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A series of complexes of general formula [Pt(4,4�-X2-bipy)Cl2] (bipy = 2,2�-bipyridine; X = NH2, OEt, Me, H, Ph, Cl
or CO2Me) has been prepared and their redox chemistry and UV/Vis spectroscopy examined. The half-wave potential
of the first reduction process from cyclic voltammetry varies linearly with the Hammett parameter of X, and also
with the MLCT maximum from UV/Vis spectroscopy. The first reduction processes of the complexes with X = OEt,
Me, H, Ph, Cl or CO2Me are reversible and these complexes undergo a second quasi-reversible or irreversible
reduction at potentials 580–760 mV more negative. The reduced, 17 e� species are characterised by EPR spectroscopy
and the total platinum contribution (5d and 6p) to the SOMOs is calculated to be only ca. 7–12%. The bulk of the
unpaired electron density is carried in the bipy ligand π* system and orientation-selective 1H ENDOR spectra of
[Pt(4,4�-X2-bipy)Cl2]

� (X = H or CO2Me) show that C5 and C5� carry the greatest spin density among the four ring
C(H) positions. The second reduction product of [Pt(4,4�-(CO2Me)2-bipy)Cl2] is EPR silent indicating spin-pairing
of the two reduction electrons in the same orbital in this particular complex.

Derivatisation of the 2,2�-bipyridine (bipy) ligand 1 has been a
popular means of controlling electrochemical and photo-
physical properties of transition metal bipyridyl complexes.
Among the many examples studied are [Ru(4,4�-X2-bipy)3]

2�,2

[Ru(4-X-bipy)3]
2�,3 [Mo(4,4�-X2-bipy)(CO)4]

4 and [Re(4,4�-X2-
bipy)(CO)3Cl].5 By controlled manipulation of the ligand set it
is possible to tune physical properties such as redox potentials,
absorption maxima and energies and lifetimes of excited states.
The 4,4� derivatives have received most attention, not only
because they are synthetically simplest to prepare but also
because substitution at these positions offers no steric problems
on complexation. Most of these studies have involved com-
plexes with pseudo-octahedral geometry.

However, there are few examples of such studies on square
planar complexes, despite the considerable interest in the
unusual redox and photophysical properties 6 of α-diimine
complexes of d8 late transition metal ions. One exception has
been Cummings and Eisenberg’s recent study where they
demonstrated tuning of both the energy and lifetime of the
excited state of [Pt(4,4�-X2-bipy)(tdt)] (X = H, tBu, Me, Cl or
CO2Et; tdt = 3,4-toluenedithiolate).7 The fact that many such
species undergo facile one-electron reductions has led to the
study of the reduction products, not only with a view to
modelling the electronic excited states of the neutral complexes,
but also as an opportunity to study transition metal ions in
unusual formal oxidation states. Thus, formal platinum(),
rhodium(0) and iridium(0) species have all been generated in
this manner.8–10 The reduced species have been characterised by
electron paramagnetic resonance (EPR) and UV/Vis/near IR
spectroscopies, and in most cases has led to the conclusion that
radical anion ligand species are formed. For example, Fordyce
et al.9 formulated the electrochemically generated complexes
[M(bipy)L2] (M = Rh or Ir; L2 = diene) as [MI(bipy�)L2].

We have previously described the redox chemistry of a series
of complexes of general formula [Pt(bipy)L2]

