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The complexes [Rh(CO)LTp�] {Tp� = HBR3, R = 3,5-dimethylpyrazolyl; L = PPh3 2, PCy3 3, L = P(NMe2)3 4,
P(C6H4Me-p)3 5 or P(C6H4Me-m)3 6}, prepared from [Rh(CO)2Tp�] 1 and L, and [Rh(PPh3)2L�] [L� = Tp� 8,
Tp 9 or B(pz)4 10 {Tp = HB(pz)3, pz = pyrazolyl}] and [Rh(dppe)Tp�] 11, prepared from [{Rh(µ-Cl)(PPh3)2}2] or
[{Rh(µ-Cl)(dppe)}2] and KL�, adopt four-co-ordinate κ2 structures, confirmed in the cases of 2–4, 6 and 8 by X-ray
structural studies. By contrast, complex [Rh(CO){P(OPh)3}Tp�] 7 has a distorted five-co-ordinate square pyramidal
structure with a long Rh � � � N contact [2.764(2) Å] in the apical site and an essentially planar Rh(CO)PN2 basal
plane. Each complex undergoes fluxional processes on the NMR timescale. One-electron oxidation of 1–11 gives
the κ3 rhodium() cations 1�–11�; the crystal structures of salts of 2� and 8� confirm stabilisation of the unusual
rhodium() oxidation state by axial co-ordination of the third pyrazolyl ring as a result of oxidatively induced κ2–κ3

isomerisation. These structures and ESR spectroscopy are consistent with a five-co-ordinate square pyramidal
geometry with the unpaired electron in a σ* Rh–Naxial orbital.

Introduction
Rhodium() hydrotris(pyrazolyl)borate complexes such as
[RhL2(HBR3)] (L = CO, L2 = η4-diene, etc.; R = pyrazolyl) exist
in one or more of three forms, namely two square planar,
16-electron isomers [RhL2(κ

2-HBR3)] and a five-co-ordinate,
18-electron isomer [RhL2(κ

3-HBR3)] (A–C, Scheme 1); the

relative abundance of the three forms depends on R and L and,
in solution, on the solvent.1–4 The interconversion of κ2 and κ3

rhodium() complexes such as [Rh(CO)2(κ
2-HBR3)] and [Rh-

(CO)2(κ
3-HBR3)] is particularly important in photo-induced

C–H activation reactions with both aromatic and saturated
hydrocarbons 5–8 which can give six-co-ordinate rhodium()
hydrido alkyl or aryl complexes, for example [RhHPh(CO)-
(κ3-HBR3)] with benzene.

We have previously noted 9 that the rhodium() com-
plex [Rh(CO)(PPh3)(κ

2-Tp�)] (Tp� = HBR3, R = 3,5-dimethyl-
pyrazolyl) also undergoes redox-induced isomerisation, one-
electron oxidation giving [Rh(CO)(PPh3)(κ

3-Tp�)]� in which
the unusual rhodium() oxidation state is stabilised by N-co-
ordination of the third pyrazolyl ring. We now give details of
the synthesis, structure and electrochemistry of a wider range
of complexes [RhL2Tp�] and their chemical oxidation to stable
rhodium() cations which have been fully characterised both
structurally and by ESR spectroscopy.

Scheme 1

Results and discussion
Two series of complexes, namely [Rh(CO)(PR3)Tp�] and [RhL2-
Tp�] (L = monodentate P-donor ligand, L2 = dppe = Ph2PCH2-
CH2PPh2), have been studied here. Several other such species
have been prepared 6,10 (mostly since our preliminary com-
munication regarding the oxidation of [Rh(CO)(PPh3)Tp�] 9)
including [Rh(CO)(PMe3)Tp�],11 [Rh(PMe3)2Tp�],12 [Rh(CO)-
(PMePh2)L�] {L� = hydrotris(4-chloro-3,5-dimethylpyrazolyl)-
borate},13 [Rh(PPh3)2Tp] {Tp = hydrotris(pyrazolyl)borate} 14

and [RhL2L�] {L2 = cis-1,2-bis(diphenylphosphino)ethene,
L� = hydrotris(3,5-diisopropylpyrazolyl)borate}.15 We have
extended these series considerably in order to have a wider
range of species available for comparative electrochemical and
structural studies.

The preparation of [Rh(CO)LTp�] and [RhL2Tp�]

Heating an n-hexane solution of [Rh(CO)2Tp�] 1 with PPh3 or
PCy3 under reflux gave [Rh(CO)LTp�] (L = PPh3 2 or PCy3 3)
after 24 and 4 h respectively but in the presence of Me3NO
the reaction with PPh3 is complete after 4 h at room temper-
ature; the analogous complexes [Rh(CO)LTp�] {L = P(NMe2)3

4, P(C6H4Me-p)3 5, P(C6H4Me-m)3 6 or P(OPh)3 7} were
prepared in toluene from 1 and P(NMe2)3, P(C6H4Me-p)3,
P(C6H4Me-m)3 (at room temperature) or P(OPh)3 (at 50 �C).
The bis(phosphine) complexes [Rh(PPh3)2L�] {L� = Tp� 8, Tp
914 or B(pz)4 10 (pz = pyrazolyl)} and the ditertiary phosphine
derivative [Rh(dppe)Tp�] 11 were synthesized by treating
[{Rh(µ-Cl)(PPh3)2}2] or [{Rh(µ-Cl)(dppe)}2] with KL� in thf at
room temperature.

Complexes 2–11 were characterised by elemental analysis, IR
spectroscopy, cyclic voltammetry (Table 1) and 1H, 13C-{1H}
and 31P NMR spectroscopy (Table 2). In addition, the molec-
ular structures of 2–4 and 6–8 have been determined by X-ray
crystallography.

The CO and BH stretches in the IR spectra of [Rh(CO)2-
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Table 2 Proton, 13C-{1H} and 31P NMR spectroscopic data for rhodium hydrotris(pyrazolyl)borate complexes a

Complex 1H 13C-{1H} 31P 

1 [Rh(CO)2Tp�] b 190.30 {d, JC,Rh 77, CO}, 150.19 (s, CCH3),
145.20 (s, CCH3), 106.20 (s, CH), 15.35
(s, CH3), 12.80 (s, CH3)

2 [Rh(CO)-
(PPh3)Tp�]

7.8–7.25 {m, 15H, P(C6H5)3}, 5.65 (s, 3H,
Pz CH), 2.16 (s, 9H, CH3), 1.81 (s, 9H,
CH3)

190.25 {dd, JC,Rh 70, JC,P 23, CO}, 149.48 (d,
J 1, CCH3), 145.71 (s, CCH3), 134.79 {dd,
JC,P 12, J 1, P(C6H5)3}, 133.71 {d, JC,P 48,
P(C6H5)3}, 130.34 {d, JC,P 2, P(C6H5)3},
128.36 {d, JC,P 11, P(C6H5)3}, 106.35 (s, pz
CH), 14.81 (s, (CH3), 12.92 (s, CH3)

42.22 (d, JP,Rh 162)

3 [Rh(CO)-
(PCy3)Tp�]

5.89 (s, 1H, pz CH), 5.75 (s, 2H, pz CH),
2.43 (s, 3H, CH3), 2.27 (s, 3H, CH3), 2.21
(s, 6H, CH3), 2.1–0.9 {m, CH3 and
P(C6H11)3}

c

190.54 (dd, JC,Rh 74, JC,P 22, CO), 149.44 (s,
CCH3), 148.73 (s, CCH3), 148.44 (s, CCH3),
147.10 (s, CCH3), 146.21 (s, CCH3), 142.91
(s, CCH3), 106.19 (s, pz CH), 105.69 (s,
pz CH), 31.9–10.9 {m, CH3 and P(C6-
H11)3}

d

47.50 (d, JP,Rh 152)

5.93 (s, 1H, pzCH), 5.85 (s, 1H, pzCH),
5.76 (s, 1H, pz CH), 2.44 (s, 3H, CH3), 2.39
(s, 3H, CH3), 2.34 (s, 3H, CH3), 2.28 (s,
3H, CH3), 2.12 (s, 3H, CH3), 2.0–0.8 {m,
CH3 and P(C6H11)3}

d

4 [Rh(CO)-
{P(NMe2)3}Tp�]

5.77 (s, 3H, CH), 2.46 [d, 18H, JH,P 10,
P{N(CH3)2}3], 2.24 (s, 9H, pz CH3), 2.11
(s, 9H, pz CH3)

189.77 {dd, JC,Rh 74, JC,P 26, CO}, 149.37
(s, CCH3), 145.55 (s, CCH3), 106.24 (s, CH),
38.44 [d, JC,P 7, P{N(CH3)2}3], 14.90 (s, pz
CH3), 12.93 (s, pz CH3)

123.73 (d, JP,Rh 206)

5 [Rh(CO)-
{P(C6H4Me-p)3}Tp�]

7.38–7.28 {m, 6H, P(C6H4CH3)3}, 7.13–
7.06 {m, 6H, P(C6H4CH3)3}, 5.65 (s, 3H,
pz CH), 2.34 {s, 9H, P(C6H4CH3)3}, 2.15
(s, 9H, pz CH3), 1.83 (s, 9H, pz CH3)

190.40 {dd, JC,Rh 71, JC,P 23, CO}, 149.46
(s, pz CCH3), 145.61 (s, pz CCH3), 140.51
{d, JC,P 2, P(C6H4CH3)3}, 134.62 {d, JC,P 11,
P(C6H4CH3)3}, 130.79 {d, JC,P 51, P(C6H4-
CH3)3}, 129.01 {d, JC,P 11, P(C6H4CH3)3},
106.30 (s, pz CH), 21.43 {d, J 1, P(C6H4-
CH3)3}, 14.84 (s, pz CH3), 12.93 (s, pz CH3)

39.50 (d, JP,Rh 160)

6 [Rh(CO)-
{P(C6H4Me-m)3}Tp�]

