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The cationic tris-MeCN adducts of TpRM fragments, [TpRM(NCMe)3]OTf [TpR = hydrotrispyrazolylborato,
R = 3-Ph-5-Me (1), 3,5-iPr2 (1�); M = Ni, Co], were prepared by chloride abstraction from the corresponding
chloro complexes, TpRM–Cl (2), with AgOTf in acetonitrile. The MeCN ligands in 1 and 1� are labile enough to
be readily converted to a variety of adducts, [TpRM(L)n]OTf, via treatment with N- and P-donors [NC(CH2)2CN,
p-NCC6H4CN, pyridine, o-bipy, p-bipy, Ph2P(CH2)mPPh2 (m = 2, 3)].

Introduction
The family of hydrotris(pyrazolyl)borates (TpR) are versatile
ancillary ligands in inorganic and organometallic studies of
transition metal complexes as well as main group metal com-
pounds 1 and we have been carrying out synthetic studies based
on the TpRM systems ranging from the bioinorganic study of
dioxygen complexes to the coordinatively unsaturated organo-
metallic systems.2 The nucleophilic displacement reaction of
halo complexes, TpRM–X, is a useful synthetic method for
derivative chemistry but the halo complexes are not always
reactive enough to interact with such a weak, soft nucleophile
as [Co(CO)4]

�, as we encountered in the synthesis of the
heterodinuclear xenophilic complexes.2e In such cases the TpRM
fragment should be activated toward a nucleophile in some way.
Herein we wish to describe the synthesis of labile cationic
MeCN-coordinated nickel and cobalt complexes containing
hydrotris(pyrazolyl)borato ligands (TpR), [TpRM(NCMe)3]

�

[TpR = TpPh,Me (1), TpiPr2 (1�); OTf salts],3 which turn out to be
useful precursors for a variety of derivatives. Details of the
results obtained will be described with emphasis on the TpPh,Me

systems.

Results and discussion
Chloro complexes with the TpPh,Me ligand, TpPh,MeM–Cl (2),
were readily prepared by a procedure similar to that already
reported for 2�,2b i.e. treatment of the appropriate MCl2�6H2O
with KTpPh,Me (Scheme 1). The virtually tetrahedral structures
of 2 with the κ3-TpPh,Me ligand were confirmed by the B–H
vibration around 2545 cm�1 2c and X-ray crystallography (see
Fig. 1 and Table 1).4,5 When compared with the TpiPr2 derivatives
2� 2d the structures of 2Ni,Co are slightly deviated from a C3 struc-
ture as compared in Table 1. The four-cooordinate TpPh,Me-
M–X-type complexes can adopt a C3 structure when the three
phenyl rings are arranged in a propeller-like conformation,7 but

† Electronic supplementary information (ESI) available: further crystal
data collection details and figures showing the atomic numbering
schemes used. See http://www.rsc.org/suppdata/dt/b2/b203377c/
‡ Present address: Department of Applied Chemistry, School of
Engineering, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656,
Japan.

such a symmetrical structure was not observed for 2. For
example, the distribution of the N–M–Cl angles for the TpPh,Me

complex 2Ni (118.8–130.7�: difference = 11.9�) is substan-
tially larger than that of the TpiPr2 complex 2�Ni (122.8–126.2�:

Fig. 1 Molecular structure of 2Ni showing 30% thermal ellipsoids.
Labels without atom names are for carbon atoms.

Table 1 Selected structural parameters for TpRM–Cl 2 and 2� a

Complexes 2Ni 2Co 2�Ni b

M–Cl1 2.153(2) 2.2004(9) 2.172(2)
M–N11 1.982(5) 2.045(3) 1.975(3)
M–N12 1.981(5) 2.029(3) 1.978(4)
M–N31 2.001(5) 2.027(3) 1.965(4)

 
N11–M–Cl1 118.8(1) 120.98(8) 126.2(1)
N21–M–Cl1 130.7(2) 119.90(7) 123.5(1)
N31–M–Cl1 121.5(1) 124.97(8) 122.8(1)
N11–M–N21 90.0(2) 96.4(1) 92.5(1)

N11–M–N31 95.6(2) 97.3(1) 90.1(1)
N21–M–N31 91.3(2) 89.8(1) 92.0(2)
B� � �M–Cl 176.87(8) 172.2(2) 179.1(1)

a Bond lengths in Å and bond angles in deg. b Ref. 2d. 
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Scheme 1

difference = 3.4�). This unsymmetrical feature is partly due to
intermolecular π–π interactions of the pyrazolyl and phenyl
rings. Several non-bonded interactions with separations of
ca. 3.5 Å are found [e.g. for 2Ni: C32–C32*: 3.45(1), C32–C103:
3.48(1), C31–C102: 3.524(9), N31–C203: 3.526(9), C13–C22:
3.530(8), N21–C24: 3.546(9), C23–C23: 3.55(1), C13–C204:
3.59(1) Å].

