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Abstract

Chemistry of the highly coordinatively unsaturated, tetrahedral hydrocarbyl and dinuclear complexes bearing a hydrotris(pyraz-
olyl)borate (Tp®) ligand, TpR®M-R’ and TpRM-M'L,,, is reviewed. The organometallic Tp® complexes are prepared by salt elimina-
tion between the corresponding halide and Grignard reagents or metalates and fully characterized by spectroscopic and
crystallographic methods. Although the number of the valence electrons of the resultant species is much shorter than that expected
for a coordinatively saturated species (for mononuclear species: 14—15¢ vs. 18e; for dinuclear species: 29-32e¢ vs. 34e), they turn out
to be thermally stable. In particular, the ethyl complexes Tp*">M-CH,CH; (M = Fe, Co) are stable with respect to B-hydride elim-
ination. The tetrahedral structures of the obtained organometallic species cause a small ligand field splitting of the frontier orbitals
to lead to a high spin configuration, which leaves no vacant coordination site, and this should be the origin of the thermal stability of
the electron deficient species. Upon interaction with donors they are incorporated into the organometallic system via switching of
the spin state, and selective reactions dependent on the nature of the donor molecules are observed for the dinuclear complexes.
Thus the high spin species can be regarded as masked forms of coordinatively unsaturated intermediates, which are regarded as
key intermediates of organometallic transformations.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Hydrocarbyl; Xenophilic; Coordinatively unsaturated species; Hydrotris(pyrazolyl)borate; High spin

1. Introduction

Coordinatively unsaturated species have been re-
garded as key intermediates of various stoichiometric
and catalytic transformations mediated by organome-
tallic species [1]. A substrate to be converted should
be first incorporated into the coordination sphere of
a coordinatively unsaturated transition metal interme-
diate and therefore it is essential for improvement of
the efficiency of the transformations and development
of new reactions to accumulate information on the
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structure and reactivity of coordinatively unsaturated
species. Although 16 valence electron species such as
square-planar d® metal complexes and early transition
metal complexes have been studied extensively, very
few examples of late transition metal hydrocarbyl com-
plexes with less than 16 valence electrons have been re-
ported so far. In addition, almost all the previous
examples of the late transition metal complexes contain
bulky hydrocarbyl ligands without B-hydrogen atoms
such as ortho-disubstituted aryl groups and CH,ER)
groups (E =C, Si) [2], which kinetically stabilize the
coordinatively unsaturated species by shielding the me-
tal center.

We have enjoyed the rich chemistry based on
hydrotris(pyrazolyl)borato ligand (Tp® or scorpionate)
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[3,4], in particular, systematic synthesis of dioxygen
complexes of the first and second row metals (Scheme
1) [5]. The Tp® ligand is usually coordinated to a
transition metal center in a k>-fashion and has been
recognized as a ligand system isoelectronic with cyclo-
pentadienyls (n°>-CsRs), which have been widely used
in the studies of organometallic compounds, because
both are mononegative 6e-donors. In addition to this
feature, the Tp® ligand is regarded as a “tetrahedral
enforcer”, because it forms a variety of tetrahedral
species, (k>-TpR)M-X. The tetrahedral halo complexes
Tp®M-X (X =Cl, Br, I) turn out to be versatile start-
ing compounds for inorganic complexes including the
dioxygen complexes. When we saw the tetrahedral
structure of the halo precursors, we could not help
alkylating them to obtain the hydrocarbyl complexes,
(>-Tp®)M-R’ (M = Fe, Co, Ni). We expected that,
if such an attempt was successful, we might have an
opportunity to study chemistry of highly coordina-
tively unsaturated hydrocarbyl complexes; the sum of
valence electrons could be 14 (Fe), 15 (Co) and 16
(Ni).

Herein I wish to review the results of the study on the
(SA-Tp®)M-R’- and (>-TpR)M-M'L,-type highly coor-
dinatively unsaturated organometallic systems, which
have been obtained during last several years in our
laboratory.