7.39 {d, 3H, JH,P 12, P(C6H4CH3)3}, 7.4–
7.1 {m, 9H, P(C6H4CH3)3}, 5.62 (s, 3H, pz
CH), 2.26 {s, 9H, P(C6H4CH3)3}, 2.15 (s,
9H, pz CH3), 1.81 (s, 9H, pz CH3)

190.48 {dd, JC,Rh 70, JC,P 24, CO}, 149.42 (s,
pz CCH3), 145.59 (s, pz CCH3), 138.12 {d,
JC,P 10, P(C6H4CH3)3}, 135.84 {d, JC,P 13,
P(C6H4CH3)3}, 133.50 {d, JC,P 48, P(C6H4-
CH3)3}, 131.42 {d, JC,P 9, P(C6H4CH3)3},
130.99 {d, JC,P 3, P(C6H4CH3)3}, 128.94 {d,
JC,P 10, P(C6H4CH3)3}, 106.15 (s, pz CH),
21.49 {s, P(C6H4CH3)3}, 14.73 (s, pz CCH3),
12.85 (s, pz CCH3)

42.01 (d, JP,Rh 161)

7 [Rh(CO)-
{P(OPh)3}Tp�]

7.38–7.06 {m, 15H, P(OC6H5)3}, 5.72 (s,
3H, pz CH), 2.25 (s, 9H, CH3), 2.22 (s, 9H,
CH3)

189.02 {dd, JC,Rh 69, JC,P 27, CO}, 151.36 {d,
JC,P 7, P(OC6H5)3}, 149.69 (dd, JC,P 2, JC,Rh 2,
CCH3), 145.55 (s, CCH3), 129.78 {s,
P(OC6H5)3}, 124.94 {s, P(OC6H5)3}, 121.126
{d, JC,P 6, P(OC6H5)3}, 106.07 (s, pz CH),
15.11 (s, CH3), 13.01 (s, CH3)

123.34 (d, JP,Rh 278)

8 [Rh(PPh3)2Tp�] 7.5–6.9 {m, 30H, P(C6H5)3}, 5.81 (s, 1H, pz
H), 5.25 (s, 2H, pz H), 2.50 (s, 3H, CH3),
2.28 (s, 6H, CH3), 2.26 (s, 3H, CH3), 1.79
(s, 6H, CH3)

e

149.92 (s, CCH3), 147.49 (s, CCH3), 146.47
(s, CCH3), 142.66 (s, CCH3), 135–127 {m,
P(C6H5)3}, 107.20 (s, pz CH), 105.94 (s, pz
CH), 16.62 (s, CCH3), 14.82 (s, CCH3), 14.29
(s, CCH3), 12.91 (s, pz CCH3)

f

41.64 (d, JP,Rh 175)
42.30 (dd, JP,Rh 179, JP,P

49), 39.18 (dd, JP,Rh 173,
JP,P 51) g

7.7–6.7 {m, 30H P(C6H5)3}, 5.89 (s, 1H,
pz H), 5.41 (brd s, 1H, pz H), 5.20 (br s,
1H, pz H), 2.63 (br s, 3H, CH3), 2.35 (br
s, 3H, CH3), 2.31 s, 3H, CH3), 2.25 (br s,
3H, CH3), 2.12 (br s, 3H, CH3), 1.43 (br
s, 3H, CH3)

g

11 [Rh(dppe)Tp�] 7.7–7.1 [m, 20H, {CH2P(C6H5)2}2], 5.55 (s,
3H, pz CH), 2.20 (s, 9H, CH3), 1.98 {dd,
4H, 2JH,P 12, 3JH,P 1, (CH2PPh2)2}, 1.85 (s,
9H, CH3)

148.86 (s, CCH3), 145.34 (s, CCH3), 136.40 [t,
JC,P 19, {CH2P(C6H5)2}2], 133.95 [t, JC,P 6,
{CH2P(C6H5)2}2], 129.28 [s, {CH2P(C6H5)2}2],
127.86 [t, JC,P 5, {CH2P(C6H5)2}2], 106.05
(s, pz CH), 30.57 {ddd, 1JC,P 49, 2JC,P 24,
2JC,Rh 2.5, (Ph2PCH2)2}, 15.55 (s, CH3), 13.53
(s, CH3)

63.85 (d, JP,Rh 179)

12 [Rh(CO)(PPh3)-
(HTp�)][BF4]

11.84 (s, 1H, NH), 7.51–7.18 {m, 15H,
P(C6H5)3}, 6.01 (s, 1H, pz CH), 5.88 (s, 1H,
pz CH), 5.65 (s, 1H, pz CH), 2.47 (s, 3H,
CH3), 2.42 (s, 3H, CH3), 2.34 (s, 3H, CH3),
1.84 (s, 3H, CH3), 1.80 (s, 3H, CH3), 1.46
(s, 3H, CH3)

189.26 {dd, JC,Rh 70, JC,P 22, CO}, 153.47 (t,
J 2, CCH3), 152.51 (t, J 2, CCH3), 151.61
(s, CCH3), 148.67 (s, CCH3), 147.90 (d, J 1,
CCH3), 145.77 (s, CCH3), 145.55 (s, CCH3),
134.2–128.8 {m, P(C6H5)3}, 109.83 (s, pz
CH), 107.61 (s, pz CH), 107.58 (s, pz CH),
15.64 (s, CH3), 15.09 (d, J 2, CH3), 13.18
(s, CH3), 13.09 (s, CH3), 11.45 (s, CH3), 10.13
(s, CH3)

41.38 (d, JP,Rh 158)

a Chemical shift (δ) in ppm, J values in Hz, spectra in CD2Cl2 at 20 �C unless stated otherwise. b See ref. 10. c At 0 �C. d At �60 �C. e At �20 �C.
f At �40 �C. g At �80 �C.
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(HBR3)] have been used 1,4,16 to distinguish between κ2 and κ3

co-ordination of hydrotris(pyrazolyl)borate ligands. Thus, a κ3

isomer (form C, Scheme 1) shows ν(CO) at lower energy than
does a κ2 isomer (ca. 2060 and 1980 cm�1 vs. ca. 2080 and 2020
cm�1); forms A and B cannot usually be distinguished in this
way however. The ν(BH) stretching frequency of a co-ordinated
hydrotris(pyrazolyl)borate ligand falls between ca. 2390 and
2590 cm�1 and, as a rule of thumb, κ2 ν(BH) < 2480 cm�1 < κ3

ν(BH). These ranges do not seem to be particularly affected by
the geometry at the metal (octahedral, five-co-ordinate or
square planar) but there is some overlap as ν(BH) is strongly
influenced by the nature of the metal, the other ligands and the
pyrazolyl ring substituents.2,17 In the case of 1, ν(CO) bands
at 2058, 1982 cm�1 and ν(BH) at 2533 cm�1 in CH2Cl2, and
at 2053, 1970 cm�1 and 2522 cm�1 in Nujol, correspond to κ3

co-ordination both in solution and the solid state.
Carbonyl substitution by PR3 ligands leads to structures

which depend on the substituent R. For complexes 2–6, 8, 9,
and 11 the IR spectra reveal κ2 co-ordination in both the solid
state and in CH2Cl2 solution. The majority exist entirely in form
B although [Rh(PPh3)2Tp] 9 shows two ν(BH) bands, at 2394s
and 2414w cm�1 in Nujol, attributable to forms A and B
respectively. The equilibrium is shifted in the direction of form
A as a result of hydrogen atoms rather than methyl groups in
the 5-positions of the pyrazolyl rings.16

Of the complexes [Rh(CO)LTp�], the P(OPh)3 derivative 7 is
unique in existing as an approximate 1 :1 mixture of κ2 and
κ3 isomers in CH2Cl2 solution {ν(CO) 2007 cm�1 (broad) and
ν(BH) = 2520 and 2479 cm�1} but in the solid state it is entirely
κ3 co-ordinated {ν(CO) 1984 cm�1 and ν(BH) 2519 cm�1, form
C}. This difference may be attributed to a decrease in both
steric hindrance {the cone angle for P(OPh)3 is 128� compared
to 145� for PPh3 and 170� for PCy3} and electron density at the
metal {P(OPh)3 is a poorer donor and stronger π acceptor than
the phosphine ligands}.18

The crystal structures of complexes 2–4 and 6–8

In order to confirm the solid state structures deduced from the
IR spectra, single crystal X-ray diffraction studies were carried
out on complexes 2–4 and 6–8. The structures are shown in
Figs. 1–6 and important bond lengths and angles are listed in
Table 3. The rhodium atoms in 2–4, 6 and 8 are κ2 co-ordinated
(i.e. as in form B) with the carbonyl and phosphine ligands
completing square planar co-ordination of the rhodium as
expected for the d8 electron configuration of these rhodium()
species. The bond lengths and angles around rhodium are of
normal dimensions for such a ligand set.19 The unco-ordinated
pyrazolyl ring is orientated pseudo-parallel to the rhodium
co-ordination plane. The Rh � � � B–N(1)–N(2) torsion angles
(90, 103, 105, 102 and �75� respectively) reflect this orientation

Fig. 1 The molecular structure of [Rh(CO)(PPh3)Tp�] 2. Hydrogen
atoms in all structures shown except 12 have been omitted for clarity.

and result in Rh–N(2) separations of 3.537(5), 3.925(5),
3.854(5), 3.747(2) and 3.276(3) Å in 2–4, 6 and 8 respectively.
All of these distances are too long to be considered bonding
and are essentially determined by the torsion about the B–N(1)
bond. In 2–4 and 6 the unbound pyrazolyl ring is orientated so
as to maximise the distance between the bulky phosphine ligand
substituents and the 5-Me substituent. [Thus, N(2) is syn to the
phosphorus atom in these cases.] In 8, which has two phosphine
ligands, N(2) is syn to P(2) and, presumably in order to

Fig. 2 The molecular structure of [Rh(CO)(PCy3)Tp�] 3.

Fig. 3 The molecular structure of [Rh(CO){P(NMe2)3}Tp�] 4 showing
one image of the disordered ligands.