Substitution reactions of the chloro complexes 2 should be
performed in a non-coordinating solvent such as CH2Cl2,
because donating solvents form adducts of a higher coordin-
ation number. For example, reaction of 2 in THF gave the
trigonal-bipyramidal THF adducts 2–THF, which were charac-
terized crystallographically (Table 2 and Fig. S5).5 Because the
electronic configuration of the resultant adducts is closer to the
coordinatively saturated one (18e), they are inert towards
further nucleophilic substitution. An analogous THF-adduct,
TpPhCo–NCS(THF), was reported by Trofimenko et al.6

Treatment of the chloro complexes 2 and 2� with silver tri-
fluoromethanesulfonate in acetonitrile readily afforded the
corresponding cationic MeCN-coordinated species 1 and 1�,
respectively (Scheme 1). Coordination of three MeCN mole-
cules completes the octahedral coordination sphere as revealed
by X-ray crystallography (Fig. 2 and Table 3), which showed
C3v-symmetrical core structures for both of the TpPh,Me (2) and
TpiPr2 derivatives (2�). The M–N distances are about 2.1 Å and
the Co–N distances are slightly longer than the corresponding
Ni–N distances due to the larger atomic radius of Co. As for
the TpPh,Me derivatives, the averaged N(pzR)–M–N(pzR) angles
are larger than the averaged N(NCMe)–M–N(NCMe) angles
by 4�, whereas, for the TpiPr2 derivatives, the two averaged
N–M–N angles are comparable. In addition, deviation of the
M–N���C linkage of the TpPh,Me derivatives from a linear struc-
ture is substantial in contrast to the essentially linear alignment
of the TpiPr2 derivatives. These results suggest that interaction
with the π-electrons of the phenyl rings in the TpPh,Me com-
plexes causes bending of the M–NCMe linkage. Theopold et al.
reported the analogous [TpiPr,MeCo(NCMe)3]

� species, which
was in situ generated by dissolution of TpiPr,MeCo–I in CH2Cl2–
MeCN.8 Kirchner et al. also reported a ruthenium derivative,
[TpRu(NCMe)3]PF6, which was found to be less labile than the
isoelectronic Cp derivative, [CpRu(NCMe)3]

�.9

The tris-MeCN complexes 1 are so labile as to be stable
only in the presence of MeCN. Recrystallization of the nickel

complex 1Ni from CH2Cl2–hexane resulted in elimination of one
of the three MeCN ligands to give the five-coordinate square-
pyramidal bis-MeCN adduct 3 and dissolution of the cobalt
complex 1Co in CH2Cl2 resulted in partial decomposition to give
the neutral pyrazole-coordinated trifluoromethanesulfonato

Fig. 2 Molecular structures of the cationic parts of 1Ni (one of two
independent molecules; molecule 1) and 1�Ni showing 30% thermal
ellipsoids.
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Table 3 Selected structural parameters for [TpRM(NCR�)3]OTf 1, 1� and 6 a

 
1Ni b 1Co b

   
Complexes Molecule 1 Molecule 2 Molecule 1 Molecule 2 1�Ni 1�Co 6

M–N11 2.129(3) 2.135(3) 2.170(4) 2.168(4) 2.082(3) 2.109(2) 2.139(3)
M–N12 2.095(3) 2.088(3) 2.124(4) 2.134(4) 2.076(4) 2.115(2) 2.078(4)
M–N31 2.106(2) 2.103(3) 2.156(3) 2.140(4) 2.079(3) 2.119(2) 2.094(3)
M–N(pzR) c 2.110 2.109 2.150 2.148 2.079 2.114 2.104
M–N41 2.091(3) 2.125(3) 2.132(5) 2.160(4) 2.119(4) 2.172(3) 2.139(3)
M–N51 2.121(3) 2.125(3) 2.171(4) 2.179(5) 2.127(4) 2.177(3) 2.101(4)
M–N61 2.102(3) 2.099(3) 2.143(4) 2.138(4) 2.120(4) 2.169(3) 2.099(4)
M–N(NCR�) c 2.105 2.116 2.149 2.159 2.122 2.173 2.113

 
N–M–N(pzR) c 88.5 88.5 87.6 87.4 88.9 87.8 89.0
N–M–N(NCR�) c 84.5 84.0 83.8 83.0 87.3 86.8 83.7
M–N–C(NCR�) c 166.2 166.2 166.8 167.2 176.3 175.5 178.3

a Bond lengths in Å and bond angles in deg. b Two independent molecules. c Averaged values. 