2. Hydrocarbyl complexes
2.1. Allyl complexes [6]

The first attempt that we made was allylation, be-
cause the allyl ligand was expected to donate more elec-
trons to a coordinatively unsaturated metal center
through n*-coordination. Treatment of the tetrahedral
chloro precursors 1™ with allyl Grignard reagent gave
the corresponding allyl complexes 27F™ (Scheme 2). X-
ray crystallography revealed the n*-coordination of the
allyl ligand for the cobalt and nickel complexes 2¥">Co,-
Ni as we anticipated but, to our surprise, the n'-coordi-
nation was found for the iron complex 27"Fe.
Although the number of the d-electrons Fe'' (d°) was
smaller than those of cobalt and nickel (d”: Co™; d®
Ni'), the allyliron complex 2'¥"?Fe adopted a n'-struc-
ture with 14 valence electrons (VEs) rather than a
n3-structure with 16VEs, which was closer to a coordi-
natively saturated 18e configuration. The square-pyram-
idal structures for the cobalt and nickel complexes
2'P"2Co,Ni with the n*-allyl and «*-Tp™™? ligands were
also confirmed by spectroscopic methods and they were
fluxional with respect to the exchange of the axial and
basal pyrazolyl rings of the Tp® ligand through a trig-
onal-bipyramidal intermediate as indicated by the single
'"H NMR signal set for the three pyrazolyl rings at
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ambient temperature [7]. Thus the n'-allyliron complex
2P"2Fe turned out to be a highly coordinatively unsatu-
rated 14e species, whereas the 1°-allyl-cobalt and -nickel
complexes 2™2CoNi were 17¢ and 18e species,
respectively.

2.2. Hydrocarbyl complexes [8]

The successful synthesis and characterization of the
l4¢ n'-allyliron complex 2'¥**Fe encouraged us to ex-

TpiPr2M_C| (1 iPr2)
TpMe3Co(x2-NOg)

tend the synthesis to related hydrocarbyl complexes.
As we expected, treatment of the chloro complexes of
iron and cobalt 1'*"2Fe,Co with various Grignard rea-
gents readily afforded the corresponding hydrocarbyl
complexes including the benzyl-type (3,4) and ethyl
complexes (5) (Scheme 3) [9]. Attempted alkylation of
the nickel complex 1'"**Ni gave a complicated mixture
of products. In the case of ethylation of 1°™Ni, because
(1) alkylation under a CO atmosphere at —78 °C
gave the propanoyl complex (K3-Tpipr2)(OC)Ni-

R-MgX

—> TpfM-R’

TpVeSFe(x2-0Ac) )  THF

RinTpR M R' No. of VE 2 Yield (%)
i-Pry Fe 2iPr2Fe 14 62(n'")?
i-Pr, Co allyl 2iPr2co 17 68 (n°) °
i-Pr, Ni 2iPr2Nj 18 76 (n%) ©
i-Pr, Fe 3iPr2Fe 14 68
i-Pry Co 3iPr2co 15 65
i-Pr, Ni 7 p-methylbenzyl (n') - 0
Me; Fe (CH2 -O—CHS) 3Ve3pe 14 c
Meg Co / 3Ve3co 15 65
i-Pro Co -naphthylmethyl 4 15 75
i-Pry Fe 5Pr2Fe 14 79
i-Pry Co [ ethyl 5Pr2Co 15 84
i-Pr, Ni (mh - 0
Meg Co - 5Me3co 15 c
Pr,  Co —©'CH3 (sp*-C) 6 15 84
i-Pr, Co C=C-R" (sp-C) 7 15 40-80 ¢

2number of valence electrons. ? coord.

not isolated in a pure form.
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Scheme
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C(=0O)CH,CHj; (see below) and (2) ethylene was de-
tected from the gas phase, the reaction should give the
ethylnickel intermediate, TpT™>Ni-CH,CH; 5F™Ni,
which should undergo B-hydride elimination at ambient
temperature. The n'-arylcobalt complex 6 was also pre-
pared by the Grignard method, whereas the n'-alkynyl-
cobalt complex 7 was obtained by the dehydrative
condensation between the hydroxo complex and 1-al-
kyne in hexane [10]. Although the Grignard method
was effective for the preparation of the alkyl and aryl
complexes, we found a problem for preparation of the
starting complexes [11]. When the Tp® ligand contained
bulky substituents such as isopropyl group at the 3-po-
sitions (e.g., Tp*™?), a 1:1 reaction of MX, and a Tp®
anion gave the desired tetrahedral precursor, (i°-
Tp®)M-X, selectively, whereas reaction of the Tp® lig-
and with less bulky substituents such as methyl groups
(e.g., Tp™**) usually led to the octahedral ferrocene-type
1:2 adduct (>-Tp®),M, which was inert toward ligand
substitution. In some cases precursors with a k*-leaving
group (e.g., k>-NO, and «*-OAc), (*-Tp®)M(k*-X),
reactive enough to be alkylated by Grignard reagents
were available. The k’leaving group should prevent
the undesired 1:2 coupling.