n� (L = Cl� or

CN�, n = 0; L = NH3, pyridine, PMe3 or L2 = ethylenediamine,
n = 2).10 We found that such species typically undergo two con-
secutive one-electron reduction processes separated by 500–700
mV in 0.1 M [nBu4N]BF4–DMF (DMF = dimethylformamide)
solution. The half-wave potential of the first reduction pro-
cesses in this series only varied within a range of 160 mV. UV/
Vis/near IR and EPR spectroscopic studies of the one-electron
reduction products revealed the lowest unoccupied molecular
orbital (LUMO) of the parent complex in each case to be pre-
dominantly bipy π* based but with significant (ca. 10–15%
total) admixtures of platinum 5dyz and/or 6pz orbitals, depend-
ing on the nature of L.10,11 We now report the synthesis of a
series of complexes of general formula [Pt(4,4�-X2-bipy)Cl2]
(Fig. 1) and the effect of the substituent X on their electro-
chemical behaviour. We have recently reported the results for
X = NO2 which exhibited unique redox properties among the
series.12 Where possible we have studied their one- and two-
electron reduction products via EPR spectroscopy. The EPR
spectra of the parent complex [Pt(bipy)Cl2]

� have already been
discussed in detail, and we have also reported a prelimin-
ary electron-nuclear double resonance (ENDOR) investi-
gation where we observed hyperfine coupling to both the 1H
and 14N nuclei of the bipy ring.11 In this work we present a
more detailed, orientation-selective ENDOR study of the
one-electron reduction products for X = H and CO2Me which
allows us to determine the distribution of the unpaired electron
density about the bipy ring system.

Experimental
Syntheses

2,2�-Bipyridine, 4,4�-Me2-bipy and 4,4�-Ph2-bipy were com-
mercially available (Aldrich). All other ligands were prepared
by literature methods.1,3 The complexes [Pt(bipy)Cl2],

13 [Pt(4,4�-



4204 J. Chem. Soc., Dalton Trans., 1999,  4203–4208

Me2-bipy)Cl2]
14 and [Pt(4,4�-Ph2-bipy)Cl2]

15 were prepared by
literature methods. Complexes [Pt(4,4�-X2-bipy)Cl2] where
X = NH2, OEt, Cl or CO2Me were prepared by the following
general procedure. A suspension of the appropriate ligand was
heated under reflux with stirring in an aqueous solution of
K2[PtCl4] (1 molar equivalent). The resultant precipitate was
filtered off, washed with water, dried in vacuo and recrystallised
from a saturated hot DMF solution. The complex [Pt(4,4�-
(NH2)2-bipy)Cl2] decomposed on attempted recrystallisation
and was used without further purification. Reflux times,
percentage yields and analyses are given in Table 1.

All electrochemical and spectroelectrochemical (UV/Vis/near
IR) apparatus was as previously described.10 In situ electro-
chemical EPR studies used a standard quartz EPR flat cell with
a platinum gauze working electrode in the flat section. The Ag–
AgCl reference electrode and a wound platinum gauze counter
electrode in a fritted PTFE sleeve sit in the solution reservoir at
the top of the cell. Redox potentials are quoted vs. the ferro-
cenium–ferrocene couple although experimentally they were
measured vs. a Ag–AgCl reference electrode immersed in a 0.45
M [nBu4N][BF4]–0.05 M[nBu4N]Cl–CH2Cl2 solution which was
chemically isolated from the solution under study via a porous
frit. Bulk electrosynthesis experiments were performed on N2(g)

purged 0.1 M [nBu4N][BF4]–DMF solutions at 243 K. The
UV/Vis spectra were recorded on a Perkin-Elmer λ9 spectro-
photometer, X-band EPR spectra on a Bruker ER200D-SCR
spectrometer. The ENDOR spectra were recorded on an
X-band Bruker ESP300E spectrometer fitted with an ESP360D
DICE ENDOR unit. Spectra were recorded for [Pt(bipy)Cl2]

�

and [Pt(4,4�-(CO2Me)2-bipy)Cl2]
� in d7-DMF at 10 K. Spectra

were recorded at 5 G intervals between the first two g values,
and at 10 G intervals between the second and third g values, in
the frequency range 5–25 MHz.

Results and discussion
Synthesis

The complexes [Pt(4,4�-X2-bipy)Cl2] {X = NH2 1, OEt 2, Me 3,
Ph 4, H 5, Cl 6 or CO2Me 7} were prepared by heating to reflux
a suspension of the appropriate ligand in an aqueous solution
of K2[PtCl4]. The reflux times required to attain a reasonable

Fig. 1 Structure and numbering scheme for [M(4,4�-X2-bipy)L2]
n�.