Fig. 3 Molecular structures of 8–10 (8: the cationic part) showing 30% thermal ellipsoids. Labels without atom names are for carbon atoms.

complex 4.10 The two products 3 and 4 were characterized by IR
and X-ray crystallography (Table 3 and Fig. S6).4 It should be
noted for 4 that (1) one of the three pyrazolyl groups undergoes
borotropic rearrangement 11 to give the “reversed” ligand (N31–
32, C31–33, and C301–306) and (2) the coordinated pyrazole
molecule forms hydrogen bonding interaction with one of the
two uncoordinated oxygen atoms of the TfO group [O2� � �N41:
2.808(3) Å]. Borotropic rearrangement has several prece-
dents.1,11 These features of the tris-MeCN complexes 1 suggest

the labile nature of the MeCN ligand, which could be applied
for derivative chemistry of TpRM species (M = Ni, Co).

As we expected, the cationic tris-MeCN complexes 1 were
found to be versatile starting compounds for the [TpRM(L)n]

�-
type cationic complexes via treatment with various N- and
P-donors (Scheme 2; All reactions were carried out in CH2Cl2

and single crystals were obtained by crystallization from
CH2Cl2–hexane or CH2Cl2–toluene–hexane). Because two- or
three-dimensional structures are expected to be formed through
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Scheme 2 a Coordination geometry of the central metal is shown in parentheses; spy: square-pyramidal; oct: octahedral; tbp: trigonal-bipyramidal;
spl: square planar. The hapticity of the TpPh,Me ligand is κ3 except for 14 (κ2). b Characterized by X-ray crystallography. c Recrystallized from CH2Cl2–
toluene–hexane. d See text.

replacement of the MeCN ligands by polyfunctional ligands,
reactions with difunctional molecules are also examined.12 The
products except 5Co 13 were characterized by X-ray crystallo-
graphy (Table 2) and the detailed results are included in the ESI.

Complex 5Co was assigned on the basis of its IR spectrum being
very similar to that of the corresponding nickel derivative 5Ni.
The TpPh,Me ligand is coordinated as a κ3-ligand except for the
diphosphine complexes 14 and the coordination geometry of
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the central metal is shown in parentheses (Scheme 2).4 The
MeCN ligands in 1 were readily replaced by nitriles. Reaction
of succinonitrile gave three different types of products 5–7
depending on the donor/M ratio and the central metal. Treat-
ment of 1 with an excess amount of succinonitrile (>2 equiv-
alents) resulted in removal of all three MeCN ligands to afford
the mononuclear five-coordinate square-pyramidal 1 : 2-adduct
5. In principle, 1 : 1 reaction of 1 and a difunctional donor (L)
should form an oligomeric or polymeric adduct, [TpPh,Me-
M(µ-L)]n(OTf )n. Treatment of 1 with a limited amount of
succinonitrile, however, did not produce an expected supra-
molecular adduct but the products 6 and 7 arising from
incomplete replacement of the MeCN ligands in 1.12 The core
structure of the nickel complex 6 sitting on a crystallographic-
ally imposed centrosymmetric site is essentially the same as that
of the starting compound 1Ni. The cobalt complex 7 contains
the pyrazole ligand resulting from partial decomposition of the
TpPh,Me ligand and the N–H moiety also interacts with the tri-
flate anion through a hydrogen bond. Partial decomposition of
the TpR ligand to release pyrazole is frequently observed as was
already noted for 4.14

Reaction of p-dicyanobenzene, a more rigid and slightly
strongly donating dinitrile, also afforded three different types of
products 8–10, which showed structural features different from
those of the products obtained from succinonitrile. Addition of
an excess amount of p-dicyanobenzene to the nickel complex
1Ni resulted in the formation of the polymeric 1 : 1 adduct 8, and
neither 1 : 2-adduct like 5Ni nor cyclic oligomeric product was
formed at all under the present reaction conditions. The infinite
zig-zag structure of 8 with the square-pyramidal Ni core was
confirmed by X-ray crystallography (Fig. 3 and Table 2). Reduc-
tion of the amount of the dinitrile to 1 : 1 ratio caused
incomplete replacement of the MeCN ligands in 1Ni as observed
for 6 to give the dinuclear complex 9. As can be seen from the
molecular structure (Fig. 3 and Table 2), the bridging p-dicyano-
benzene molecule is located in the cavity formed by the phenyl
groups of the TpPh,Me ligands and the triflate anions. In contrast
to the nickel system, reaction of the cobalt complex 1Co

produced the neutral TfO-coordinated trigonal-bipyramidal
1 : 1-adduct 10 (Fig. 3) irrespective of the amount of the
dinitrile added. Compared to nickel complexes, five-coordinate
cobalt complexes, in particular, neutral complexes, prefer a
trigonal-bipyramidal geometry.