Fig. 4 The molecular structure of [Rh(CO){P(C6H4Me-m)3}Tp�] 6.
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Table 3 Selected bond lengths (Å) and angles (�) for [Rh(CO)(PPh3)Tp�] 2, [Rh(CO)(PCy3)Tp�] 3, [Rh(CO){P(NMe2)3}Tp�] 4,
[Rh(CO){P(C6H4Me-m)3}Tp�] 6, [Rh(CO){P(OPh)3}Tp�] 7, [Rh(PPh3)2Tp�]�C6H14 8�C6H14, [Rh(CO)(PPh3)(HTp�)][BF4]�thf 12�thf, [Rh(CO)-
(PPh3)Tp�][PF6]�CH2Cl2 2

�[PF6]
��CH2Cl2 and [Rh(PPh3)2Tp�]X�3CH2ClCH2Cl 8�X��3CH2ClCH2Cl (X� = [PF6]

� or [BF4]
�)

2 3 4 6 7 8 12 2�[PF6]
� 8�[PF6]

� 8�[BF4]
� 

Rh–N(6)
Rh–N(4)
Rh–N(2)
Rh–P
Rh–C(1)
Rh–P(2)

N(6)–Rh–N(4)
N(4)–Rh–C(1)
C(1)–Rh–P
P–Rh–N(6)
P(2)–Rh–N(6)
N(2)–Rh–N(6)
N(2)–Rh–N(4)
N(2)–Rh–C(1)
P(2)–Rh–P(1)
N(2)–Rh–P
N(2)–Rh–P(2)
N(6)–Rh–C(1)
N(4)–Rh–P
N(4)–Rh–P(2)
Rh � � � B–N(1)–N(2)

2.1240(5)
2.108(4)
3.537(5)
2.272(2)
1.825(6)
—

83.7(2)
92.4(2)
86.0(2)
98.3(1)

—
—
—
—
—
—
—
174.0(2)
175.2(1)
—
89.8(5)

2.142(4)
2.108(4)
3.925(5)
2.292(1)
1.798(5)
—

82.2(2)
93.1(2)
85.0(2)
99.6(1)

—
—
—
—
—
—
—
173.8(2)
177.8(1)
—
103.4(4)

2.122(4)
2.112(5)
3.854(5)
2.253(2)
1.813(7)
—

83.1(2)
90.3(3)
85.5(2)

101.3(1)
—
—
—
—
—
—
—
172.4(2)
175.4(1)
—
105.0(4)

2.098(2)
2.107(2)
3.747(2)
2.280(1)
1.81(1)
—

82.2(1)
91.7(1)
91.1(1)
95.1(1)

—
—
—
—
—
—
—
173.6(1)
175.0(1)
—
101.7(2)

2.097(2)
2.109(2)
2.764(2)
2.179(1)
1.826(2)
—

81.9(1)
95.0(1)
86.9(1)
96.2(1)
—
90.8(1)
77.7(1)
91.1(1)
—

102.8(1)
—
176.0(1)
178.0(1)
—

�19.1(2)

2.081(2)
2.130(2)
3.276(3)
2.256(1) a

—
2.264(1)

77.9(7)
—
—

93.5(1) a

169.9(1)
—
2.264(1)

—
95.6(1)

—
—
—
169.1(1) a

93.5(1)
�75.2(2)

2.107(3)
2.092(3)
3.713(3)
2.265(1)
1.823(4)
—

84.0(1)
91.5(1)
85.1(1)
99.5(1)

—
—
—
—
—
—
—
175.4(1)
176.0(1)
—
94.6(3)

2.093(3)
2.091(3)
2.224(4)
2.328(2)
1.879(4)
—

82.4(2)
94.7(2)
90.0(2)
92.4(2)

—
95.3(1)
84.2(1)
93.7(2)

—
98.6(1)

—
170.2(1)
174.4(1)
—
�7.5(2)

2.10(1)
2.18(1)
2.21(1)
2.338(3) a

—
2.349(3)

80.5(3)
2.18(1)
2.21(1)
88.3(2) a

160.7(3)
95.5(3)
85.0(3)

—
98.7(1)
90.0(2) a

102.3(2)
—
167.2(2) a

93.9(2)
�11.8(7)

2.110(6)
2.189(5)
2.236(5)
2.351(2) a

—
2.360(2)

80.5(2)
2.189(5)
2.236(5)
88.2(2) a

161.0(2)
95.4(2)
85.2(2)

—
99.1(1)
90.0(1) a

102.0(2)
—
167.2(2) a

93.5(2)
�11.4(4)

a Parameter involving phosphorus atom labelled P(1).

minimise contacts between the 5-Me group and P(1) and its
substituents, the Rh � � � B–N(1)–N(2) torsion angle has a lower
magnitude (75�) than those of 2–4 and 6.

As inferred from the IR spectrum, complex 7 adopts a differ-
ent structure (Fig. 5). Although the rhodium to apical nitrogen
distance [2.764(2)  Å] is greater than the sum of the atomic radii
of rhodium (1.345  Å) and nitrogen (0.71  Å) it is within the
sum of the atomic radius of rhodium and the van der Waals
radius of nitrogen (1.54 Å).20 Moreover the Rh � � � B–N(1)–
N(2) torsion angle is �19�, close to the ideal value for κ3 co-
ordination (i.e. ca. 0�, see below). The remaining co-ordin-
ation around Rh is close to that observed in the square
planar species 2–4, 6 and 8. The co-ordination geometry in 7
is therefore distorted square pyramidal with the rhodium
essentially in the plane of the basal ligands and with a very long
Rh–apical ligand distance. This type of distorted co-ordin-
ation geometry for d8 metals is well known in, for example,
nickel() chemistry.21 Similar co-ordination has been observed
in other hydrotris(pyrazolyl)boratorhodium() species of the
form [Rh(CO)2L�] {L� = hydrotris(5-methyl-3-trifluoromethyl-
pyrazolyl)borate 16 and hydrotris(2H-benzo[g]-4,5-dihydro-
indazol-2-yl)borate 22} and [RhL2L�] {L2 = cis-1,2-bis(diphenyl-

Fig. 5 The molecular structure of [Rh(CO){P(OPh)3}Tp�] 7.

phosphino)ethene, L� = hydrotris(3,5-diisopropylpyrazolyl)-
borate} 15 for which Rh–Napical distances are in the range 2.64
to 2.90 Å. Despite the spectroscopic indicators implying κ3

co-ordination of the rhodium in these cases it is clear that the
metal is much more strongly bound to two of the nitrogen
atoms than to the third and that its geometry is closer to the κ2

(B) form than true κ3. However, the conformation of the Tp�
ligand in 8 is clearly close to that required for κ3 co-ordination
and presumably this is why its spectroscopic characteristics are
close to those of conventional κ3 HBR3 complexes.

True κ3 co-ordination in rhodium() complexes is known, for
example in [Rh(η-C2H4)(CNR)Tp�] (R = 2,6-dimethylphenyl) 23

and [Rh{η-C2(CO2Me)2}(PPh3)Tp].14 Remarkably, [Rh(η4-
nbd)TpiPr] [nbd = norbornadiene, TpiPr = hydrotris(3,5-diiso-
propylpyrazolyl)borate] crystallises with both κ2 and κ3 forms
in the crystal.2 The κ2 isomer is of form B, is square planar
at rhodium, and has Rh–N 2.134, 2.119 and 3.392 Å; the
κ3 form is trigonal bipyramidal (TBPY) at rhodium and has
Rh–Nequatorial 2.260 and 2.273 Å and Rh–Naxial 2.146 Å. This
latter geometry is typical of κ3 TBPY rhodium() complexes in
having the axial Rh–N distance slightly less than the equatorial

Fig. 6 The molecular structure of [Rh(PPh3)2Tp�]�C6H14 8�C6H14.
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Rh–N bond lengths. It is notable that in those cases where
the κ3 trigonal bipyramidal geometry is present the third
equatorial site (i.e. that not occupied by the HBR3 ligand) is
occupied by a ligand that is a poor σ donor and good π
acceptor (e.g. alkene or alkyne). The remaining axial site may
be occupied by phosphine, alkene, isocyanide or other ligands.

The geometries and electronic structures of square pyramidal
(SPY) and TBPY ML5 species have been much studied. A help-
ful discussion of the literature by Albright et al.24 noted that the
axial M–L bond lengths in TBPY d8 ML5 species were typical-
ly ≤ equatorial bond lengths, in contrast to the situation in
p-block chemistry. The preference of π-bonding ligands for
equatorial sites in TBPY d8 ML5 complexes was also noted and
explained by qualitative molecular orbital arguments. This
preference arises because of the enhanced hybridisation and
higher energy of the metal π-donor orbital in the equatorial
plane compared with the essentially unhybridised dπ orbitals
with which axial ligands interact. Finally, weakness of the
M–Lapical bond in SPY d8 ML5 complexes is also noted and
explained in terms of the antibonding character of the dz2-
apical ligand lone pair interaction especially in cases where the
metal atom lies in the plane of the basal ligand (see also ref. 21).
We have confirmed by EHMO calculations that the HOMO of
species such as 7 is indeed the antibonding combination of the
apical pyrazolyl nitrogen lone pair and the Rh dz2 orbital.
No quantitative prediction is easily made as to the relative
likelihood of κ3-SPY and κ3-TBPY geometries for a given
[RhIL2(HBR3)] complex although the observation that both
forms are present in the same crystal of [Rh(η4-nbd)TpiPr]2

implies that the balance may be very delicately poised. In cases
such as 7 it seems likely that the conformation of the P(OPh)3

ligand in the crystal is not compatible with the usual pyrazolyl
conformation in κ2-HBR3 ligands (see Fig. 5) because of
unfavourable Ph–pyrazolyl contacts. The spectroscopic observ-
ation of a κ2 isomer of 7 in solution implies that other con-
formers are available to the P(OPh)3 and Tp� ligands.