Table 1 Synthesis conditions and analyses of [Pt(4,4�-X2-bipy)Cl2]

Analysis (%)

X t a/min Yield (%) C H N

NH2

OEt

Ph

Cl

CO2Me

15

75

120

240

240

80

100

60

85

79

25.2 b

26.6 c

32.6
33.0
46.5
46.0
27.2
24.5
31.2
31.2

2.7
2.2
3.3
3.2
3.0
2.8
1.8
1.2
2.3
2.3

11.5
12.4
5.8
5.5
5.4
4.9
7.5
5.7
5.1
5.2

a Reflux time. b Experimental. c Predicted.

yield (ca. 80%) of the product (varying from 15 min for 1 to 4 h
for 7) depend on the pKa values of the “free” ligands.

Redox chemistry

“Free” ligands. All the ligands studied except X = NH2, i.e.
for ligands 4,4�-X2-bipy with X = OEt, Me, Ph, Cl or CO2Me,
undergo reductive processes as shown by cyclic voltammetry
(Table 2); bipy itself (X = H) undergoes a reversible one-
electron reduction at �2.60 V vs. Fc�–Fc in 0.1 M [nBu4N]-
[BF4]–DMF solution on our electrode system. The reductions
of 4,4�-(OEt)2-bipy and 4,4�-Cl2-bipy are chemically and
electrochemically irreversible at all temperatures (293–243 K)
and scan speeds (50–1000 mV s�1) studied. No reduction is
observed for 4,4�-(NH2)2-bipy, presumably because it lies at
more negative potentials than the solvent breakdown limit of
ca. �3.0 V. A second reduction is observed for 4,4�-(CO2Me)2-
bipy at a potential 490 mV more negative than the first.

[Pt(4,4�-X2-bipy)Cl2]. Complexes 2–7 undergo a fully revers-
ible reduction at potentials ranging from �1.78 to �1.22 V
in 0.1 M [nBu4N][BF4]–DMF solution at 293 K (Table 3). A
typical cyclic voltammogram is shown in Fig. 2. Coulometric
studies at 243 K confirm a one-electron reduction in each case.
The reduction of 1 is irreversible at ambient temperatures,
showing no anodic peak. However, an associated peak at �0.66
V is observed due to formation of a daughter product. No
attempt was made to characterise the latter. At 213 K a return
wave for 1� → 1 is observed, yielding an E1/2 of �2.08 V.

Thus, the one-electron reduction potential of 4,4�-derivatised
2,2�-bipyridine complexes of Pt can readily be modified by
alteration of the substituent. Replacement of NH2 by NO2

(E1/2 = �0.82 V for X = NO2)
12 results in a half-wave potential

shift of over 1 V. The energy of the LUMO of [Pt(bipy)Cl2]-
type complexes is therefore highly sensitive to the electronic

Fig. 2 Cyclic voltammogram of [Pt(4,4�-(CO2Me)2-bipy)Cl2] in 0.1 M
[nBu4N][BF4]–DMF at 293 K.

Table 2 Redox potentials of 4,4�-X2-bipy in 0.1 M [nBu4N][BF4]–
DMF at 293 K

X E1
a/V E2/C

NH2

OEt
Me
H
Ph
Cl
CO2Me

—
�2.88 b

�2.68 c (0.140) d

�2.60 (0.100)
�2.34 (0.060)
�2.24 b

�2.03 (0.070)

—
—
—
—
—
—

�2.52 (0.130)
a Potentials quoted relative to Fc�–Fc, measured relative to Ag–AgCl.
b Irreversible, cathodic peak quoted. c (Ef � Er)/2. d Ef � Er.
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nature of the groups in the 4,4� position. This stands in contrast
to the comparative invariance of the E1/2 (ca. �1.55 V) of
[Pt(bipy)L2] to the nature of L.10b

