs, CO); satisfactory elemental analy-
sis results could not be obtained due to the extreme sensitivity of 18’d,
which decomposed upon exposure to the air to give a product formulated
as [Tp#Ni(k2-(O,O)O2C)RuCp(CO)(PPh3)]: IR: ñ= 3053 (w, CH), 2955
(m, CH), 2927 (m, CH), 2854 (w, CH), 2522 (m, BH), 1958 cm�1 (vs,
CO); elemental analysis calcd (%) for C40H39O3N6PBBr3NiRu: C 43.95,
H 3.60, N 7.69; found: C 43.58, H 3.88, N 7.14.

Formation of 19’: A solution of 3’ and phenylacetylene (100 mL,
0.91 mmol) in CH2Cl2 (10 mL) was stirred for 3 h. Concentration and
crystallization from CH2Cl2/hexane gave 19’ as deep purple crystals
(22 mg, 0.0245 mmol, 20% yield). 1H NMR (270 MHz, [D8]THF, 25 8C,
TMS): d =7.28 (d, 3J(H,H) =7.0 Hz, 2H; o-Ph), 7.19 (t, 3J(H,H) =

7.83 Hz, 2 H; m-Ph), 7.02 (t, 3J(H,H) =7.0 Hz, 1H; p-Ph), 5.86 (s, 5H;
Cp), 5.32 (s, 1 H; =CH), 2.46, 2.41, 2.36, 2.28, 1.94, 1.73 ppm (6 s, 18 H;
Me); 13C NMR (67.8 MHz, [D8]THF, 25 8C, TMS): d=251.7 (>C=), 148.9
(pz), 142.9 (pz), 137.0 (=CH), 135.0 (ipso-Ph), 129.5 (o-Ph), 126.6 (m-Ph),
126.4 (p-Ph), 96.5 (4-pz), 90.6 (Cp), 15.0, 12.4 ppm (2 s, Me); IR: ñ =3053
(w, CH), 3017 (w, CH), 2968 (m, CH), 2926 (m, CH), 2854 (m, CH), 2524
(m, BH), 2017 (vs, CO), 1843 (vs, CO), 1588 (s, C=C), 1568 (m, C=C); el-
emental analysis calcd (%) for C37H46O2N6BBr3Cl2NiRu (19’·CH2Cl2·hex-
ane): C 40.85, H 4.26, N 7.72; found: C 40.80, H 4.31, N 7.86.

Reaction of 3’ with isothiocyanate—reaction with Cy�N=C=S : Cyclohex-
ylisocyanide (30 mL, 0.123 mmol) was added to a solution of 3’ (100 mg,
0.123 mmol) in CH2Cl2 (10 mL) and the resultant mixture was stirred for
3 h. Concentration and crystallization from CH2Cl2/hexane gave 18’b as
deep red crystals (13 mg, 0.014 mmol, 23% yield). Concentration of the
supernatant solution and cooling gave 20’b as green crystals (24 % yield).

Data for 18’b : 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d=5.40 (s,
5H; Cp), 3.84 (br, 1 H; Cy), 2.33 (s, 18H; Me), 1.91–1.40 ppm (m, 10H;
Cy); 13C NMR (67.8 MHz, [D2]CH2Cl2, 25 8C, TMS): d=147.6 (s, 3 or 5-
pz), 142.1 (s, 3 or 5-pz), 95.7 (s, 4-pz), 86.3 (s, Cp), 33.3, 25.3, 23.4 (s � 3,
CH2), 11.8 ppm (s, Me); IR: ñ =2934 (m, CH), 2852 (w, CH), 2519 (w,
CH), 2173 (s, CN), 1986 (w, CO), 1842 (s, CO), 1793 cm�1 (vs, CO); ele-
mental analysis calcd (%) for C29.5H36O2N7BBr3ClNiRu (18’b·(CH2Cl2)0.5):
C 36.66, H 3.75, N 10.15; found: C, 36.90; H, 3.81; N, 10.15.

Data for 20’b : IR: ñ=2959 (w, CH), 2923 (m, CH), 2851 (m, CH), 2532
(m, BH), 2039 (vs, CO), 1986 cm�1 (vs, CO); elemental analysis calcd
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(%) for C29.5H36O2N7S2BBr3ClNiRu (20’b·(CH2Cl2)0.5): C 34.38, H 3.52, N
9.51, S 6.22; found: C 34.59, H 3.55, N 9.65, S 5.83.

Reaction of 3’ with isothiocyanate—reaction with Ph�N=C=S : The reac-
tion was carried out in a manner similar to the reaction with Cy�NCS.