Pyridine and o-bipyridine also produced five-coordinate
adducts 11 and 12 but different coordination structures resulted
depending on the ligand and the central metal. Reaction of
o-bipyridine gave the square-pyramidal adducts 12 irrespective
of the central metals, whereas that of pyridine afforded the
square-pyramidal nickel (11Ni) and trigonal-bipyramidal cobalt
adducts (11Co) as is evident from the τ values (see below).15

Reaction of p-bipyridine gave the polymeric adducts 13 in a
manner similar to the 2 : 1 reaction of p-dicyanobenzene. Com-
plexes 13, which were precipitated out of the reaction mixture,
were sparingly soluble in CH2Cl2 in accord with the infinite
zig-zag structure with the square-pyramidal TpPh,MeM hinge
(τ = 0.192) with the N–M–N(p-bipy) angle of 97� as revealed by
preliminary X-ray crystallography of 13Ni.13

Reaction of 1Ni with diphosphines, which would cause a
larger crystal field splitting compared to N-donors, produced
the diamagnetic, square-planar complexes 14 containing the
κ2-TpPh,Me and κ2-diphosphine ligands. The cationic part of
complexes 14 are isostructural with the isoelectronic d8-
rhodium() complexes, (κ2-TpiPr2)Rh(κ2-diphosphine), previ-
ously reported by us.2c Reaction of the cobalt derivative 1Co,
however, did not give the corresponding adducts but a mixture
containing 4, the formation of which was indicative of the
occurrence of a decomposition process.

As for the structural aspect of the donor adducts, incorpor-
ation of two or three donors to the TpRM fragment leads to a
variety of coordination geometries as discussed above.

Coordination of three donor molecules always causes form-
ation of an octahedral structure (1, 1�, 6), whereas coordination
of two donor molecules results in formation of either four- or
five-coordinate species depending on the hapticity of the TpR

ligand, κ2 or κ3. All products other than the diphosphine com-
plexes bearing κ2-TpPh,Me ligand (14) adopt a five-coordinate
structure between square-pyramidal (spy) and trigonal-
bipyramidal geometries (tbp). It is well-known that the two
geometries differ little in energy from each other and the distor-
tion from the two ideal geometries can be conveniently indi-
cated in terms of the τ parameter as proposed by Addison et al.
(τ = 0 for an ideal spy structure; 1 for an ideal tbp structure).15

The τ values for the complexes which appear in this paper are
summarized in Table 2.13 In general, neutral complexes (2Ni–
THF, 2Co–THF, 4, 10) adopt a geometry closer to a trigonal-
bipyramidal one (0.46–0.66) irrespective of the central metal. In
contrast, as for the cationic complexes, the structures of the
nickel complexes (3, 5Ni, 11Ni, 12Ni, 13Ni) are closer to a spy
geometry (τ = 0.06–0.35), whereas the cobalt complexes prefer a
tbp geometry (4: 0.66; 10: 0.58; 11Co: 0.61) unless the geometry
is constrained by a chelating ligand with a small bite angle such
as o-bipy [12Co: τ = 0.05; bite angle of o-bipy = 79.2(1)�]. The
intermediary structure of 7 (τ = 0.35) should be due to steric
constraints induced by succinonitrile due to the short span of
the two cyano groups, which are bound to the two metal
centers.

In summary, the highly labile cationic octahedral tris-MeCN
adducts, [TpRM(NCMe)3]OTf 1 and 1�, have been prepared,
fully characterized, and converted to a series of donor adducts
via MeCN-replacement reactions. The MeCN ligands in 1 and
1� are so labile that they serve as reactive starting compounds
for coupling reactions with substrates with weak nucleo-
philicity. As we reported recently, the xenophilic complexes
with a highly polar metal–metal bond, TpiPr2M–Co(CO)4, were
successfully synthesized from 1�, which was found to be reactive
enough to couple with the very weak nucleophile [Co(CO)4]

�.2e

The tris-MeCN complexes 1 and 1� are potentially useful as
a corner block for the architecture of three-dimensional
structures and such a possibility is suggested by coupling with
difunctional linkers.

Experimental
All manipulations were carried out under an argon atmosphere
using standard Schlenk tube techniques. CH2Cl2 (P4O10),
MeOH (Mg(OMe)2), MeCN (CaH2), THF and hexane (Na–K/
benzophenone) were treated with the appropriate drying
agents, distilled, and stored under argon. IR spectra (as KBr
pellets; reported in cm�1) were obtained on a JASCO FT/IR
5300 spectrometer. NMR spectra were observed on a JEOL
Lambda-500 spectrometer (1H: 500 MHz; 31P: 202 MHz).
KTpPh,Me was prepared according to the literature procedure.6a

Other chemicals were used as received without further purifi-
cation. Synthetic procedures for the cobalt complexes were
essentially the same as those described for the nickel complexes
unless otherwise stated.