Complexes 2–7 undergo a second reduction process at poten-
tials 580–760 mV more negative than the first. The second
reduction is fully reversible for 7 (Fig. 2), quasi-reversible for
2, 4 and 5 but irreversible for 3 and 6. In our previous
study of [Pt(bipy)L2]

n� we found that the di-reduction prod-
ucts [Pt(bipy)L2]

(n � 2)� were unstable on an electrosynthesis
timescale at any temperature studied (293–243 K), preclud-
ing direct spectroscopic characterisation. However, the
electron-withdrawing effect of the CO2Me groups in complex 7
stabilises the di-reduction product sufficiently to allow bulk
electrogeneration of the dianion 72� at 243 K. Our EPR meas-
urements on 7� and 72� indicate that the two added electrons
spin-pair in the same orbital (see later) and, hence, we conclude
that the E1 � E2 potential separation is associated with the
spin-pairing energy.

The E1/2 of the first reduction process of complexes 1–7 varies
linearly with the Hammett parameter σp

16 of the substituent X
(Fig. 3). Similar linear correlations have been observed for
[Mo(4,4�-X2-bipy)(CO)4],

4a [Re(4,4�-X2-bipy)(CO)3Cl] 5 and
[Pt(4,4�-X2-bipy)(tdt)] 7 amongst others. Such a correlation is
indicative that the acceptor MO has a similar electronic
character in each case. Thus, electron withdrawing substituents
stabilise the LUMO, while electron-donating substituents
destabilise the LUMO of [Pt(4,4�-X2-bipy)Cl2] relative to [Pt-
(bipy)Cl2]. Hammett parameters are a measure of the inductive
influence of a substituent and hence the linear correlation with
σp implies that the changes in energy of the LUMO are largely
being controlled by the σ “push” or “pull” of X, and not π
effects. It is interesting that the first E1/2 value for [Pt(4,4�-
(NO2)2-bipy)Cl2]

12 does not fit the Hammett curve for com-
plexes 1–7 (Fig. 3) which indicates, perhaps unsurprisingly, a
significant π effect for this complex.

Fig. 3 Plot of E1 of [Pt(4,4�-X2-bipy)Cl2] vs. Hammett parameter σρ

of substituent X.

Table 3 Redox potentials of [Pt(4,4�-X2-bipy)Cl2] in 0.1 M [nBu4N]-
[BF4]–DMF

Complex σp
a E1

b/V E2/V E1 � E2/V

1
2
3
4
5
6
7

�0.66
�0.24
�0.17
�0.01

0.00
0.23
0.45

�2.08 c (0.140) d

�1.78 (0.070)
�1.71 (0.070)
�1.56 (0.070)
�1.61 (0.070)
�1.38 (0.080)
�1.22 (0.070)

—
�2.41 (0.160)
�2.47 e

�2.17 (0.110)
�2.34 (0.110)
�2.11 e

�1.80 (0.080)

—
0.630
0.760
0.610
0.730
0.730
0.580

a Hammett parameter of substituent X, ref. 16. b Potentials quoted
relative to Fc�–Fc, measured relative to Ag–AgCl. c (Ef � Er)/2. d Ef �
Er. 

e Irreversible, cathodic peak quoted.

UV/Vis Absorption spectroscopy

The complexes [Pt(4,4�-X2-bipy)Cl2] all give rise to yellow
solutions with UV/Vis spectra similar to that of [Pt(bipy)Cl2]
itself 6a,10 and the spectra can be assigned analogously (Table
4). The lowest energy feature in each case is the metal-to-ligand
(PtII→X2bipy π*) charge transfer (MLCT) transition. Other
higher energy bands are observed which are combinations of
internal π–π* transitions and higher energy MLCT transitions.
In agreement with this assignment there is a linear correlation
between the first reduction potential, E1, and the MLCT
absorption maximum, νmax (Fig. 4).