The tetrahedral structures of the hydrocarbyl com-
plexes are characterized by crystallographic as well as
spectroscopic methods. The vgy vibrations appearing
above 2500 cm™' clearly indicate k’-coordination of
the Tp® ligand [12] and the cobalt complexes showed
d—d transitions in the range 500-600 cm ' characteristic
of tetrahedral cobalt(II) species. All obtained hydrocar-
byl-iron and -cobalt complexes are paramagnetic, high-

spin species as determined by means of magnetic suscep-
tibility and such an electronic configuration with 4 (Fe)
and 3 (Co) unpaired electrons should be caused by the
small splitting of the frontier orbitals of a tetrahedral
species [13].

Molecular structures of the hydrocarbyl complexes
are determined by X-ray crystallography. At first
glance all obtained hydrocarbyl complexes shown in
Scheme 4 are tetrahedral species with the x>-TpR
and n'-hydrocarbyl ligands. To be noted is that: (1)
careful examination reveals no significant additional
interaction between the hydrocarbyl group and the
metal center (e.g., agostic interaction), leading to the
structural description as tetrahedral species [14] and
(2) the formation of 3*Co with the less bulky TpM¢?
ligand indicates that steric shielding by bulky substit-
uents is not essential for the present highly coordina-
tively unsaturated organometallic system. As for the
alkynyl complexes 7, slight distortion of the C=C-
COOMe derivative from a Cs,-structure to a C,-struc-
ture (bending of the B---M-C linkage) suggests
occurrence of dm—pm interaction between the filled me-
tal d orbital and the acetylide m* orbital, while the
C=C-SiEt; derivative is essentially Cs,-symmetrical
[10].

Reports on synthesis of related tetrahedral, coordina-
tively unsaturated hydrocarbyl complexes with tripodal
ligands followed our communication [15] and they
showed structural features and reactivity similar to
those of the present TpR"M-R’ complexes, while M—C
homolysis to lead to M(I) species was noted for some
of them.
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As typical examples, the reactivity of the ethyl com-
plexes 5™Fe,Co is summarized in Scheme 5. First of
all they did not undergo B-hydride elimination, a viable
decomposition process for coordinatively unsaturated
hydrocarbyl species [1], even when their toluene solu-
tions were heated to 110 °C; small amounts of ethane
resulting from hydrolysis by adventitious moisture were
detected but only trace amounts of ethylene resulting
from P-hydride elimination were detected. '"H NMR
monitoring of the thermolysis revealed that the structure
of the iron complex 5°"Fe was retained even after being
heated at 110 °C, whereas the cobalt complex 5FCo
was completely converted into an uncharacterized spe-
cies without elimination of ethylene. The ethyl com-
plexes 57 were extremely sensitive to the moisture
and air. Treatment with HCI and O, gave ethane and
a mixture of ethanol, acetaldehyde and acetic acid,
respectively; ethane should arise from protonolysis of
the metal-carbon bond and the oxygenated products
might be ascribed to an alkylperoxo intermediate result-
ing from O insertion into the metal-carbon bond [3].
The alkane product was also readily obtained by hydro-
genolysis at 2 atm. Carbonylation gave the propanoyl
complexes 8 and the unstable ethylnickel species (5™
Ni) could be trapped by in situ carbonylation of the
reaction mixture obtained from the chloro complex
1'""*Ni and EtMgBr as described above.

Coordinatively unsaturated hydrocarbyl species are
regarded as active species of catalytic polymerization of
unsaturated hydrocarbons. Before examination of the
catalytic reaction the ethyl complexes 57" were subjected
to stoichiometric reactions with unsaturated organic
compounds including alkynes, olefins, ketones and nit-

TpP2M-Et product(s)
5iPr2 yields (%)
M Fe | Co
CH,=CH,
A trace
110°C. 5 hr (no B-elimination)
(in toluene) CH,-CH,
10 | 8
HCl aq. 66 96
Hz
(2 atm, r.t.) 60 91
CH3CH,OH / CH3;CHO
CH4COOH
0,
24/8 /11[17/29/12
Tpin2/M Et
CO
(COn o
62(n=2) | 64 (n=1)