NMR spectroscopy and the fluxional behaviour of [Rh(CO)-
LTp�] and [RhL2Tp�]

The structural variations in [Rh(CO)LTp�] and [RhL2Tp�],
described above, are mirrored in their NMR spectra, most of
the complexes showing fluxional behaviour involving inter-
conversion between the various possible isomers. For some
complexes, however, overlap of the peaks of the ligands L with
those of the Tp� ligand prevented studies of the fluxional
process in detail.

At 20 �C, all three pyrazolyl rings of complexes 2, 4–7 and
11 are equivalent due to fast exchange of co-ordinated and
unco-ordinated pyrazolyl rings on the NMR timescale,
i.e. equilibration between forms B and C. At low temperature,
the 1H NMR spectrum of 2 is broadened but still not resolved
at �80 �C. However, the more sterically hindered species, 3 and
8–10, have extremely broad spectra even at room temperature
due to the slower exchange of co-ordinated and unco-ordinated
pyrazolyl rings.

Of the carbonylphosphine complexes, [Rh(CO)(PCy3)Tp�] 3
has the most sterically hindered and most electron rich metal
centre. At room temperature, two broad pyrazolyl hydrogen
peaks (integration 2 :1) are observed but at 0 �C they become
sharp as the fluxional process which renders all three pyrazolyl
rings equivalent is quenched on the NMR timescale. At �40 �C
the higher field peak begins to split further and, at �60 �C, all
three pyrazolyl rings are inequivalent; there are three sharp
pyrazolyl hydrogen peaks and five sharp methyl hydrogen peaks
(the sixth is obscured by PCy3 resonances) (Table 2). Thus,
between 0 and �60 �C a second fluxional process (which gives
rise to a 2 :1 ratio of pyrazolyl rings) is slowed on the NMR
timescale. At room temperature the 13C-{1H} NMR spectrum
of 3 is very broad and only the doublet of doublets for

CO (coupling to 31P and 103Rh) is well resolved. However, at
�60 �C, all three pyrazolyl rings are inequivalent (Table 2).

The room temperature 1H NMR spectrum of the bis(phos-
phine) complex [Rh(PPh3)2Tp�] 8 shows a very broad pyrazolyl
hydrogen signal and one sharp and one broad methyl peak. At
�20 �C this is resolved into two pyrazolyl hydrogen peaks and
four methyl peaks; at lower temperature the signal broadens
further and at �80 �C there are six broad methyl peaks. Thus,
at �80 �C all three pyrazolyl rings are starting to become
inequivalent, as found for 3. At room temperature the 31P NMR
spectrum of 8 shows equivalent phosphorus atoms giving rise
to a sharp doublet at δ 41.6 (JP,Rh = 175 Hz). However, at
�80 �C this signal is resolved into two doublets of doublets,
at δ 42.3 (JP,Rh = 179, JP,P = 49 Hz) and 39.2 (JP,Rh = 173, JP,P =
51 Hz); the phosphorus atoms become inequivalent, on the
NMR timescale, presumably because of the fixed orientation
of the unbound pyrazolyl ring. {If so, this would be the first
rhodium hydrotris(pyrazolyl)borate complex in which the
rotational motion of the free pyrazolyl ring is frozen on the
NMR timescale.}

The room temperature 1H NMR spectrum of [Rh(PPh3)2Tp]
9 in CD2Cl2 or CDCl3 is again very broad and only shows
strong signals for the phenyl ring protons in PPh3 (between δ 7.6
and 7.0). There are also two very broad peaks at ca. δ 5.8 and
6.4. (This spectrum differs from that previously assigned.) 14 As
the temperature is lowered, the broad resonances begin to
sharpen and split, until at �40 �C there are several new peaks
between δ 8.21 and 5.54; others may be obscured by the phenyl
resonances. Many of these peaks are still broad at �40 �C and
at lower temperatures several begin to broaden further. No
assignment of these spectra has been possible.

The room temperature 31P NMR spectrum of [Rh(PPh3)2Tp]
9 in CD2Cl2 shows a broad doublet at δ 50.9 (JP,Rh = 165 Hz), in
this case in agreement with the reported data.14 At �40 �C this
signal splits into two doublets of approximately equal intensity,
at δ 51.0 (JP,Rh = 174) and 49.3 (JP,Rh = 176 Hz). However, at
�80 �C the latter is broadened due to partial resolution of
another fluxional process. Unlike the Tp� analogue, 8, the two
signals at �40 �C cannot be attributed to a single isomer with
inequivalent phosphorus atoms because two doublets of doub-
lets would be expected. Moreover, broadening of the doublet at
δ 49.3 shows fluxionality which is independent of the doublet
at δ 51.0. As noted above, the IR spectrum of 9 suggested two
different κ2 co-ordinated species in the solid state; i.e. forms A
and B. The 31P NMR signal at δ 51.0 is assigned to form A
which is symmetrical and can only give a doublet even at lower
temperatures. That at δ 49.3 is assigned to form B which can
give a doublet of doublets. The proposal of form A for the Tp
complex 9, but not for the Tp� analogue 8, is consistent with the
observation that substituents in the 5 position of the pyrazolyl
ring shift the equilibrium from form A in the direction of
form B.16

The X-ray structural studies on complexes 2–4 and 6,
described above, provide some insight into the dynamic NMR
spectroscopic properties, particularly of 3 which showed the
best resolved NMR spectra. Scheme 2 indicates a series of
possible equilibria between various SPY and TBPY forms of a
[Rh(CO)(PR3)Tp�] complex such as 2–4 or 6. The X-ray struc-
tural and spectroscopic data imply that a structure such as
SPY(2) in Scheme 2, in which there is a weak apical contact
between Rh and N(2) (as seen in the crystal structure of 7), is
easily accessible from the κ2 square planar structure SP(2).
The existence of stable κ3-TBPY isomers of [RhL(PR�3)-
(HBR3)] species noted above implies that of the various iso-
meric TBPY intermediates (or transition states, we will assume
the former for the purposes of the discussion below) that might
be invoked, that with the phosphine axial and the better
π-acceptor ligand (here CO) equatorial would be the most
stable, as shown in Scheme 2 [TBPY(Pax)]. If this isomer is
thermally accessible then once formed it affords access to an
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SPY [Rh(CO)(PR3)Tp�] in which N(6) now occupies the apical
site and hence N(2) and N(6) have been permuted [see SPY(6)
in Scheme 2]. If the interconversion of SPY(2), TBPY(Pax)
and SPY(6) is rapid on the NMR timescale the pyrazolyl rings
at N(2) and N(6) become equivalent. In order for all three
pyrazolyl rings to become equivalent it is necessary to obtain
access to species in which N(4) occupies the apical site [SPY(4)
in Scheme 2]. These are only available through a second TBPY
intermediate [TBPY(Peq) in Scheme 2] which is isomeric with
the first, and likely to be of higher energy having the better
π-acceptor ligand, CO, in the axial site and the phosphine in the
equatorial plane. Further permutation of the environments of
the N(2), N(4) and N(6) sites by analogous processes leads to
equivalence of all three pyrazolyl rings. This mechanism (which
is of course related to Berry pseudo-rotation and its turnstile
variant) is consistent with the observed higher energy of
activation for the process leading to equivalence.

Voltammetric studies

Cyclic voltammetric studies show that all of the rhodium()
complexes 2–11 undergo electron-transfer reactions and, as
described below, chemical oxidation gives the corresponding,
isolable, rhodium() complexes. However, the cyclic voltam-
metry is affected by the structural changes which accompany
oxidation (see below) and E�� cannot be calculated simply from
the average of the peak potentials, (Ep)ox and (Ep)red. (Estimated
oxidation potentials, quoted vs. the [Fe(η-C5H5)2]

�–[Fe(η-
C5H5)2] couple at 0.0 V, are given in Table 1.) A more detailed
analysis of these voltammetric data and discussions of
the mechanism of the oxidative isomerisation process and of
the effects on electrochemical behaviour of added mediators
such as [Fe(η-C5H5)2] and [Pd(mnt)2]

� {mnt = [S2C2(CN)2]
2�}

will be published elsewhere.25 Here we give an overview
sufficient to relate the observed electrochemistry qualitatively
to (i) the oxidatively induced structural changes, and (ii) the
dependence of the fluxionality of [Rh(CO)LTp�] on the
ligand L.

At a glassy carbon electrode in CH2Cl2, [Rh(CO)2Tp�] 1
undergoes one-electron oxidation (E�� = 0.15 V) which is only
fully reversible at scan rates greater than 200 mV s�1; in thf, the
oxidation process is irreversible.

As described above, complex 7 exists as an approximate 1 :1
mixture of the κ2 and κ3 isomers in CH2Cl2 solution. It is revers-
ibly oxidised at glassy carbon (E�� = �0.17 V) and platinum
electrodes (E�� = �0.15 V) with peak-to-peak separations com-

Scheme 2

parable to those for the oxidation of [Fe(η-C5Me5)2] at scan
rates of 20 mV s�1 to 2 V s�1. Complexes 2, 4–6 and 11 are κ2

co-ordinated in CH2Cl2 but at room temperature the co-
ordinated and unco-ordinated pyrazolyl rings are rendered
equivalent by exchange which is rapid on the NMR timescale.
They are reversibly oxidised at a glassy carbon electrode but
at a platinum electrode the waves are often irreproducible,
with broadened oxidation peaks and far greater peak-to-peak
separations than those of the calibrant, [Fe(η-C5H5)2] or
[Fe(η-C5Me5)2].

Complexes [Rh(CO)(PCy3)Tp�] 3 and [Rh(PPh3)2L�] {L� =
Tp� 8, Tp 9 or B(pz)4 10} are also κ2 co-ordinated in solution
but NMR spectroscopy showed that exchange of co-ordinated
and unco-ordinated pyrazolyl rings is slower than for the other
carbonyl phosphine complexes. In agreement, the cyclic
voltammograms of 3 and 8–10 in CH2Cl2 show broad one-
electron oxidation waves with very large peak-to-peak separ-
ations even at a glassy carbon electrode, consistent with slow
electron transfer due to structural changes accompanying
oxidation.