EPR Spectroscopy of [Pt(4,4�-X2-bipy)Cl2]
�/2�

The bulk electrochemical one-electron reduction of complexes
2–7 to 2�–7� in 0.1 M [nBu4N][BF4]–DMF solution at 243 K
yields EPR active solutions. Complex 1 was not studied due to
the irreversibility of its reduction. The room temperature solu-
tion EPR spectra of 2�–7� are all similar, exhibiting coupling
of the unpaired electron with platinum in natural abundance
(195Pt, 34%, nuclear spin, I = 1/2) with any superhyperfine
coupling to the ligand nuclei unresolved. Complexes 2–7 can
be chemically reduced with NaBH4 to give rise to spectra which
are identical to those generated by electrochemical reduction.

On cooling to 77 K rhombic X-band EPR spectra are
observed similar to those previously found 10,11 for complex 5�.
The spectra can be simulated 17 using the parameters in Table 5.
Note that the 195Pt hyperfine splitting about the high-field
gzz component (Azz) is not resolved in any of the spectra, and
the magnitudes of Azz are estimated to have an uncertainty of
±5 × 10�4 cm�1. Typical experimental and simulated spectra are
shown in Figs. 5(a) and 6(a), (b).

The similarity of the EPR spectra of complexes 2�–7� indi-
cates a common ground state orbital in each case. In our previ-
ous study 10,11 of [Pt(bipy)L2]

� (L = Cl� or CN�) we concluded
that the ground state orbital was of b2 symmetry (in C2v point
symmetry) where the metal contributions to the singly occupied
molecular orbital (SOMO) consisted of small 5dyz and 6pz

admixtures (in the axis system defined in Fig. 1). Following

Fig. 4 Plot of E1 vs. MLCT νmax for [Pt(4,4�-X2-bipy)Cl2].

Table 4 MLCT νmax(ε) data for [Pt(4,4�-X2-bipy)Cl2] in DMF solution

Complex MLCT ν̃max/103 cm�1

1
2
3
4
5
6
7

27.6 (0.19) a

26.2 (0.27)
26.0 (0.27)
25.0 (0.45)
25.7 (0.45)
24.8 (0.15)
24.1 (0.54)

a ε/104 M�1 cm�1.
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Table 5 EPR parameters for [Pt(4,4�-X2-bipy)Cl2]
�

Complex giso
a gyy

b gxx gzz Aiso
c Ayy Axx Azz 

2�

3�

4�

5�

6�

7�

2.001
1.999
1.999
1.998
2.000
1.997

2.028
2.035
2.040
2.038
2.040
2.052

2.008
2.010
2.009
2.011
2.012
2.009

1.962
1.946
1.940
1.938
1.941
1.926

�44
�51
�54
�54
�51
�60

�45(10) d

�55(10)
�55(9)
�57(10)
�54(10)
�59(10)

�52(10)
�70(11)
�78(10)
�81(11)
�79(10)
�85(10)

�18(10)
�18(23)
�27(23)
�21(27)
�25(36)
�27(27)

a Isotropic data and b anisotropic data in 0.1 M [nBu4N][BF4]–DMF, simulated parameters quoted. c A/10�4 cm�1. d Linewidth used in simulation
(10�4 cm�1).

Rieger’s methodology 18 we were able to analyse the 195Pt
hyperfine matrix in order to calculate the unpaired electron spin
densities in the 5dyz and 6pz orbitals (a2 and b2, respectively),
from eqns. (1)–(3) where Pd and Pp are the electron nuclear

Axx = As � (4/7)Pda2 � (2/5)Ppb2 (1)

Ayy = As � (2/7)Pda2 � (2/5)Ppb2 (2)

Azz = As � (2/7)Pda2 � (4/5)Ppb2 (3)

dipolar coupling parameters for platinum 5d and 6p electrons,
respectively, and As is the isotropic Fermi contact term. Using
the values Pd = 549 × 10�4 cm�1 and Pp = 402 × 10�4 cm�1,
calculated assuming a 5d8 configuration,11,18 we can derive
values for a 2 and b2 (Table 6). We justify this treatment and the
assignment of the x,y,z axes elsewhere.11