TpPh,MeM–Cl

2Ni: A CH2Cl2 solution (20 mL) of KTpPh,Me (1.00 g, 1.90 mmol)
was added dropwise to a methanolic solution (2 mL) of NiCl2�
6H2O (455 mg, 1.91 mmol) and the resultant mixture was
stirred overnight. After removal of the volatiles under reduced
pressure the residue was extracted with CH2Cl2 and filtered.
Concentration and addition of hexane gave 2Ni (783 mg, 1.36
mmol, 71 % yield) as purple crystals. IR/cm�1: 3130 (w), 3059
(w), 2964 (w), 2922 (w, νCH), 2544 (w, νBH), 1546 (s, νCN of
pzPhMe). FD–MS: m/z = 577 (M�). Anal. calc. for C30H28N6-
BClNi: C, 62.39; H, 4.89; N, 14.55; Cl: 6.14. Found: C, 62.25;
H, 4.82; N, 14.61; Cl, 6.11%.
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2Co (61% yield; blue crystals). IR/cm�1: 3133 (w), 2961 (w),
2927 (w, νCH), 2549 (m, νBH), 1548 (s, νCN of pzPhMe). FD–MS:
m/z = 578 (M�). Anal. calc. for C30H28N6BClCo: C, 62.36; H,
4.88; N, 14.55; Cl, 6.14. Found: C, 62.01; H, 4.58; N, 14.71; Cl,
6.31%.

Recrystallization of 2Ni and 2Cofrom THF gave TpPhMe-
M–Cl(THF) 2Ni–THF and 2Co–THF, respectively.

2Ni–THF: yellow crystals; 65% yield. IR/cm�1: 3065 (w), 2974
(m), 2927 (w, νCH), 2538 (m, νBH). Anal. calc. for C34H36N6OB-
ClNi: C, 62.86; H, 5.59; N, 12.94. Found: C, 63.30 H, 5.58; N,
13.32%.

2Co–THF: purple crystals; 46% yield. IR/cm�1: 3127 (w), 3058
(w), 2962 (m), 2919 (w, νCH), 2549 (m, νBH). Anal. calc. for
C34H36N6OBClCo: C, 62.48; H, 5.58; N, 12.93; Cl, 5.46. Found:
C, 62.64; H, 5.31; N, 13.29; Cl, 5.82%.

[TpPh,MeM(NCMe)3]OTf

1Ni: Addition of 2Ni (400 mg, 0.692 mmol) to an MeCN solution
(10 mL) of AgOTf (178 mg, 0.692 mmol) caused a color change
to green. After the resultant mixture was stirred for 2 h, the
precipitates were removed by filtration through a Celite pad.
Concentration and crystallization by addition of ether gave 1Ni

(463 mg, 0.569 mmol, 82% yield) as blue crystals. IR/cm�1: 3136
(w), 3063 (m), 2993 (m), 2930 (m, νCH), 2546 (m, νBH), 2316 (m),
2290 (m, νCN). Anal. calc. for C37H37N9O3BF3SNi: C, 52.26; H,
4.86; N, 14.82. Found: C, 52.52; H, 4.59; N, 14.65%.

1Co: 78% yield, brown crystals. IR/cm�1: 3127 (w), 3064 (m),
2931 (w, νCH), 2544 (m, νBH), 2314 (m), 2289 (m, νCN). Anal.
calc. for C37H39N9O4BF3SCo (1Co�H2O): C, 52.26; H, 4.86; N,
14.82. Found: C, 52.52; H, 4.59; N, 14.65%.

[TpiPr2M(NCMe)3]OTf 1�

1�Ni,Co were obtained by essentially the same procedures as
described for 1Ni,Co, starting from TpiPr2M–Cl. Due to partial
dissociation of the highly labile MeCN ligands under reduced
pressure analytically pure samples could not be obtained.

1�Ni: IR/cm�1: 2970 (vs), 2933 (s), 2870 (s, νCH), 2544 (m, νBH),
2312 (m), 2285 (m, νCN).

1�Co: IR/cm�1: 2968 (vs), 2931 (s), 2872 (m, νCH), 2545 (m,
νBH), 2316 (m), 2278 (m, νCN).

[TpPh,MeNi(NCMe)2]OTf 3

Dissolution of 1Ni (100 mg, 0.123 mmol) in CH2Cl2 (10 mL)
caused a color change from blue to green. Concentration fol-
lowed by crystallization from CH2Cl2–hexane gave 3 as a green
solid (77 mg, 0.099 mmol, 81% yield). IR/cm�1: 3045 (m), 2931
(w, νCH), 2542 (m, νBH), 2320 (m), 2292 (m, νCN). Anal. calc. for
C38.2H41.2N6O3BF3SCl1.6[3�(CH2Cl2)0.5]: C, 52.27; H, 4.32; N,
13.74; S: 3.93. Found: C, 52.64; H, 4.46; N, 12.69; S, 3.58%.