riles but only phenylacetylene reacted with them and the
other substrates left 52 unaffected. Reaction of the co-
balt complex 5F™Co resulted in insertion of the carbon—
carbon triple bond into the metal-carbon bond to give
the alkenyl complex, Tp*™Co—C(Ph)=C(H)-Et, as con-
firmed by subsequent hydrolysis liberating 1-phenyl-1-
butene, whereas the iron complex 5V"2Fe was converted
into the alkynyl complex, Tp¥™Fe-C=C-Ph, through
protonation of the metal-carbon bond by the acidic
=C-H proton, as confirmed by carbonylation leading
to the diamagnetic acetylide complex, (Tp*™?)(OC),Fe—
C=C-Ph. Catalytic activity for ethylene polymerization
was further examined, because it was reported that the re-
lated tridentate N-coordinating PBI [bis(pyridine)imine]
ligands [16] were very effective for the catalysis. The
chloro complexes 17" and the ethylcobalt complex 5
Co showed some catalytic activity in the presence of an ex-
cess amount of MAO [19] but their activity (~10* gPE/
molM; CH,=—CH,: 30 kg/cmz, 70°C, 1 h) was much smal-
ler than a typical PBI system (>107 gPE/molM). It was
also found that the molecular weight distribution of the
obtained polymers was bimodal suggesting formation of
plural active species. The different catalytic performance
could be ascribed to the different coordination properties
of the Nj-ligands (Tp®: facial, mononegative vs. PBI:
meridional, neutral).

In order to consider the origin of the stability of the
coordinatively unsaturated species EHMO calculations
have been carried out for a model complex, Tp™>Fe—
CH; [17]. As a result, it is revealed that (1) the Tp™*M
fragment contains only one o-type orbital, which can
interact with the lone pair electrons of the alkyl group
and (2) the five frontier orbitals (FMOs) are the d-based

TpiPrQCO\ 'Et

) c=C
TPIPTZM_Et Ph/ T—|
5iPr2 insertion
+
Ph-C=C-H

Tp'P2Fe-C=C-Ph

protonolysis

but no reaction with Ph-C=C-Ph,
CH,=CHo,, 1-hexene, ketones,
and nitriles.

ethylene polymerization

TpP™2Co-Et (5'P"2Co)
) or + MAO
TplPrzM_C| (1|Pr2)

effective but not so active as PBI catalysts

Scheme 5.
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orbitals of the Tp">M fragment and one of them is
slightly raised in energy owing to the c-interaction with
the alkyl ligand when compared with the other orbitals.
The small energy separation of the FMOs should lead
to the high spin configuration with 4 (Fe) and 3 (Co)
unpaired electrons as supported by the magnetic suscep-
tibility measurements (see above). Such electronic config-
uration with all frontier orbitals being occupied by either
electron pairs or unpaired electrons leaves no vacant
orbital in the FMOs and this could be the origin of the
thermal stability of the coordinatively unsaturated
hydrocarbyl species. Strictly speaking, the present hydro-
carbyl species are not ‘“‘coordinatively unsaturated spe-
cies” but “electronically unsaturated species”, the VEs
of which are short of 18. Because, however, the hydrocar-
byl complexes react with H,, O, and CO as mentioned
above, their electronic structure should be flexible and
is expected to be changed upon interaction with a sub-
strate. In contrast to most of the previous examples of
late transition metal, coordinatively unsaturated hydro-
carbyl species, which are “kinetically” stabilized by bulky
hydrocarbyl ligands, as mentioned in Introduction [2],
the present system does not require such stabilization
indicating that it is a “thermodynamically’ stabilized sys-
tem realized by control of the electronic structure by the
Tp® ligand, a tetrahedral enforcer.

3. Xenophilic complexes [18]

The successful formation of the hydrocarbyl com-
plexes prompted us to examine metalation of the halo

Tp'P™2 complexes

precursor (Scheme 1). Initial attempts, however, were
miserable. For example, treatment of Tp"™M°M-CI
(M = Co, Ni) with Na[Co(CO),4] gave complicated mix-
tures, from which the cationic aquo-cobalt complex,
[TpF"MeCo(THF)(OH,) - (THF),][Co(CO)4], and the
cationic tetranuclear carbonatonickel cluster compound,
[(TpTPMeNi),(1g-CO5)Nas][Co(CO),], were isolated and
characterized by X-ray crystallography [18c]. To our
surprise, the obtained products contained the cobaltate,
[Co(CO)4]”, as the counteranion of the cationic
Tp™™MeM species without metal-metal bond formation.
The reactions were very slow and during the very slow
reaction adventitious moisture and CO, should interact
with the Tp"™M°M fragment to give the undesired
products.