In each case the contributions from the metal orbitals to the
SOMO consist of almost equally small amounts of 5dyz and
6pz, although the latter is always slightly larger. The total metal
contributions to the SOMOs are in the range 7–12%, thus
confirming a predominantly ligand-based orbital in each case.
One apparent trend is that the 5dyz admixture to the SOMO
increases as X becomes a stronger electron-withdrawing group,
and this is reflected in the increasing g anisotropy (Tables 5 and
6). As the energy of the ligand π* (b2) orbital is decreased by
stronger electron-withdrawing substituents there will be a better
energy match with the filled low-lying platinum 5dyz (b2) orbital
and, hence, a more efficient metal–ligand orbital overlap. This

Fig. 5 (a) X-Band EPR spectrum of [Pt(bipy)Cl2]
� and (b) 1H

ENDOR resonances vs. magnetic field.

results in a still predominantly ligand-based π* orbital, but with
greater metal 5d character.

On di-reduction of complex 7 to 72� at �1.45 V and 243 K
an EPR signal is obtained at 77 K identical to that of 7� but
with greatly reduced intensities. This signal is due to residual
monoanion 7�, where 72� is EPR silent. Thus, the second added
electron, corresponding to the second reduction process in the
cyclic voltammogram, is spin-pairing with the first added elec-
tron in the same π* orbital to yield a diamagnetic product. This
is consistent with the potential separation of E1 and E2 of 580
mV and we conclude that the spin-pairing energy of the two
reduction electrons is less than the LUMO � second LUMO

Fig. 6 (a) X-Band EPR spectrum of [Pt(4,4�-(CO2Me)2-bipy)Cl2]
�,

(b) simulation using the parameters in Table 5, and (c) 1H ENDOR
resonances vs. magnetic field.

Table 6 Platinum 5dyz and 6pz admixtures to the SOMO of [Pt(4,4�-
X2-bipy)Cl2]

�

Complex Pda2 Ppb2 a2 b2 Total Pt

2�

3�

4�

5�

6�

7�

8.2
18
27
28
29
30

23
30
24
30
23
27

0.015
0.033
0.049
0.051
0.053
0.055

0.057
0.075
0.060
0.075
0.057
0.067

0.07
0.11
0.11
0.13
0.11
0.12
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(SLUMO) energy gap. The similar E1 � E2 separations for
complexes 2–6 (we do not observe the second reduction for 1)
suggest an analogous MO scheme. Braterman et al.8c,d have
concluded from UV/Vis/near IR spectra of similar species
such as [Pt(bipy)(py)2] (who report the parent complex [Pt-
(bipy)(py)2]

2� to undergo two reversible reductions at �0.83
and �1.52 V vs. Ag–AgNO3 in [nBu4N][BF4]–DMF solution)
that the first reduction is bipy-localised while the second is
metal-localised. We contend that both processes involve the
same bipy-π*/Pt 5d/6p molecular orbital. A similar set
of results has been observed for the redox family [Rh(bipy)-
(cod)]�/0/� (cod = cycloocta-1,5-diene) where the mono-reduced
(uncharged) species is EPR active but the di-reduced (mono-
anionic) species is EPR silent.9 This behaviour stands in con-
trast to that of [Pt(4,4�-(NO2)2-bipy)Cl2] which undergoes four
one-electron reductions, where the E1 � E2 gap is much smaller
at 180 mV, and both the first and second reduction products are
EPR active.12 Hence for this complex the LUMO � SLUMO
gap is smaller than the spin-pairing energy and the two reduc-
tion electrons of the dianion enter different molecular orbitals.
Thus by judicious choice of the substituent X it is possible not
only to fine tune the electron accepting properties of the
[Pt(4,4�-X2-bipy)Cl2] system, but also to change the gross
nature of the accepting molecular orbitals.