[HB(pzPh,Me)2(pzMe,Ph)]Co(H–pzPh,Me)(OTf) 4

Dissolution of red–purple 1Co (100 mg, 0.123 mmol) in CH2Cl2

(10 mL) gave a blue–violet solution, from which 4 (38 mg, 0.045
mmol, 36%) was isolated as blue–purple crystals after concen-
tration and addition of hexane. IR/cm�1: 3246 (s, νNH), 3046
(m), 2962 (s, νCH), 2554 (m, νBH). Anal. calc. for C41H38N8O3-
BF3SCo: C, 58.03; H, 4.39; N, 13.20. Found: C, 57.72; H, 4.52;
N, 13.34%.

[TpPh,MeM(L)n]OTf

MeCN-replacement reactions were carried out in CH2Cl2.
As a typical example, the synthetic procedure for [TpPh,MeNi-
(o-bipy)]OTf 12Ni is shown below. Addition of 1Ni (112 mg,
0.136 mmol) to a CH2Cl2 solution (10 mL) of o-bipy (21.5 mg,
0.136 mmol) caused a color change to deep green. Concen-
tration followed by crystallization from CH2Cl2–hexane gave
12Ni as yellow green crystals (100 mg, 0.117 mmol, 86% yield).

IR/cm�1: 3142 (w), 3114 (w), 3079 (m), 2930 (w, νCH), 2541 (m,
νBH), 1609 (m), 1602 (m, νC��N of o-bipy). Anal. calc. for
C41H36N8O3BF3SCl2Ni [12Ni�CH2Cl2]: C, 54.10; H, 4.11; N,
12.02. Found: C, 55.48; H, 4.25; N, 12.21%.

The other complexes were prepared by essentially the same
methods as described for 12Ni. The stoichiometry of the donors
(donor/1), yield and physical properties of the products were as
follows:

5Ni: NC(CH2)2CN/1Ni = 4; green crystals (crystallized from
CH2Cl2–toluene–hexane); 75% yield; IR/cm�1: 3065 (w), 2972
(w), 2934 (m, νCH), 2551 (m, νBH), 2291 (νCN). Anal. calc. for
C39H36N10BO3F3SNi: C, 55.02; H, 4.26; N, 16.45. Found C,
55.19; H, 4.42; N, 16.10%.

5Co: NC(CH2)2CN/1Co = 4; purple crystals (crystallized from
CH2Cl2–toluene–hexane); 51% yield; IR/cm�1: 3066 (w), 3023
(w), 2975 (w), 2938 (m, νCH), 2548 (m, νBH), 2305, 2257 (νCN).
Anal. calc. for C39H36N10BO3F3SCo: C, 55.01; H, 4.26; N,
16.45. Found C, 54.51; H, 3.94; N, 16.51%.

6: NC(CH2)2CN/1Ni = 0.8; blue crystals (crystallized from
CH2Cl2–hexane); 63% yield; IR/cm�1: 3118 (w), 3065 (w), 2963
(w), 2934 (m, νCH), 2547 (m, νBH), 2314 (m), 2291 (νCN). Anal.
calc. for C74.5H73N18B2O6F6S2Co2 [6�(CH2Cl2)1/2]: C, 53.61; H,
4.41; N, 15.11. Found C, 53.02; H, 4.40; N, 15.03%.

7: NC(CH2)2CN/1Co = 1; purple crystals (crystallized from
CH2Cl2–hexane); 53% yield; IR/cm�1: 3063 (m), 2990 (w), 2953
(w, νCH), 2547 (m, νBH), 2285 (m, νCN). Anal. calc. for
C88H84N8O6B2F6S2Cl4Co2 [7�(CH2Cl2)2]: C, 54.22; H, 4.34; N,
12.93. Found C, 54.39; H, 4.12; N, 12.90%.

8: p-NCC6H4CN/1Ni = 4; pale green crystals (crystallized
from CH2Cl2–hexane); 85% yield; IR/cm�1: 3119 (m), 3099 (w),
3054 (w), 2980 (w), 2961 (w), 2928 (w, νCH), 2548 (m, νBH), 2282,
2232 (m, νCN). Anal. calc. for C39.7H33.4N8O3BF3SCl1.4Ni
[8�(CH2Cl2)0.7]: C, 54.26; H, 3.83; N, 12.75. Found C, 54.20; H,
3.88; N, 12.74%.