Synthesis and characterisation of rhodium(II) complexes

On the basis of the potentials given in Table 1, the rhodium()
species 2–11 have been chemically oxidised with the ferro-
cenium ion. The resulting cations, 2�–11�, are rare examples
of well characterised mononuclear rhodium() com-
plexes;26 others are [Rh(C6Cl5)4]

2�,27 [RhH(CO)(PPh3)3]
�,28 [Rh-

(bpca)2] {bpca = bis(2-pyridylcarbonyl)amide}, and [Rh(bpca)-
(tpy)]� (tpy = 2,2� : 6�2�-terpyridyl).29 Interestingly, in light of
the oft cited analogy between Tp� and η-C5R5 ligands,3,30 the
cyclopentadienyl complexes are considerably less stable than
their hydrotris(pyrazolyl)borate analogues; [Rh(CO)(PPh3)-
(η-C5H5)]

� dimerises on oxidation, giving the fulvalene
dication [Rh2(CO)2(PPh3)2(η

5 :η�5-C10H8)]
2�.31 (The observ-

ation that [Rh(CO)(PPh3)(η-C5H5)] {(Ep)ox = 0.0 V} appears
to be oxidised at a more positive potential than [Rh(CO)-
(PPh3)Tp�] (�0.16 V, in thf) seems to support the generally held
view that Tp� is a better donor ligand than η-C5H5. However,
it is now clear 32 that no such generality is valid.)

Although the potential for the oxidation is thermodynamic-
ally unfavourable, complex 1 reacts with [Fe(η-C5H5)2][PF6]
(E�� = 0.0 V) in CH2Cl2 solution to give, as the final product,
a yellow solution of the N-protonated rhodium() complex
[Rh(CO)2(HTp�)][PF6]

6,33 (HTp� = ligand in which one of the
three pyrazolyl rings of Tp� is N-protonated) (see below); ESR
spectroscopy (see below) indicates initial one-electron transfer
gives [Rh(CO)2Tp�]� 1�.

The rhodium() cation 1� is also implicated in the oxidative
substitution of 1. Thus, the CV of a 1 :1 mixture of 1 and PPh3

in thf shows an irreversible oxidation wave accompanied by a
product wave at a potential consistent with the formation of
[Rh(CO)(PPh3)Tp�]� 2� (see below) by a rapid reaction between
[Rh(CO)2Tp�]� and PPh3. Moreover, addition of [Fe(η-C5H5)2]-
[PF6] to a mixture of 1 and PPh3 in CH2Cl2 gave a green
solution of 2�; oxidative substitution was complete after two
minutes (cf. the reaction between 1 and PPh3 in n-hexane, which
requires heating under reflux for 24 hours) providing a direct
and rapid route to 2� from 1.

Addition of [Fe(η-C5H5)2][PF6] to CH2Cl2 solutions of com-
plexes 2, 4–6, 8 and 11 at 0 �C gave green or purple solutions
of the cations [Rh(CO)LTp�]� {L = PPh3 2�, P(NMe2)3 4�,
P(C6H4Me-p)3 5� or P(C6H4Me-m)3 6�}, [Rh(PPh3)2Tp�]� 8�

or [Rh(dppe)Tp�]� 11�, isolated as their [PF6]
� salts. The

tetrafluoroborate salt 8�[BF4]
� was prepared similarly. Com-

plexes 2�[PF6]
�, 4�[PF6]

� and 8�[PF6]
� are stable in the solid

state and moderately stable in solution whereas 5�[PF6]
� and

6�[PF6]
� are much more prone to decomposition, forming

N-protonated rhodium() complexes related to [Rh(CO)2-
(HTp�)][PF6]; the salt 11�[PF6]

� decomposed in air to give an
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Table 4 ESR spectroscopic data for rhodium() complexes a

Complex g1 g2 g3 gave giso A1(
103Rh) A2(

103Rh) A3(
103Rh) A1(

14N) A2(
14N) A3(

14N) A3(
31P)

1�

2�

3�

4�

5�

6�

7�

8�

9�

10�

11�

2.318
2.256
2.277
2.234
2.260
2.256
2.233
2.282
2.262
2.264
2.287

2.147
2.163
2.167
2.157
2.164
2.161
2.220
2.250
2.224
2.231
2.231

1.989
1.993
1.993
1.995
1.993
1.994
1.993
1.994
1.994
1.995
1.991

2.151
2.137
2.146
1.129
2.139
2.137
2.142
2.175
2.160
2.163
2.170

—
2.143
2.155
2.132
2.144
2.144
2.154
2.196
2.183
2.181
2.187

22
17
—
21.1(9)
21
18
—
—
—
—
—

—
—
—
10.1(3)
—
10.4(3)
—
—
—
—
—

24.5(5)
28.9(2)
25.8(3)
28.3(2)
25.6(1)
25.6(1)
27.1(3)
21.1(2)
23.4(1)
23.9(1)
26.0(2)

26
25
—
21.1(9)
21
25
—
—
—
—
—

27.2(2)
25.8(5)
—
24.4(2)
25
24.9(2)
—
—
—
—
—

31.3(3)
27.7(4)
28.8(6)
28.3(2)
29.3(1)
29.4(1)
27.8(1)
24.3(5)
27.2(1)
26.7(1)
24.7(1)

—
4.8(5)
4.9

—
7.1(1)
6.2(2)

—
6.3(7)

—
—
10.8(1)

a Anisotropic spectra were computer-simulated; A values for less well resolved features were analysed by least-squares fits of portions of the spectra
by sets of Gaussian absorption lines. Hyperfine couplings in 10�4 cm�1.

unidentified bright yellow solid the ν(BH) stretch of which was
inconsistent with the formation of an N-protonated complex.

Addition of [Fe(η-C5H5)2][PF6] to [Rh(CO)(PCy3)Tp�] 3 or
[Rh(CO){P(OPh)3}Tp�] 7 in CH2Cl2 gave green solutions of the
extremely reactive cations 3� or 7� which form the N-proton-
ated complexes [Rh(CO)L(HTp�)]� {L = PCy3 or P(OPh)3}
in less than five minutes. At �78 �C the rhodium() cations
were more stable, but still decomposed slowly. Addition of
[Fe(η-C5H5)2][PF6] to CH2Cl2 solutions of 9 or 10 at 0 �C gave
purple solutions of [Rh(PPh3)2L�]� {L� = Tp 9� or B(pz)4 10�}.
Addition of diethyl ether followed by n-hexane gave purple
solids 9�[PF6]

� and 10�[PF6]
� which decomposed very rapidly

on exposure to air.
Complexes 2�, 4�–6�, 8� and 11�, as their [PF6]

� salts, were
characterised by elemental analysis, IR, UV-visible (Table 1)
and ESR spectroscopy (Table 4) and by cyclic voltammetry
which showed reduction waves corresponding to reformation of
the neutral rhodium() analogues. Complex 10� decomposed
before characterisation was possible, but 9� was characterised
by elemental analysis and ESR spectroscopy. (The especially
high reactivity of these complexes relative to 8� may stem from
the reduced steric hindrance around the metal. The cone angle
of Tp� is 236�, which reflects the enclosure of the metal in a
protective pocket of methyl substituents, but that of Tp is only
199�.3) In addition, [Rh(CO)(PPh3)Tp�][PF6]�CH2Cl2 2

�[PF6]
��

CH2Cl2, [Rh(CO){P(NMe2)3}Tp�][PF6]�CH2ClCH2Cl�0.5H2O
4�[PF6]

��CH2ClCH2Cl�0.5H2O (incompletely, see below) and
[Rh(PPh3)2Tp�]X�3CH2ClCH2Cl (X = PF6 or BF4) 8�X��
3CH2ClCH2Cl have been structurally characterised by X-ray
crystallography.

The CO and BH stretching frequencies for the rhodium()
complexes are given in Table 1. Solutions of the cations were
prepared under a nitrogen atmosphere and Nujol mulls were
prepared in air. IR spectra of the cations 2�, 4� and 8�

were obtained without decomposition whereas considerable
decay occurred during preparation of the Nujol mulls of 5�, 6�

and 11�. Attempts to prepare a Nujol mull of 9� under argon
were unsuccessful, and complexes 3� and 7� were detected only
in solution.

For each rhodium() cation ν(CO) is approximately 90 cm�1

higher than that of the analogous neutral complex. The ν(BH)
values occur between 2556 and 2558 cm�1, approximately
85 cm�1 higher in energy than for the rhodium() analogues.
When an increase in the positive charge of a complex is not
accompanied by a change in the bonding mode of the hydro-
tris(pyrazolyl)borate ligand ν(BH) rises by ca. 10–20 cm�1,
irrespective of whether the metal centre changes oxidation
state. For example, a 13–14 cm�1 increase is observed for the
κ3 co-ordinated redox pairs [WCl(CO)(η2-MeC���CMe)Tp�]z

{ν(BH)(CH2Cl2) 2555 (z = 0) and 2569 cm�1 (z = 1)} and
[WBr(CO)(η2-MeC���CMe)Tp�]z {ν(BH)(CH2Cl2) 2556 (z = 0)
and 2569 cm�1 (z = 1) respectively} in which tungsten has
formal oxidation states  and .34 Similarly, an increase of

11–18 cm�1 in ν(BH) is found for the redox pairs [RhL-
(o-O2C6Cl4)Tp�]z {z = 0 or 1; L = PPh3, AsPh3, P(OPh)3 or py}
in which rhodium remains in oxidation state , and the
o-catecholate ligand, o-O2C6Cl4

2�, is oxidised to a semi-
quinone.35 The difference in ν(BH) for κ2 and κ3 isomers is con-
siderably larger. For example, in CH2Cl2 each of the complexes
[Rh(CO){P(OPh)3}Tp�] 7 and [Rh(η4-nbd)L�] {nbd = norborn-
adiene, L� = hydrotris(3,5-diisopropylpyrazolyl)borate}2 exists
in an approximate 1 :1 ratio of the κ2 and κ3 co-ordinated
forms [ν(BH) 2479, 2520 and 2481, 2545 cm�1 respectively], the
difference in ν(BH) for the two forms being 41 and 64 cm�1

respectively.
These data suggest, therefore, that on oxidation of [RhL2Tp�]

only 10–20 cm�1 of the increase in ν(BH) results from the
positive charge on the cation, with the additional 60–70 cm�1

increase resulting from κ2 to κ3 isomerisation.
All of the carbonyl phosphine cations [Rh(CO)LTp�][PF6]

are green, except for [Rh(CO){P(NMe2)3}Tp�][PF6] 4
� which is

purple, and all of the bis(phosphine) or ditertiary phosphine
complexes are purple, except for [Rh(dppe)Tp�][PF6] 11�

which is olive green. The UV-visible spectra of [Rh(CO)-
LTp�][PF6] {L = PPh3 2�, P(NMe2)3 4�, P(C6H4Me-p)3 5� or
P(C6H4Me-m)3 6�} and [Rh(PPh3)2Tp�][BF4] 8� in CH2Cl2

are given in Table 1 with approximate values of the absorp-
tion coefficient ε for 2�, 4� and 8�. (Complexes 5� and 6�

partially decomposed while the spectra were being recorded
so that no quantitative measurements were possible, and the
spectra of 9� and 11� were not obtained due to their air
sensitivity.)