ENDOR Spectroscopy of [Pt(4,4�-X2-bipy)Cl2]
� (X � H or

CO2Me)

The EPR results show that the total metal contribution to the
SOMO of [Pt(4,4�-X2-bipy)Cl2]

� is at most 12%. Thus, the bulk
of the electron density is carried in the ligand π* system.
ENDOR spectroscopy allows us to observe directly the inter-
action of the unpaired electron with ligand nuclei. Figs. 5(b)
and 6(c) illustrate the changes in the 1H ENDOR spectra of
complexes 5� and 7� when measured at regular intervals across
the EPR spectra. Each vertical slice represents a single ENDOR
spectrum. Note that each hyperfine interaction aH to a 1H
nucleus is manifested as a pair of resonances separated by
aH and centered on νH (the resonant frequency for the free
proton, 14.902 MHz at 3500 G). Representative ENDOR spec-
tra are shown in Fig. 7 (some spectra for 5� are also shown in
ref. 11).

Since the unpaired electron resides in a π* orbital the 1H 1s
orbitals cannot directly admix to the SOMO. Thus the observed
1H splittings must arise via spin polarisation of the unpaired
electron density in the corresponding carbon 2pz orbital. This
mechanism is well understood, and the local axes for the 1H
hyperfine matrix are expected to be: (i) co-parallel with the
direction of the 2pz orbital of the associated C atom, (ii) co-
parallel with the C–H bond, and (iii) perpendicular to (i) and
(ii).19 However, (ii) and (iii) can be skewed if there is signifi-
cant upe (upe = unpaired electron) density on neighbouring C
atoms.19

For the system in Fig. 1 this means that all the 1H positions
have a principal axis that is co-parallel with one of the molec-
ular axes: the z axis, perpendicular to the plane of the molecule.
The z axis corresponds to the high-field g value in the EPR
spectra. Since only a very small range of orientations will con-
tribute to the extremities of a powder EPR spectrum, a single
orientation type ENDOR spectrum will be observed at static
magnetic fields corresponding to gzz. Thus, the 1H hyperfine
couplings observed at gzz can simply be read from the ENDOR
spectra and are principal values. For example, for complex 5�

where there are four magnetically distinct ring 1H positions
(Fig. 1), four clearly resolved pairs of resonances are observed
at gzz (Fig. 7a). For 7� there are three magnetically distinct ring
1H positions, but only two pairs of resonances are clearly
observed at gzz (Fig. 7b). The third coupling must be consider-
ably smaller and obscured by the matrix signal (which arises
from the CO2Me groups and excess of NaBH4 in solution). The

other two principal axes for each of the 1H positions must lie
within the molecular xy plane, and hence will be observed in the
ENDOR spectra at static magnetic fields that lie between gyy

and gxx.
As the magnetic field is decreased from gzz a wider range of

orientations is selected, in the zx and zy planes, and con-
sequently the ENDOR spectra become more complicated. For
example, the outermost pair of resonances at gzz for complex 7�

(i.e. the biggest 1H hyperfine coupling) split into two separate
couplings as the field is decreased (Fig. 6c). These correspond
to orientations in the zx plane and the zy plane.20 One of the
pairs of lines moves apart to a maximum separation at ca. gxx

whilst the other pair decreases in separation to a minimum at
ca. gyy. These “turning points” correspond to the other prin-
cipal values for this particular 1H position. Thus, for this 1H we
can confidently measure the three principal values of the 1H
hyperfine matrix. Furthermore, for the following reasons we
can assign these splittings to the C(H)5 and C(H)5� positions.
(a) In EPR studies of the radical anion bipy� the largest 1H
couplings are observed to C(H)5,5�.21 (b) Density functional
theory (DFT) calculations on 5� predict the spin densities
about the ring to decrease in the order C5,5� > C2,2� >
N1,1� > C4,4� > C3,3� > C6,6�.11 Hence, we expect the largest
splittings to arise from C(H)5,5� (C2,2� are the bridge carbons
and have no attached 1H nuclei); (c) a very similar pattern is
observed for 5� (Fig. 5b). Assuming a similar spin distribution
in the two systems,† this rules out the C4,4� positions which are
blocked in 7�. (d) The local axes appear approximately to
coincide with the molecular axes, i.e. the turning points occur at
magnetic fields close to the three g values. Only the protons at
C5 and 5� come close to meeting this condition. With a N–Pt–N