The TpR®M fragment was then activated toward
nucleophiles via conversion to cationic species (Scheme
6). Treatment of the chloro complexes 1'**% with a silver
salt in acetonitrile afforded the octahedral, cationic
tris(acetonitrile) complexes 9 [20]. The cationic species
9 were reactive enough to be coupled with not only a
variety of donors but also the cobaltate to give the de-
sired metal-metal bonded dinuclear species 10*"** with
29-32 VEs (Scheme 6). The low reactivity of Tp'T™>M-
Cl 1" should be ascribed to the bulky isopropyl sub-
stituents, because Tp*Ni-Brl1 bearing the less bulky
TpMe2Br (Tp™) ligand was directly converted to the cor-
responding dinuclear species 10M¢*B"Ni [21]. It was also
found that the bromo precursor 11 reacted with more
bulky metalates such as K[Co(CO)3;(PPhs)] and
K[RuCp(CO),] to give the dinuclear complexes 12M¢*Br
and 13, respectively.

o NCMe PPN[Co(CO),]
TpP2M—NCMe > Tp'P2\ === Co(CO), (10P"?)
o o CH,Cl,
PFs. ~ NCMe M VE (34e)
@) . .
o\ " Ni (55 %) 10P"2Ni 32
D= AgPRy mixture  CO (40 %) 10P2Co 31
},—i i MeCN o Fe(20%) 10P2Fe 30
%\u = [Co(CO)4] Mn (27 %) 10P2Mn 29

TpPr2M-Cl
i}:&o (1 iPI’Z)

| TpMe2.Br (Tp*) complexes

R4
SO N L.
N_l{l TpPr2 i-Pr H i-Pr

TpMe2Br(Tp*) | Me Br Me

3

TpMe2 BNjmmIL,

KIRUCP(CO);] ML= Co(CO), (10Me2B'Ni: 58 %)

K[Co(CO)a(L)]
/ THF
TpMe2BN;i-Br >
(11) or
/ toluene
/ sonication

Co(CO)5(PPhg) (12Me2BrNj: 36 %)
RuCp(CO), (13: 41 %)

Scheme 6.
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All dinuclear complexes 10, 13 and the related PPhs-
substituted products of 10 (1272 see below) were
paramagnetic and characterized by means of X-ray crys-
tallography and spectroscopic methods. As typical
examples, molecular structures of three TpRNi-Co-
(CO)5(L) derivatives 10°™Ni, 10M*>B'Nj and 12"""Ni
and Tp”Ni-RuCp(CO), 13 are shown in Scheme 7.
The core parts of the three Co complexes are isostruc-

R-Co(CO), (14) TpRM-Co(CO), (10)

(OC)4C0-Co(CO)4

U

tural. The TpXCo and Co(CO)4(L) moieties adopt tetra-
hedral and trigonal-bipyramidal geometry, respectively,
and the three pyrazolyl rings of the Tp® ligand and the
three equatorial CO ligands of the Co(CO)3(L) moiety
are staggered to lead to a virtually Cs,-symmetrical
structure, which is also supported by the essentially lin-
ear B---M-M’ linkage. The linear Co—C-O(equatorial)
linkages and the Ni---CO separation, which exceeds

[Co(CO)4] (15)

M—Co(CO), | «—%— | M® ®co(co),
complex (CO) (in cm™)¢ M-Co (inA)  Co-Cay/ Co-Ceq” (in A) @ Co-CO.
R-Co(CO), (14) € 2107, 2040, 2029, 2020 - 1.818(4) / 1.802(5) b: averaged values.
Co,(CO)g 2069, 2042, 2022 2.538 b4 0
------------------------------------------------------------------------------------- c:R= @::N-CHZ
TpP2Co-Co(CO)4 (10P2) 2052, 2024, 1982, 1935  2.4969(8) 1.793(5) / 1.763(5) o}
""""""""""""""""""""""""""""""""""""""""""""" d: with u-CO ligands.
[Co(CO)4] (15) 1880 - 1.757(8)
0 0
% o c
\© \ I
5:0—00 TpRM—Co—L R—Co—CO
c § H
o’C c C ¢ C
S 1 £ Bz O % 14
complex 15 10Pr2Nj  1oMe2BrN;  12iPr2Nj 14
M-COq 1.67(2)  1.760 1.766 1.754  1.802
0 70.8 78.1 78.2 80.7 87.4

Scheme 8.
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dissolution in MeCN ® NCMe
TpP2Mm===Co(CO); —_ TpP2M—NCMe [Co(CO),)®
10iPr2 evaporation NCMe
Scheme 9.

the range of bonding interaction between Ni and C, re-
veal no bonding interaction between the Tp®Ni center
and the equatorial CO ligand on Co, indicating that
the Tp®M and Co(CO)s(L) parts are connected only
through the Ni-Co bond. The Ni-Co bond length are
comparable to the sum of the covalent radii of Ni and
Co. Similar structural features are noted for the other
TpRM-Co(CO)s(L) derivatives and the Ni-Ru complex
13. The successful formation of the Tp” derivatives also
reveals that kinetic stabilization by a bulky ligand such
as Tp'T™ is not essential for the dinuclear complexes as
also pointed out for the hydrocarbyl complexes.