The crystal structures of the rhodium(II) complexes 2�, 4� and 8�

The structures of the three rhodium() cations, 2�, 4�

(incomplete, see below) and 8�, including two salts of the last,
have been determined by X-ray crystallography. There is
good agreement between the structural data for 8�[PF6]

� and
8�[BF4]

� (Table 3) which indicates that the geometry of the
cation is not significantly influenced by crystal packing forces.
The latter structure is considerably more precise and is used in
the discussion below.

The structure of the cation 2� is shown in Fig. 7 and that of
the cation of the [BF4]

� salt of 8� in Fig. 8; important bond
lengths and angles are collected in Table 3. The incomplete
analysis of 4� indicates that it has the expected connectivity and
general structure. There is a marked change in co-ordination
about rhodium on one-electron oxidation, from square planar
in the neutral κ2 rhodium() complexes to square pyramidal in
the κ3 rhodium() cations. The apical Rh–N(2) bond in 2�

[2.22(1) Å] is longer than those in the basal plane [approxi-
mately 2.09(1)], but considerably shorter than Rh–Napical in the
neutral square pyramidal complex [Rh(CO){P(OPh)3}Tp�] 7
[2.764(2) Å]. In addition, the Rh � � � B–N(1)–N(2) torsion angle
decreases on oxidation, from ca. 90� to near zero (�8� in 2�),
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the required orientation for co-ordination of N(2) to rhodium
and formation of the κ3 geometry.

Cation 8� is also square pyramidal but with a greater distor-
tion from the ideal geometry than 2�. The Rh–N(2) bond
length for 8� is 2.236(5) Å (similar to that of 2�) and the
Rh � � � B–N(1)–N(2) torsion angle is �11� compared to 75� for
neutral 8. The equatorial Rh–N(4) distance is longer than
Rh–N(6) [2.189(5) Å compared to 2.110(6) Å in 8�], and P(2),
which is trans to the shorter Rh–N(6) bond, is pushed away
from the axial pyrazolyl ring [N(2)–Rh–P(2) 102.0(2)� and
N(6)–Rh–P(2) 161.0(2)�, cf. N(2)–Rh–P(1) 90.0(1)� and N(4)–
Rh–P(1) 167.2(2)�]. The reduction of the Rh � � � N(2) distance
from ca. 2.6 or 2.7 Å in species with structures such as that of
7 to ca. 2.25 Å in 2� or 8� and the ESR spectra (see below)
are fully consistent with the apical interaction in these d7

rhodium() complexes being of the form shown in Fig. 9.
Thus the SOMO is of Rh � � � N(2) σ* character.

ESR spectroscopy of rhodium(II) complexes

In order to probe the electronic structure of the rhodium()
complexes, ESR spectra were recorded in both fluid and frozen
solution. The spectra of analytically pure samples of the com-
plexes 2�, 4�, 8� and 9� (as their [PF6]

� salts) were recorded in
1 :1 CH2Cl2–1,2-dichloroethane. The less stable species were
generated in situ by treating the neutral complex with [Fe(η-
C5H5)2][PF6] or [Fe(η-C5H5)(η-C5H4COMe)][PF6].

Fig. 7 The molecular structure of the cation [Rh(CO)(PPh3)Tp�]� in
[Rh(CO)(PPh3)Tp�][PF6]�CH2Cl2 2

�[PF6]
��CH2Cl2.

Fig. 8 The molecular structure of the cation [Rh(PPh3)2Tp�]� in
[Rh(PPh3)2Tp�][BF4]�3CH2ClCH2Cl�8�[BF4]

��3CH2ClCH2Cl.

The anisotropic ESR spectra of [Rh(CO)2Tp�]� 1�, [Rh(CO)-
{P(NMe2)3}Tp�]� 4�, [Rh(CO){P(C6H4Me-m)3}Tp�]� 6�, and
[Rh(PPh3)2Tp�]� 8� are shown in Figs. 10–13 and g and A
values are collected in Table 4. The isotropic spectrum of
[Rh(CO){P(NMe2)3}Tp�]� 4� shows four partially resolved
hyperfine lines due to coupling to one I = 1 and one I = 1/2
nucleus [AN = 25.1(1) and ARh = 17.4(1)]. All other isotropic
spectra consist of a broad line at giso ca. 2.13–2.19.

In the frozen-solution spectra of [Rh(CO){P(OPh)3}Tp�]� 7�

and all four bis(phosphine) or ditertiary phosphine cations
(8�–11�) no hyperfine structure was resolved for the central
and low-field features. All other frozen-solution spectra showed
resolved structure for all three components of the g matrix.

The high-field features were generally best resolved, with
coupling to one I = 1 nucleus (14N) and two I = 1/2 nuclei (103Rh

Fig. 9 Schematic orbital interaction diagram for the apical Rh � � � N
bond in complex 2�.

Fig. 10 The anisotropic ESR spectrum of [Rh(CO)2Tp�]� 1� at 100 K
in CH2Cl2–1,2-dichloroethane (1 :1).

Fig. 11 The anisotropic ESR spectrum of [Rh(CO){P(NMe2)3}Tp�]�

4� at 120 K in CH2Cl2–1,2-dichloroethane (1 :1).
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and 31P) for the carbonyl phosphine and bis(phosphine) com-
plexes, or one I = 1 nucleus (14N) and one I = 1/2 nucleus (103Rh)
for [Rh(CO)2Tp�]� 1� and [Rh(CO){P(NMe2)3}Tp�]� 4�. The
central feature consists of a triplet for [Rh(CO)2Tp�]� 1� and
[Rh(CO)LTp�]� {L = PPh3 2� or P(C6H4Me-p)3 5�} due to
coupling to 14N. However, in the spectra of [Rh(CO)LTp�]�

{L = P(NMe2)3 4� or P(C6H4Me-m)3 6�} there is additional
coupling to an I = 1/2 nucleus, probably 103Rh. The low-field
feature showed coupling to I = 1 and I = 1/2 nuclei for
[Rh(CO)LTp�]� {L = CO 1�, PPh3 2�, P(NMe2)3 4�, P(C6H4-
Me-p)3 5

� or P(C6H4Me-m)3 6
�}.

The spectra are almost textbook examples of the expect-
ations for a square pyramidal low-spin d7 complex, necessarily
with dz2 as the metal contribution to the SOMO (and consistent
with the solid state structures of 2� and 4�). This conclusion is
based on the fact that (i) the smallest g component is close to 2,
and (ii) coupling to only one 14N atom is observed and that
coupling is unusually large.

One unexpected observation, however, is the failure to see
coupling to both phosphorus nuclei in [Rh(PPh3)2L�]�

{L� = Tp� 8�, Tp 9� or B(pz)4 10�} and [Rh(dppe)Tp�]� 11�.
However, the solid state structure of 8� is significantly dis-
torted from an ideal square pyramid with one phosphorus
atom tilted out of the square plane (Naxial–Rh–P 90 and
103�); if a similar geometry is adopted in solution, the in-
equivalence of the phosphorus atoms may explain the missing
coupling.

Another unexpected observation is the discrepancy between
the isotropic g value, giso, and the average of the three com-
ponents from the frozen solution spectra, gave. The difference
between giso and gave is always positive with a value between
0.003 and 0.012 for the carbonyl phosphine complexes and
between 0.013 and 0.023 for the bis(phosphine) or ditertiary
phosphine complexes. This difference may indicate a significant
change in the electronic structure of the metal() complexes
with temperature, possibly due to some departure from square
pyramidal geometry leading to admixture of other metal
d-orbital character to the SOMO. Further detailed studies of
the variable temperature spectra are in progress.

Fig. 12 The anisotropic ESR spectrum of [Rh(CO){P(C6H4Me-
m)3}Tp�]� 6� at 120 K in CH2Cl2–1,2-dichloroethane (1 :1).

Fig. 13 The anisotropic ESR spectrum of [Rh(PPh3)2Tp�]� 8� at 100 K
in CH2Cl2–1,2-dichloroethane (1 :1).

The protonation of [Rh(CO)LTp�] and [RhL2Tp�]

As noted above, the chemical oxidation of [Rh(CO)2Tp�] 1
results in the formation of the κ2-rhodium() N-protonated
complex [Rh(CO)2(HTp�)][BF4].