9: p-NCC6H4CN/1Ni = 1; green crystals (crystallized from
CH2Cl2–hexane); 49% yield; IR/cm�1: 3097 (w), 3054 (w), 2978
(m), 2931 (w, νCH), 2548 (m, νBH), 2371 (m), 2281 (νCN). Anal.
calc. for C74H66N16O6B2F6S2Ni2: C, 55.81; H, 4.18; N, 14.07.
Found C, 55.27; H, 4.33; N, 14.30%.

10: p-NCC6H4CN/1Co = 2; green crystals (crystallized from
CH2Cl2–hexane); 58% yield; IR/cm�1: 3099 (w), 3055 (w), 2927
(m, νCH), 2547 (m, νBH), 2278 (m), 2232 (m, νC��

�N). Anal. calc. for
C40H34N8O3BF3SCl2Co [10�CH2Cl2]: C, 53.12; H, 3.79; N,
12.39. Found: C, 53.38; H, 3.96; N, 12.55%.

11Ni: py/1Ni = 10; yellow–green crystals (crystallized from
CH2Cl2–hexane); 81% yield; IR/cm�1: 3119 (w), 3060 (w), 2927
(w, νCH), 2540 (m, νBH), 1639 (m), 1609 (m, νC��N). Anal. calc. for
C41.5H39N8O3BF3SClNi [11Ni�(CH2Cl2)0.5]: C, 55.89; H, 4.41; N,
12.56. Found: C, 55.78; H, 4.18; N, 12.76%.

11Co: py/1Co = 10; red crystals (crystallized from CH2Cl2–
hexane); 91% yield; IR/cm�1: 3125 (w), 3049 (w), 2961 (w), 2932
(w, νCH), 2544 (m, νBH), 1638 (m), 1607 (m, νC��N). Anal. calc. for
C42H40N8O3BF7SCl2Co [11Co�CH2Cl2]: C, 53.98; H, 4.31; N,
11.99. Found: C, 54.28; H, 4.21; N, 12.25%.

12Ni: o-bipy/1Ni = 1; blue–green crystals (crystallized from
CH2Cl2–hexane); 86% yield; IR/cm�1: 3142 (w), 3114 (w),
3079 (m), 2967 (w), 2930 (w, νCH), 2541 (m, νBH), 1609, 1602
(m, νC��N). Anal. calc. for C42H38N8O3BF3SCl2Ni [12Ni�CH2Cl2]:
C, 54.10; H, 4.11; N, 12.02. Found: C, 54.08; H, 4.25; N,
12.21%.

12Co: o-bipy/1Co = 1; brown crystals (crystallized from
CH2Cl2–hexane); 66% yield; IR/cm�1: 3114 (w), 3064 (m), 2967
(w), 2929 (w, νCH), 2539 (m, νBH), 1607 (m, νC��N). Anal. calc. for
C42H38N8O3BF3SCl2Co [12Co�CH2Cl2]: C, 54.10; H, 4.11; N,
12.02. Found: C, 54.19; H, 4.01; N, 12.41%.

13Ni: p-bipy/1Ni = 1; green crystals (crystallized from THF–
hexane); 86% yield; IR/cm�1: 3059 (m), 2960 (w), 2929 (m),
2855 (w, νCH), 2546 (m, νBH), 1611 (m, νC��N). Anal. calc. for
C41H36N8O3BF3SNi: C, 58.12; H, 4.28; N, 13.22. Found: C,
57.81; H, 4.31; N, 13.07%.
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13Co: p-bipy/1Co = 1; brown crystals (crystallized from THF–
hexane); 62% yield; IR/cm�1: 3059 (w), 2967 (w), 2920 (w), 2855
(w, νCH), 2543 (m, νBH), 1611 (s, νC��N). Anal. calc. for
C41H36N8O3BF3SCo: C, 58.10; H, 4.28; N, 13.22. Found: C,
57.74; H, 4.61; N, 13.11%.

14a: Ph2P(CH2)2PPh2/1
Ni = 1; orange crystals (crystallized

from CH2Cl2–hexane); 65% yield; IR/cm�1: 3061 (w), 2981 (w,
νCH), 2511 (m, νBH). 1H-NMR (CDCl3): δH 7.53–6.43 (35H, Ph
signals), 6.33 (1H, s, 4-pz–H), 5.88 (2H, s, 4-pz–H), 2.66 (3H, s,
5-pz–Me), 2.57 [2H, t, 2JPH = 9 Hz, (CH2)2], 2.52 (6H, s, 5-pz–
Me), 1.65 [2H, t, 2JPH = 9 Hz, (CH2)2]. 

31P-NMR (CDCl3):
δP 39.70. Anal. calc. for C58.5H55N6O3BF3P2SCl3 [14a�CH2Cl2�
hexane1.5]: C, 57.74; H, 4.56; N, 6.91. Found: C, 58.01; H, 4.60;
N, 6.97%.