A couple of representative features of Tp">Co-
Co(CO), 10°™2Co are compared with those of two refer-
ences (Scheme 8); one with a covalent X-Co(CO),
linkage (the phthaloylmethyl complex 14 and Co,(CO)g
[22]) and the other without such a covalent interaction
([Co(CO)4]™ 15 [23]). As can be seen from the table,
the v(CO) vibrations and the Co—CO distances of the
dinuclear complex 10%™Co fall between those for the
covalent and ionic species, suggesting that the M—Co
bond in 10 are polarized to a considerable extent. An-
other measure of the contribution of the ionic form
for the X-Co(CO),4 species is the structural deviation
from trigonal-bipyramidal to tetrahedral structures. As
the covalent interaction between X and Co is increased,
the geometry of the Co center should be changed from a
tetrahedral structure to a tirigonal-bipyramidal struc-
ture, and the deviation can be estimated by the angle 60
(0 =70.5° for an ideal tetrahedral species; 90° for an
ideal trigonal-bipyramidal species). The 0 values for
the dinuclear species are in the middle of the values
for the two references, supporting the above-mentioned
conclusion. Furthermore in accord with the structural
change, as the contribution of the ionic form is dimin-
ished, the Co—CO distance is elongated, because back
donation from the less negatively charged Co center to
CO ligands becomes less effective.

It is remarkable that IR spectra of the cobalt com-
plexes, TpRM-Co(CO)5(L), are dependent on the sol-
vent. For example, IR spectra of Tp"M-Co(CO), 10
observed in CH,Cl, contain two strong v(CO) vibrations
in accord with the local Cz,-symmetrical structure of the
Co(CO), part and are very similar to those observed as
KBr pellets, whereas those observed in MeCN contain a
single v(CO) absorption at 1890 cm ™', which is identical
with the v(CO) vibration of [Co(CO)4]”. The spectral
change reveals M-M bond cleavage (heterolysis) upon
dissolution in MeCN (Scheme 9), in other words, the

M-M bond formation (Scheme 6) is reversed to give
the ion-pair, [Tp"M(NCMe);]* [Co(CO),]". Evapora-
tion of MeCN regenerates the M—M bond, although
partial decomposition is evident. The reversible M-M
bond cleavage-recombination process can be also fol-
lowed by the change of the UV-vis spectrum
(Tp®M : tetrahedral < octahedral) [13]. The M—M bond
heterolysis [24] induced by a coordinating solvent is an-
other evidence for the polar nature of the M—M bond in
10. The PPhj; derivatives 12 also undergo the partial M—
M cleavage in MeCN-CH,Cl, (CH,Cl, is added to dis-
solve 12). But the Ni-Ru complex 13 decomposes upon
attempted dissolution in MeCN. The extent of the M—-M
bond cleavage (heterolysis) is apparently correlated with
the stability of the metalate to be liberated
(PKp:[Co(CO)4]™ > [Co(CO)s(PPh3)]7).

Polar metal-metal bond has attracted increasing
attention, because it is expected to display unique reac-
tivity toward polar substrates such as CO. While
early-late heterobimetallics (ELHB) such as Cp,(X)Zr—
RuCp-(CO), and (Bu’O);Ti-RuCp(CO), [25] can be
raised as a typical example, another class of compounds
called ‘“xenophilic complexes™ [26] is known (Scheme
10). Xenophilic complexes are defined as polynuclear
compounds, in which a Werner complex type hard open
shell metal center and a coordinatively saturated metal
carbonyl fragment are connected only by a metal-metal
bond. Because the two metal fragments with the different
properties are connected, they are called “xenophilic
(strange love)” and the M—M bond in them should be po-
lar. The dinuclear complexes TpRM-M'L,, obtained by
the present study fall in this category. Chemistry of xen-
ophilic complexes, however, has remained to be explored

I xenophilic complexes (strange love) l

Werner complex-type
hard open shell
metal center

coord.saturated
e metal carbonyl
fragment

(<18e) M-M bond (18e)

chemistry: not explored
- very few examples
- no rational synthetic method (redox disprop.)

ex.) Fachinetti (1987).

py . Coy(CO)g
Py ®
\C Co(CO) /
L0o—L0 4
oy 4 [Co(cO),1 ©
py
Scheme 10.
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mainly because of lack of a rational synthetic method.
All the previous examples of xenophilic complexes
including the first example reported by Fachinetti,
[(py)3Co—Co(CO)4] [Co(CO)4]~ (The cationic part is
isoelectronic with 10.) [26b], were obtained by the unpre-
dictable redox disproportionation. Therefore the present
method provides the first rational synthetic method for
the unique dinuclear complexes, and the Ni-Ru complex
13 is the first example of a xenophilic complex, which
involves a second row metal fragment [27].