Data for 18’e : 1H NMR (270 MHz, [D2]CH2Cl2, 25 8C, TMS): d=7.31 (br,
5H; Ph), 5.55 (s, 5H; Cp), 2.35 ppm (s, 18H; Me); 13C NMR (67.8 MHz,
[D2]CH2Cl2, 25 8C, TMS): d =147.8 (pz), 142.3 (pz), 129.7 (br s, Ph), 95.8
(4-pz), 87.3 (s, Cp), 14.1, 11.8 ppm (2 s, Me); IR: ñ=3065 (w, CH), 2959
(m, CH), 2926 (m, CH), 2536 (m, BH), 2137 (vs, CN), 1994 (m, CO),
1832 (vs, CO), 1788 cm�1 (vs, CO); elemental analysis calcd (%) for
C29H29O2N7BBr3NiRu: C 37.95, H 3.18, N 10.68; found: C 37.75, H 3.51,
N 10.47.

Data for 20’e : ñ =3085 (w, CH), 2951 (m, CH), 2924 (m, CH), 2855 (w,
CH), 2521 (m, BH), 2045 (vs, CO), 1996 (vs, CO), 1986 cm�1 (vs, CO); el-
emental analysis calcd (%) for C30.5H32.5O2N7S2BBr3NiRu (20’e·-
(hexane)0.25): C 36.50, H 3.26, N 9.77, S 6.39; found; C 36.51, H 3.54, N
9.40, S 6.33.

X-ray crystallography : Thirty-three complexes were characterized by X-
ray crystallography. Diffraction measurements were made on a Rigaku
RAXIS IV imaging plate area detector with MoKa radiation (l=

0.71069 �). All data collections were carried out at �60 8C. Neutral scat-
tering factors were obtained from the standard source.[55a] In the reduc-
tion of data, Lorentz, polarization, and empirical absorption corrections
were made.[55b] The structures were solved by a combination of the direct
methods (SHELXL 86)[55c] and Fourier synthesis (DIRDIF).[55e] Least-
squares refinements were carried out using SHELEXL 97[55d] linked to
teXsan.[55f] For crystallographic data and details of structure refinements,
see the Supporting Information (SI 10 and 11[13]). CCDC-252176 (B),
CCDC-252177 (C), CCDC-164175 (1Ni), CCDC-164176 (1Co), CCDC-
252178 (1Fe), CCDC-175901 (1Mn), CCDC-175902 (1’Ni), CCDC-252179
(1’Co), CCDC-164178 (2Ni), CCDC-211846 (3’), CCDC-252180 (2Co),
CCDC-252181 (2Fe), CCDC-252182 (2Mn), CCDC-252183 (2’Ni), CCDC-
252184 (5’), CCDC-252185 (6’Ni), CCDC-252186 (7’Ni), CCDC-252187
(8’Ni), CCDC-252188 (9’Ni), CCDC-252189 (10’bNi), CCDC-252190 (11’a),
CCDC-252191 (13’), CCDC-252192 (14), CCDC-252193 (15’), CCDC-
252194 (16’), CCDC-252195 (17’b2·D1/2), CCDC-252196 (17’c), CCDC-
252197 (18’a), CCDC-252198 (18’b), CCDC-211848 (18’d), CCDC-211849
(19’), CCDC-252199 (20’b), and CCDC-252200 (20’c) contain the supple-
mentary 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.

DFT calculations : Model complexes [TpH2Ni�Co(CO)4] (E ; triplet; C3

symmetry), [TpH2Ni�Co(CO)4] (E’; singlet), [TpH2Ni�Co(CO)3(PH3)] (F ;
triplet; C1 symmetry), [TpH2Ni�RuCp] (G ; triplet; C1 symmetry) (TpH2 =

hydrotris(pyrazolyl)borato) for the corresponding xenophilic complexes
were subjected to DFT calculations. Initial structures for the model com-
plexes were based on the coordinates obtained from the X-ray crystallo-
graphic data of [TpiPr2Ni�Co(CO)4] (1Ni), [Tp#Ni�Co(CO)3(PPh3)] (2’Ni),
and [Tp#Ni�RuCp(CO)2] (3’Ni). The structures were determined by gradi-
ent optimization using the Gaussian 98 package (Revision A.11)[56a] at
the B3 LYP density functional level.[56b,c] All metal centers (Ni, Co, and
Ru), three Tp nitrogen atoms coordinated to the metal, and the phospho-
rus atom in F were described with a lanl2dz basis set of valence double-z
quality including relativistic effective core potential of Hay and
Wadt.[56d–f] The 3–21 G split-valence basis set was used for the other
atoms. DFT calculations were also performed for the reference com-
plexes, [Li�Co(CO)4] (H) and [CH3�Co(CO)4] (I). C3 symmetry was as-
sumed for I.
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