Fig. 7 Representative 1H ENDOR spectra of (a) [Pt(bipy)Cl2]
� and

(b)–(d) [Pt(4,4�-(CO2Me)2-bipy)Cl2]
� in d7-DMF solution at 10 K.

Static magnetic fields correspond to (a) gzz, (b) gzz, (c) gxx and (d) gyy.

† EHMO calculations confirm the LUMO of complex 7 to be similar to
that of 5; C5,5� are the most significant of the three distinct C(H)
positions of 7, although the CO2Me groups also contribute significantly
to the π* orbital.22
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bite angle 11 of 80� the C–H bond would make an angle of ca.
10� to the molecular x axis.

With this assignment it seems likely that the next largest split-
tings observed in complex 5� (but not 7�) are from the C(H)4,4�
positions. This is supported by the fact that the maximum split-
ting is found approximately half-way between gxx and gyy, since
the C–H bond at this position makes an angle of ca. 50� to the
molecular x axis.

Positions C3,3� and C6,6� are expected to have very small upe
densities, and thus small 1H hyperfine couplings. This, together
with the 1H matrix signal, contributes to the central region of
the ENDOR spectra being very complicated and consequently
difficult to interpret.

Thus, the 1H hyperfine matrices for C(H)5,5� in complexes
5� and 7� have the principal values (4.5, 16.1, 10.2 MHz) and
(4.4, 14.8, 10.1 MHz), respectively. These would give rise to iso-
tropic values of 10.3 (3.7) and 9.8 MHz (3.5 G), respectively. It
is only possible to measure two of the three principal values
for C(H)4,4� in 5� with confidence, although the third value is
likely to be the smallest, giving the principal hyperfine values
(<3, 7.8, 5.8 MHz, and an isotropic value <5.5 MHz or <2 G).
The McConnell equation 23 allows us to calculate the upe den-
sity (ρC) in the carbon 2pz orbital contributing to the π system
from the value of the isotropic hyperfine coupling (aH) to the
associated α-proton, eqn. (4) where QH

CH is the coupling constant

aH = QH
CHρC (4)

for unit population of the carbon 2p orbital (ca. 23 G). Substi-
tuting the experimental values for aH gives ρC(5,5�) = 0.15 for
7�, and ρC(5,5�) = 0.16 and ρC(4,4�) < 0.09 for 5�. Thus, the C5
and C5� atoms in 7� carry 30% of the unpaired electron density
between them, while the C4,4�,5,5� positions in 5� account for a
total of up to 50% of the unpaired electron density. DFT Calcu-
lations predict ρC(5,5�) = 0.123 and ρC(4,4�) = 0.051 for 5�,
which constitutes a good agreement between experiment and
theory.

Conclusions
Electrochemical and UV/Vis spectroscopic data demonstrate
that the LUMO of [Pt(4,4�-X2-bipy)Cl2] can be varied over
a wide energy range (over 1 eV), and thus derivatisation of
the ligand at the 4,4� positions is a viable method for tuning
the physical properties of this class of compound. The EPR
and ENDOR data of the one-electron reduced [Pt(4,4�-X2-
bipy)Cl2]

�, while showing minor variations through the series,
show that the MO composition of the SOMO does not change
significantly. Taking advantage of the orientation selectivity of
the ENDOR technique allows us to determine that the C5 and
C5� ring positions contribute more to the redox-active orbital
than C4,4�. We might therefore expect that the electronic
properties of the system will be more sensitive to substituents
in the C5,5� positions. We are now investigating this effect.
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