All xenophilic complexes obtained by the present
study are paramagnetic, high-spin species. On the basis
of (1) virtually identical CO vibrations observed for a
series of the TpRM-Co(CO),-type complexes 10 irre-
spective of M, (2) the v(CO) values comparable to those
of X-Co(CO);3(L)-type complexes, (3) the UV-Vis spec-
tra very similar to those of TpRM-CI and (4) magnetic
susceptibility, it is concluded that the unpaired electrons
are localized on the Tp®M part in the dinuclear com-
plexes in accord with the definition of xenophilic com-
plex: Tp®M: open shell metal center; M'L,:
coordinatively saturated. As a typical example, a prelim-
inary DFT calculation has been carried out for a model
complex of the Ni-Ru complex 13 [Tp™>*Ni-RuCp(-
CO),] [18¢]. In particular, for this complex, when the
relationship of the energy levels of the first and second
row metals is taken into account [Ru(4d): —8.5 eV;
Ni(3d): —10 eV], it may be strange that the Ni orbitals
much lower in energy than those of the filled Ru orbitals
remain half-occupied. Scheme 11 shows energy levels of
the molecular orbitals for the model complex obtained
by the unrestricted DFT calculation [18¢,27]. The six

(eV) Ni-based
2 - (Vﬂm) ﬁ _vH_
Tp*Ni===RuCp
-3 q B (S=1) (CO),
spin spin
-4 {Ru: coord.saturated
Ru-based Co: coord.unsaturated

cf.) Ru4d: -8.5¢V,
Ni 3d: -10 eV

- pairsof orbitals
of similar shapes
& energies

e
N

4

Ni-based
(filled)

Scheme 11.

orbitals around —5 eV are Ru-based orbitals, and
shapes and energies of the a- and B-spin orbitals are very
similar with each other leading to the coordinatively sat-
urated, closed shell electronic configuration for the d®
metal part [Ru(Il)]. Contrastingly, the four Ni-based
orbitals around —2 and —10 eV are different not only
in their shapes but also in their energy levels, whereas
the features of the other Ni-based orbital pairs (—7 to
—12 eV) are similar to those of the Ru-based orbitals
(similar in energy and shape). Accommodation of 208
electrons in these orbitals leads to the triplet configura-
tion with two half-occupied Ni orbitals (—12 eV) in ac-
cord with the result of magnetic susceptibility. The big
separation observed for the Ni-based o- and B-spin
orbitals can be interpreted in terms of coulombic repul-
sion of d-electrons; it is known that coulombic repulsion
for 3d-elctrons is much larger than that for 4d-electrons.
This unique electronic structure could originate from the
coordination property of the Tp® ligand, and the stabil-
ity of the coordinatively unsaturated species [the number
of valence electrons: for TpRM-Co(CO)s(L): M = Ni
(32), Co (31), Fe (30), Mn (29); Tp*Ni-RuCp(CO),:
32; cf. a coordinatively saturated dinuclear species: 34]
can also be attributed to the lack of a vacant FMO ow-
ing to the high spin electronic configuration as discussed
for the hydrocarbyl species.

The electronic structure of the dinuclear complexes is
apparently similar to that of the hydrocarbyl complexes
discussed above [27]. But the dinuclear complexes are
found to readily react with a variety of substrates and
selective reactions dependent on the properties of the
substrates are observed. Scheme 12 summarizes the reac-
tivity of the Tp*Ni-ML,-type complexes [ML,;:Co(CO),
(10M2BrNjj), RuCp(CO), (13)] [18c]. First of all MeCN
cleaved the M—Co bond in 10 in a heterolytic manner as
mentioned above. Similar M-M heterolysis occurred by
the action of N-donors such as pyridine and bipyridine
in CH,Cl,. The zwitterionic 4,4’-Me,-bipy derivative
15 contained the p(k':Cx':0)-CO (isocarbonyl) bridge
but in a solution it appeared to be separated into the
ion pair. These products should arise from nucleophilic
addition of the hard N-donors at the hard open shell
Tp™*Ni center. In contrast to the reaction with hard do-
nors, soft donors initially caused CO-replacement at the
Co(CO), center to give the substituted derivatives. PPh;
gave 12 through CO-replacement, whereas dppe gave
the coordinatively saturated, diamagnetic product
16(L,=dppe) through a combination of the CO-replace-
ment and coordination of the other P part, which in-
duced bridging of two CO ligands. The reaction with
t-Bu-NC did not stop at the stage of the replacement
but subsequent coordination of a second equivalent of
the substrate led to the diamagnetic product
16(L=CN-Bu’). Thus clear dependence of regiochemis-
try on the property of the donors is noted: hard N-do-
nors attack the hard TpRM center to lead to the M—M
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Scheme 12.