14b: Ph2P(CH2)3PPh2/1
Ni = 1; orange crystals (crystallized

from CH2Cl2–toluene–hexane); 61% yield; IR/cm�1: 3116 (w),
3050 (m), 2924 (m), 2865 (w, νCH), 2460 (m, νBH). 1H-NMR
(CDCl3): δH 7.70–6.56 (35H, Ph signals), 6.79 (1H, s, 4-pz–H),
5.73 (2H, s, 4-pz–H), 2.84 (3H, s, 5-pz–Me), 2.53 (6H, s, 5-pz–
Me), 2.33 (2H, br, CH2), 2.18 (1H, br, CH2), 1.39 (2H, br, CH2),
0.96 (1H, br, CH2). 

31P-NMR (CDCl3): δP �8.09. Anal. calc. for
C58.5H55N6O3BF3P2SClNi [14b�(CH2Cl2)0.5]: C, 61.16; H, 4.61;
N, 6.74. Found: C, 61.31; H, 4.84; N, 7.33%.

X-Ray crystallography

Crystallographic data are summarized in Table 4. Single crys-
tals of 1Ni, 1Co, 1�Ni, 1�Co (MeCN–ether), 2Ni, 2Co, 3, 4, 6, 7, 8, 9,
10, 11Ni, 11Co, 12Ni, 12Co, 14a (CH2Cl2–hexane), 5Ni, 14b
(CH2Cl2–toluene–hexane) and 2Ni–THF, 2Co–THF (THF–
hexane), and TpPh,MeCo–OTf (toluene) were obtained by
recrystallization from the solvent systems shown in parentheses
and mounted on glass fibers.

Experimental procedures for 1Ni, 1Co, 1�Ni, and 1�Co are
described below as representative examples, and details for the
other complexes are included in the ESI.

Diffraction measurements of 1Ni, 1Co, 1�Ni, and 1�Co were
made on a Rigaku RAXIS IV imaging plate area detector with
Mo-Kα radiation (λ = 0.71069 Å). Indexing was performed
from two oscillation images, which were exposed for 5 min. The
crystal-to-detector distance was 110 mm. Data collection
parameters were as follows: the oscillation range/the number of
oscillation images/the exposed time: 2.0�/90/400 sec/deg (1Ni);
5.0�/36/250 sec/deg (1Co); 5.0�/36/200 sec/deg (1�Ni); 5.0�/36/300
sec/deg (1�Co). Readout was performed with a pixel size of 100
µm × 100 µm. Neutral scattering factors were obtained from the
standard source. In the reduction of data, Lorentz and polar-
ization corrections and empirical absorption corrections were
made. An empirical absorption correction was also made.16

Crystallographic data and the results of structure refinements
are listed in Table 4.

The structural analysis was performed on an IRIS O2 com-
puter using the teXsan structure solving program system
obtained from the Rigaku Corp., Tokyo, Japan.17 Neutral scat-
tering factors were obtained from the standard source.18

The structures were solved by a combination of the direct
methods (SHELXS-86 19 or SAPI91 or SIR92 or MITH-
RIL90) 20 and Fourier synthesis (DIRDIF94).21 Least-squares
refinements were carried out using SHELXL-97 19 (refined on
F 2) linked to teXsan. All the non-hydrogen atoms were refined
anisotropically. Unless otherwise stated hydrogen atoms were
fixed at the calculated positions. Details of the refinements were
as follows. 1Ni, 1Co: Unit cells contained two independent mole-
cules. One of the two TfO anions was found to be disordered.
Then isotropic refinements were applied taking into account
two components [F4–60.59 : 0.41 (1Ni); 0.53 : 0.47 (1Co)], and
highly disordered atoms [C72; F4–6, 4A–6A; O4–6, 6A] were
fixed at the final stage of the refinement. The two MeCN
solvates (occupancy = 0.5) were refined isotropically, and one of
them (N91–C91–C92) was fixed at the final stage of the refine-
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ment. 1�Ni, 1�Co: Two isopropyl groups were found to be dis-
ordered. Two components [1�Ni: C28,29 : C28A,29A = 0.595 :
0.405, C38,39 : C38A,39A = 0.590 : 0.410; 1�Co: C28,29 :
C28A,29A = 0.595 : 0.405, C38,39 : C38A,39A = 0.537 : 0.463]
were taken into account for anisotropic refinements and the
hydrogen atoms attached to the disordered parts were not
included. Methyl hydrogen atoms of the other isopropyl groups
were refined using riding models.

CCDC reference numbers 183456–183478.
See http://www.rsc.org/suppdata/dt/b2/b203377c/ for crystal-

lographic data in CIF or other electronic format.
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