6,33 In order to confirm
that similar species result from the decomposition of the
rhodium() cations [Rh(CO)(PR3)Tp�]� the representative
complex [Rh(CO)(PPh3)(HTp�)][BF4] 12 has been prepared by
direct protonation of 2 and fully characterised. The reaction of
[Rh(CO)(PPh3)Tp�] with HBF4 in diethyl ether resulted in the
formation of a yellow precipitate which was characterised by
elemental analysis, IR and NMR spectroscopy (Tables 1 and 2),
and X-ray crystallography as the N-protonated complex
[Rh(CO)(PPh3)(HTp�)][BF4] 12. {Complex 12 also results from
the reaction between [Rh(CO)2(HTp�)][BF4] and PPh3 in
CH2Cl2, carbonyl substitution being much faster than for the
neutral complex [Rh(CO)2Tp�] 1.} Similar species were gener-
ated by protonating [Rh(CO)LTp�] {L = P(C6H4Me-p)3, P(C6H4-
Me-m)3, PCy3, P(NMe2)3 or P(OPh)3} but identified only by
their IR carbonyl bands, at 1986, 1988, 1974, 1983 and 2022
cm�1 respectively.

Although the N-protonated complexes are cationic, rhodium
remains in oxidation state  so that ν(CO) is only 10–15 cm�1

higher than that of the neutral complexes {cf. the shift of ca. 90
cm�1 for oxidation to RhII}. Values of ν(BH) for 12, etc. are
approximately 40 cm�1 higher than those of the neutral com-
plexes 2–4 and 6. As noted above, the change from a neutral to
a cationic complex leads to an increase in ν(BH) of approxi-
mately 20 cm�1 if the bonding mode (κ2 or κ3) of the pyrazolyl-
borate ligand is unchanged. Thus, it appears that an additional
increase in ν(BH) (ca. 20 cm�1) accompanies N-protonation of
the hydrotris(pyrazolyl)borate ligand.

Crystals of [Rh(CO)(PPh3)(HTp�)][BF4]�thf 12 were grown
by allowing a concentrated thf solution of the complex to dif-
fuse slowly into n-hexane at �10 �C. The structure of 12, shown
in Fig. 14 with selected bond lengths and angles collected in
Table 3, is very similar to that of neutral [Rh(CO)(PPh3)Tp�] 2,
with square planar geometry at rhodium and the N-protonated
pyrazolyl ring positioned as parallel as possible with respect
to the square plane about rhodium. A similar geometry is
seen for the dicarbonyl analogue of the cation of 12,
[Rh(CO)2(HTp�)]�.33 The structure of 12 is consistent with its
NMR spectra (Table 2) in that all three pyrazolyl rings are
inequivalent (cf. the fluxionality of 2) fast interconversion being
prevented by protonation of the unco-ordinated pyrazolyl ring.

N-Protonation of complex 1 is reversed by reduction. Thus,
the CV of [Rh(CO)2(HTp�)][BF4] shows an irreversible reduc-
tion wave at ca. �1.2 V and reduction with [Co(η-C5H5)2]
regenerates neutral [Rh(CO)2Tp�] 1.

Fig. 14 The molecular structure of the cation [Rh(CO)(PPh3)-
(HTp�)]� in [Rh(CO)(PPh3)(HTp�)][BF4]�thf 12�thf. Most hydrogen
atoms have been omitted for clarity.
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Conclusion
Two series of rhodium() complexes, namely [Rh(CO)LTp�]
(L = phosphine or phosphite) and [Rh(PPh3)2L�] {L� = Tp�,
Tp or B(pz)4} or [Rh(dppe)Tp�], have been synthesized. IR
spectroscopy and single crystal X-ray studies have shown ligand
dependent structures; most adopt a κ2 square planar form with
the third, unbound pyrazolyl ring orientated pseudo-parallel
to the rhodium co-ordination plane. However, [Rh(CO)-
{P(OPh)3}Tp�] 7 has a distorted square pyramidal structure
with the rhodium essentially in the plane of the basal ligands
and with a very long Rh–apical ligand distance. Though
described as κ3 bound, 7 differs from ‘conventional’ κ3

rhodium() complexes which have trigonal pyramidal geometry
with a short, third, Rh–N bond to the hydrotris(pyrazolyl)
borate ligand.

The complexes [Rh(CO)LTp�] show fluxional behaviour in
which the three pyrazolyl rings become equivalent at higher
temperatures by processes which involve both square pyramidal
and trigonal bipyramidal intermediates.

One-electron oxidation of the rhodium() complexes, at
platinum or glassy carbon electrodes or with chemical one-
electron oxidants, gives monocationic rhodium() analogues
such as [Rh(CO)LTp�]� and [Rh(dppe)Tp�]� which have square
pyramidal structures with κ3-bound pyrazolyl ligands. The
results of X-ray structural and ESR spectroscopic studies are
consistent with population of a Rh–Naxial σ* orbital on
reduction of the rhodium() cations.

Experimental
The preparation, purification and reactions of the complexes
described were carried out under an atmosphere of dry nitrogen
using dried, distilled and deoxygenated solvents; reactions
were monitored by IR spectroscopy where necessary. Thermal
substitution reactions of [Rh(CO)2Tp�] were carried out
in the absence of light. Unless stated otherwise complexes
(i) were purified by dissolution in CH2Cl2, filtration of the
solution through Celite, addition of n-hexane to the filtrate
and reduction of the volume of the mixture in vacuo to
induce precipitation, and (ii) are stable under nitrogen and
dissolve in polar solvents such as CH2Cl2 and thf. Most
complexes give moderately air-stable solutions; [Rh(dppe)-
Tp�]z (z = 0 or 1), [Rh(PPh3)2L�]z {z = 0 or 1; L� = Tp or B(pz)4}
are less stable in solution. The compounds [{Rh(µ-Cl)-
(PPh3)2}2],

36 [{Rh(µ-Cl)(dppe)}2],
37 KTp�, KTp, K[B(pz)4],

38

[Rh(CO)2Tp�],10 [Fe(η-C5H5)2][PF6], [Fe(η-C5H5)(η-C5H4CO-
Me)][PF6] and [Co(η-C5H5)2]

39 were prepared by published
methods.

IR spectra were recorded on a Nicolet 5ZDX FT spectro-
meter and UV-visible spectra on a Perkin-Elmer Lambda 2
UV/VIS spectrometer. X-Band ESR spectra were obtained on a
Bruker 300ESP spectrometer equipped with a Bruker variable
temperature accessory and a Hewlett-Packard 5350B micro-
wave frequency counter. The field calibration was checked by
measuring the resonance of the diphenylpicrylhydrazyl (dpph)
radical before each series of spectra. NMR spectra were
recorded on JEOL GX270, GX400 and λ300 spectrometers
with SiMe4 as an internal standard. All spectrometers operated
in the Fourier transform mode, with field stability main-
tained by an external lock system. Electrochemical studies were
carried out using an EG&G model 273 potentiostat in conjunc-
tion with a three-electrode cell. For cyclic voltammetry the
auxiliary electrode was a platinum wire and the working elec-
trode a glassy-carbon (3.0 mm diameter) or platinum (1.0 mm
diameter) disc. The reference was an aqueous saturated calomel
electrode separated from the test solution by a fine-porosity frit
and an agar bridge saturated with KCl. Solutions were
0.1 × 10�3 or 5 × 10�4 mol dm�3 in the test compound and 0.1
mol dm�3 in [NBu4][PF6] as the supporting electrolyte. Poten-

tials are quoted vs. the [Fe(η-C5H5)2]
�–[Fe(η-C5H5)2] couple

(E�� = 0.0 V) as the internal standard. Peak-to-peak separations
{i.e. (Ep)ox � (Ep)red} were compared with those for an appro-
priate internal standard ([Fe(η-C5H5)2] or [Fe(η-C5Me5)2])
under conditions where the concentrations of the sample and
standard were adjusted to give waves with the same peak
currents. Microanalyses were carried out by the staff of the
Microanalytical Service of the School of Chemistry, University
of Bristol.

Syntheses

[Rh(CO)(PPh3)Tp�] 2. A mixture of [Rh(CO)2Tp�] 1 (1.0 g,
2.19 mmol) and PPh3 (575 mg, 2.19 mmol) in n-hexane (250
cm3) was heated under reflux for 24 h before being cooled to
�10 �C to precipitate a grey-yellow solid. A CH2Cl2 (40 cm3)
solution of the solid was filtered through Celite and then
concentrated in vacuo before n-hexane was added to give a
bright yellow powder which was dried in vacuo, yield 1.0 g
(67%).

[Rh(CO)(PCy3)Tp�] 3. A suspension of [Rh(CO)2Tp�] 1 (0.50
g, 1.10 mmol) and PCy3 (0.34 g, 1.21 mmol) in n-hexane (250
cm3) was heated under reflux for 4 h. The resulting solution was
evaporated to dryness in vacuo to give a yellow solid which was
dissolved in the minimum volume of toluene and chromato-
graphed on alumina. Impurities were washed from the column
with diethyl ether–n-hexane (1 :9) and the product eluted with
diethyl ether. The resulting pale yellow solution was evaporated
to dryness in vacuo to give a pale yellow solid which was dried
in vacuo for 3 d, yield 325 mg (42%).

[Rh(CO){P(NMe2)3}Tp�] 4. A solution of [Rh(CO)2Tp�] 1
(0.30 g, 0.66 mmol) and P(NMe2)3 (0.120 cm3, 0.66 mmol) in
toluene (70 cm3) was stirred for 2 h. The resulting bright yellow
solution was evaporated to dryness in vacuo to give a yellow
solid which was dissolved in hot n-hexane (35 cm3), filtered
through Celite and then stored at �10 �C for 5 d to yield 190 mg
of large yellow crystals. The mother liquors were evaporated to
lower volume in vacuo and stored at �10 �C for 5 d to give
another 60 mg of crystals. Total yield 250 mg (64%).

[Rh(CO){P(C6H4Me-p)3}Tp�] 5. A solution of [Rh(CO)2Tp�]
1 (0.20 g, 0.44 mmol) and P(C6H4Me-p)3 (134 mg, 438 µmol) in
toluene (50 cm3) was stirred for 24 h, and then evaporated to
dryness in vacuo to leave a yellow oil. The oil was dissolved in
diethyl ether, layered with n-hexane and stored at �10 �C to
give a bright yellow precipitate which was dried in vacuo, yield
138 mg (43%).