bond heterolysis, whereas soft donors initially replace a
CO ligand in the Co(CO)4 moiety and further interac-
tion with a donor molecule leads to the dinuclear ad-
ducts 16 with two p-CO ligands. Similar selectivity was
also observed for the reaction of the Ni-Ru complex
13 with soft donors, whereas reactions with pyridine
derivatives afforded a complicated mixture of products,
which apparently resulted from Ni-Ru bond homolysis.
The reactions with soft donors (CO, R-NC and PPhs)
did not result in CO-replacement but addition to the
Ru-center to give the diamagnetic adducts 17 analogous
to 16 and the reaction with Ph—C=C-H gave the viny-
lidene complex 18 via coordination followed by 1,2-H
migration. The Ni-Ru bond in 13 also interacted with
heterocumulenes including isothiocyanate, which pro-
duced an equimolar mixture of the iminodithiocarbo-
nato complex 19 and the isonitrile complex 20. These
products should arise from a combination of dispropor-
tionation and C-S cleavage of the isothiocyanate,

although detailed reaction mechanism remained to be
clarified.

It should be noted that the paramagnetic complexes
10 and 13 are converted into the diamagnetic species
through interaction with diamagnetic molecules. The
different spin states of the reactants (triplet for the nickel
complexes) and the products (singlet) suggests that the
conversions should involve a spin crossover process
[28] and we propose a plausible mechanism as shown
in Scheme 13. (The Ni-Ru complex 13 is taken as an
example). Spin crossover at the triplet Ni center should
lead to the singlet species with a vacant coordination site
at the Ni center (13B). Subsequent switching of the coor-
dination mode of two CO ligands (n' — p) transfers the
vacant site to the Ru center (13C), to which donors are
added to form diamagnetic adducts. Addition to the Ni-
centered vacant site followed by intramolecular migra-
tion of the donor from Ni to Ru appears to be a possible
process. Because, however, intramolecular migration of
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PPh; from one metal to the other metal may not be al-
ways viable, the addition to the Ru center should be
appropriate. The CO-replacement of 10 should also in-
volve a 34e adduct with two p-CO ligand as an interme-
diate, and subsequent CO-elimination followed by
it — ' switching of the CO ligand should provide the
substituted products. The high spin, xenophilic complex
(e.g., 13) is formally described not only as a resonance
hybrid with the zwitterionic structure (13A) but also as
an equilibrated mixture with the singlet, coordinatively
unsaturated form (13B,C) resulting from spin crossover
across the metal-metal bond. Thus the high-spin xeno-
philic complexes with no vacant coordination site can
be regarded as a masked form of the coordinatively
unsaturated intermediate.

4. Conclusion

The Tp"® ligand system shows many unique coordina-
tion features and, for the present organometallic system,
it serves as a tetrahedral enforcer. Introduction of a
hydrocarbyl ligand and a metal fragment into the Cj,-
symmetrical TpRM system furnishes the tetrahedral,
highly electron-deficient organometallic species. The
corresponding hydrocarbyl and dinuclear complexes,
TpRM-R’ and TpRM-M'L,, are readily obtained by
alkylation and metalation of the halide precursors,
respectively. Although the number of the valence elec-
trons of the resultant species is much shorter than that
expected for a coordinatively saturated species (for
mononuclear species: 14-15e vs. 18e; for dinuclear spe-
cies: 29-32e vs. 34e), they turn out to be thermally sta-
ble. In particular, the ethyl complexes 5" are stable
with respect to B-hydride elimination. The tetrahedral
structures of the TpRM-R’ and TpRM-M’'L, species
cause a small ligand field splitting of the FMOs to lead
to a high spin configuration, which leaves no vacant
coordination site, and this should be the origin of the

thermal stability of the electron deficient species. There-
fore the TpR"M-R’ and TpRM-M'L,, species are “elec-
tronically unsaturated” but not ‘‘coordinatively
unsaturated”. Their electronic structures, however, are
flexible. Upon interaction with donors they are incorpo-
rated into the organometallic system via switching of the
spin state, and selective reactions dependent on the nat-
ure of the donor molecules are observed for the dinu-
clear complexes. Thus the high spin species can be
regarded as masked forms of coordinatively unsaturated
intermediates, which are key intermediates of organo-
metallic transformations.
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