[Rh(CO){P(C6H4Me-m)3}Tp�] 6. A solution of [Rh(CO)2Tp�]
1 (0.20 g, 0.44 mmol) and P(C6H4Me-m)3 (134 mg, 438 µmol) in
toluene (50 cm3) was stirred for 24 h, and then evaporated to
dryness in vacuo to leave a yellow oil. The oil was dissolved in
hot n-hexane and cooled to �10 �C to give a dull green-yellow
solid which was redissolved in hot n-hexane and cooled to
�10 �C to yield green-yellow crystals which were dried in vacuo,
yield 144 mg (45%).

[Rh(CO){P(OPh)3}Tp�] 7. A solution of [Rh(CO)2Tp�] 1
(295 mg, 0.65 mmol) and P(OPh)3 (0.17 cm3, 0.65 mmol) in
toluene (60 cm3) was heated at 50 �C for 24 h and evaporated
to dryness in vacuo. The resulting yellow oil was dissolved in
hot n-hexane (80 cm3) and then filtered. The filtrate was
cooled to �10 �C to give yellow-orange crystals, yield 154 mg
(32%).

[Rh(PPh3)2Tp�] 8. A suspension of [{Rh(µ-Cl)(PPh3)2}2] (200
mg, 0.15 mmol) and KTp� (101 mg, 0.30 mmol) in thf (50 cm3)
was stirred for 3 h and then evaporated to dryness in vacuo. The
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resulting oily orange solid was dissolved in diethyl ether (40
cm3), filtered through Celite, and concentrated in vacuo before
n-hexane was added to precipitate a bright yellow solid which
was dried in vacuo, yield 135 mg (48%).

The complexes [Rh(PPh3)2Tp] 9 and [Rh(PPh3)2{B(pz)4}] 10
were prepared similarly, but only required stirring for 1 h (under
N2) or 45 min (under Ar) respectively.

[Rh(dppe)Tp�] 11. A solution of [{Rh(µ-Cl)(dppe)}2] (300
mg, 0.278 mmol) and KTp� (188 mg, 0.56 mmol) in thf (40 cm3)
was stirred for 4 h and then evaporated to dryness in vacuo. The
resulting solid was dissolved in diethyl ether, filtered through
Celite and concentrated in vacuo before n-hexane was added to
precipitate a bright yellow powder which was dried in vacuo,
yield 180 mg (40%).

[Rh(CO)(PPh3)(HTp�)][BF4] 12. Solid [Rh(CO)(PPh3)Tp�] 2
(100 mg, 0.15 mmol) was added to a stirred solution of
HBF4�OEt2 (0.20 cm3, 0.15 mmol) in diethyl ether (40 cm3).
After 10 min, the pale yellow mother liquors were removed to
leave a pale yellow precipitate which was purified using CH2Cl2–
n-hexane, yield 67 mg (60%).

[Rh(CO)(PPh3)Tp�][PF6]�CH2Cl2 2�[PF6]
��CH2Cl2. Solid

[Fe(η-C5H5)2][PF6] (0.23 g, 0.69 mmol) was added to a CH2Cl2

(180 cm3) solution of [Rh(CO)(PPh3)Tp�] 2 (0.50 g, 0.72 mmol)
at 0 �C. After 1 h the green solution was filtered through Celite
and concentrated in vacuo before n-hexane was added to pre-
cipitate a dark green solid which was washed with n-hexane and
dried in vacuo, yield 455 mg (72%).

The complexes [Rh(CO){P(NMe2)3}Tp�][PF6] 4�[PF6]
� and

[Rh(PPh3)2Tp�][X] (X� = [PF6]
� or [BF4]

�) 8�X� were prepared
similarly as purple solids after stirring for 1 h, 10 min and
40 min respectively.

[Rh(CO){P(C6H4Me-p)3}Tp�][PF6]�0.7CH2Cl2 5�[PF6]
��

0.7CH2Cl2. Solid [Fe(η-C5H5)2][PF6] (42 mg, 0.12 mmol) was
added to a CH2Cl2 (15 cm3) solution of [Rh(CO){P(C6H4-
Me-p)3}Tp�] 5 (115 mg, 0.16 mmol) at 0 �C. After 1 h the solu-
tion was evaporated to dryness in vacuo to leave a green oil
which was dissolved in CHCl3 (10 cm3), filtered through Celite
and evaporated to dryness in vacuo. Purification using thf–n-
hexane (twice) gave a dark green solid which was washed with
n-hexane and dried in vacuo, yield 63 mg (53%).

Grey-green [Rh(CO){P(C6H4Me-m)3}Tp�][PF6]�0.5CH2Cl2

6�[PF6]
��0.5CH2Cl2 was prepared similarly but washed with

diethyl ether instead of n-hexane and dried in vacuo for 3 d.

[Rh(PPh3)2Tp][PF6]�0.5CH2Cl2 9�[PF6]
��0.5CH2Cl2. Solid

[Fe(η-C5H5)2][PF6] (35 mg, 0.11 mmol) was added to a CH2Cl2

(15 cm3) solution of [Rh(PPh3)2Tp] 9 (100 mg, 0.12 mmol)
at 0 �C. After 1 h n-hexane was added to the orange-brown
solution to produce a purple-brown oil which was washed with
n-hexane. The oil was dissolved in CH2Cl2 (10 cm3) to give a
purple-brown solution to which diethyl ether was added. The
volume of the mixture was reduced in vacuo until an oily solid
began to form. n-Hexane was then added to the well stirred
mixture to give a voluminous purple precipitate. The yellow
mother liquors were removed and the very air-sensitive pale
purple solid was dried in vacuo and stored in a glove-box under
argon, yield 82 mg (75%).

[Rh(dppe)Tp�][PF6] 11�[PF6]
�. Solid [Fe(η-C5H5)2][PF6]

(37.5 mg, 0.11 mmol) was added to a CH2Cl2 (15 cm3) solution
of [Rh(dppe)Tp�] 11 (100 mg, 0.13 mmol) at 0 �C. After 1 h the
yellow-brown solution was filtered through Celite and concen-
trated in vacuo before n-hexane was added to give a green-
brown solid. The solid was washed with n-hexane and dried
in vacuo for 3 d to give the olive green product, yield 74 mg
(69%).

Generation of [Rh(CO)LTp�]� {L � CO (1�), PPh3 (2�),
PCy3 (3

�), P(NMe2)3 (4
�), P(C6H4Me-p)3 (5

�), P(C6H4Me-m)3

(6�) or P(OPh)3 (7
�)}, [Rh(PPh3)2L�]� {L� � Tp� (8�), Tp (9�)

or B(pz)4 (10�)} and [Rh(dppe)Tp�] 11� at low temperature for
ESR spectroscopy. The neutral poly(pyrazolyl)borate complex
was dissolved in 1 :1 CH2Cl2–CH2ClCH2Cl in a silica ESR tube.
The mixture was degassed (three freeze–pump–thaw cycles) and
then [Fe(η-C5H5)2][PF6] or [Fe(η-C5H5)(η-C5H4COMe)][PF6]
was added to the frozen solution at 77 K. The tube was then
evacuated, filled with nitrogen and transferred to the cavity of
the ESR spectrometer at 200 K. The temperature was raised to
220 K to allow mixing of the reagents before cooling to between
100 and 120 K to record the anisotropic spectrum. If a well
resolved spectrum was not obtained, the tube was removed
from the cavity of the spectrometer, and the contents annealed
and then refrozen. The temperature was then raised in
approximately 20 K increments until a well resolved isotropic
spectrum was obtained or the signal disappeared. In several
cases, after obtaining the isotropic spectrum the temperature
was lowered to re-record the anisotropic spectrum.

Crystal structure determinations of complexes 2–4, 6, 7,
8�C6H14, 12�thf, 2�[PF6]

��CH2Cl2, 4�[PF6]
��CH2ClCH2Cl�

0.5H2O and 8�X��3CH2ClCH2Cl (X� � [PF6]
� or [BF4]

�).
Crystals suitable for X-ray diffraction study were grown as
follows: 2, slowly cooling a hot n-hexane solution of the com-
plex to room temperature; 3, slowly evaporating an n-pentane
solution of the complex under N2 at �10 �C; 4, 6, 7 and
8�C6H14, slowly cooling a hot n-hexane solution of the complex
to �10 �C; 12�thf, slow diffusion of a concentrated thf solution
of the complex into n-hexane at �10 �C; 2�[PF6]

��CH2Cl2, slow
diffusion of a concentrated CH2Cl2 solution of the complex
into n-hexane at �10 �C; 4�[PF6]

��CH2ClCH2Cl�0.5H2O and
8�X��3CH2ClCH2Cl (X� = [PF6]

� or [BF4]
�), slow diffusion

of a concentrated 1,2-dichloroethane solution of the complex
into n-hexane at �10 �C. All X-ray diffraction measurements
were made at 173 K. Many of the other details of the structure
analyses are presented in Table 5.

The structure of complex 2�[PF6]
��CH2Cl2 contains a dis-

ordered dichloromethane with chlorines populating two sites,
occupancy 77(1) : 23(1). The n-hexane in 8�C6H14 is disordered as
are two of the solvent molecules in both 8�X��3CH2ClCH2Cl,
X� = [PF6]

� or [BF4]
�. Complex 4 also shows disorder, with

the carbonyl, the methyl group C(6) and the NMe2 groups all
populating two sites with a 50% occupancy. The structure
of 4�[PF6]

��CH2ClCH2Cl�0.5H2O contains two independent
formula units in the asymmetric unit and what appears to be
a partially occupied water site. The data for this structure
determination were very poor and weak and the structure is
inversion twinned; the analysis is therefore incomplete (see
footnote to Table 5).

CCDC reference number 186/2314.
See http://www.rsc.org/suppdata/dt/b0/b008131k/ for crystal-

lographic files in .cif format.
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