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The mononuclear Pt(III) complex, [Pt([9]aneS3)2]
3+

, has been

isolated and characterised by X-ray crystallography; its electro-

nic structure determined by EPR spectroscopy and DFT

calculations.

Complexes incorporating a formal Pt(III) centre are rare and are

dominated by reports of Pt(III)–Pt(III) or Pt(II)–Pt(III) dimers.1–3

These dimers contain Pt centres bound by ligands such as

C6F5
� 1 and 2-hydroxypyridinate,2,3 or Pt centres bound by

direct metal–metal bonds as in [Pt2Cl6{HNQC(OH)C(CH3)3}4]
4

and [Pt2(m-PPh2)2(C6F5)4].
5 Square planar mononuclear Pt(III)

complexes include [Pt(C6Cl5)4]
�,6 [Pt(mnt)]� 7,8 (mnt = maleo-

dinitrile-dithiolato) and Pt[(dcbdt)2]
� 9 (dcbdt = dicyanobenzo-

dithiolato), the electronic structures of which are extensively

delocalised across the ligands. Noticeably absent from the

literature is a fully characterised six co-ordinate mononuclear

Pt(III) complex.

As part of our on-going studies of complexes containing

unusual metal oxidation states,10 we were interested in defin-

ing the extent to which homoleptic S6 thioether co-ordination

stabilises Pt(III). We report herein the structural and electronic

properties of the first six co-ordinate Pt(III) complex,

[Pt([9]aneS3)2](PF6)3 ([9]aneS3 = 1,4,7-trithiacyclononane).

While [Pt([9]aneS3)2]
3+ has been implicated in electron trans-

fer studies involving [Pt([9]aneS3)2]
2+ in aqueous and MeCN

solutions,11 this species has not been isolated in the solid state

previously nor characterised comprehensively.

Diamagnetic [Pt([9]aneS3)2](PF6)2 (1) was prepared by the

reaction of [9]aneS3 with PtCl2 in H2O–CH3OH and an excess

of NH4PF6. A single crystal of [Pt([9]aneS3)2](PF6)2�2MeCN

(1�2MeCN) was obtained by diffusion of Et2O into a solution of

the complex in MeCN at room temperature. The crystal struc-

ture (Fig. S1 in ESIw) reveals an approximate square planar

arrangement around the Pt(II) centre with Pt–S(4) = 2.2925(10),

Pt–S(7) = 2.2995(10) Å and Pt� � �S(1) = 3.057(6) Å,

S(4)–Pt–S(7) = 89.20(4)1.

The cyclic voltammogram of 1 in MeCN containing 0.2 M

NBu4PF6 at a scan rate of 100 mV s�1 (Fig. S2 in ESIw) shows
an oxidative process at Ep

a = +0.37 V vs. Fc+/Fc at 298 K

and a corresponding reduction atEp
c=+0.22 V (DE=142mV).

Oxidation of the complex at +0.6 V vs. Fc+/Fc results in the

formation of a colorless solution that was EPR-silent at room

temperature and at 77 K. Coulometry confirms that the

oxidation of 1 at Ep
a = +0.37 V is an overall two-electron

process. These results are consistent with the formation of a

Pt(IV) species, and UV/Vis spectroelectrochemistry using an

optically transparent electrochemical (OTE) cell confirmed

that this oxidation process is chemically reversible at 243 K

and progresses via the formation of an intermediate species

(Fig. 1). This intermediate is characterised by the emergence of

a unique band at 396 nm (e = 5700 M�1 cm�1) that develops

early on in the oxidation then diminishes in intensity as the

electrolysis progresses. This band is not present in the UV/Vis

spectrum of the fully oxidised species. The electrochemical

oxidation of 1 in MeCN by one electron yielded an intensely

yellow coloured EPR-active solution, consistent with the

formation of [Pt([9]aneS3)2](PF6)3 (2).

Single crystals of [Pt([9]aneS3)2](PF6)3�MeCN (2�MeCN)

(Fig. 2) were grown as dark yellow plates by vapour diffusion

of Et2O into a solution of 2 generated by the one-electron

oxidation state of 1 in MeCN containing 0.1 M NBu4PF6. The

X-ray crystal structure shows a distorted octahedral stereo-

chemistry at the Pt centre. The asymmetric unit contains one

[Pt([9]aneS3)2]
3+ cation, three PF6

� anions and one MeCN

Fig. 1 In situ UV/Vis absorption spectrum of [Pt([9]aneS3)2](PF6)2 in

MeCN (0.2 M NBu4PF6, 243 K) upon oxidation at +0.69 V

(vs. Fc+/Fc).
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solvent molecule. The Pt centre is bound by six S-donors from

two ligands in a distorted octahedron. The Pt–S distances

[Pt–S(1) = 2.5832(14), Pt–S(10) = 2.5762(13), Pt–S(4) =

2.3467(15), Pt–S(40) = 2.3445(14), Pt–S(7) = 2.3423(13),

Pt–S(70) = 2.3442(14) Å] and bond angles [S(10)–Pt–S(1) =

177.62(6), S(40)–Pt–S(4) = 178.88(6), S(70)–Pt–S(7) = 178.70(5),

S(40)–Pt–S(1) = 94.04(5), S(70)–Pt–S(1) = 93.41(5), S(4)–Pt–S(1)

= 87.08(5), S(7)–Pt–S(1) = 87.88(5)1] show an overall axial

compression of the co-ordination sphere compared to that of

[Pt([9]aneS3)2]
2+ in 1�2MeCN. Thus, going from Pt(II) to Pt(III)

results in a shortening of the axial Pt–S interactions and an

elongation of the Pt–S equatorial bonds consistent with a

Jahn–Teller distorted d7 Pt(III) centre.

The frozen solution X-band EPR spectrum of

[Pt([9]aneS3)2]
3+, prepared electrochemically or by chemical

oxidation of 1 with HClO4, is rhombic and exhibits clearly

resolved 195Pt coupling in the high-field feature (195Pt I = 1/2,

33.8%, 66.2% I = 0). Simulation of the spectrum12 provided

estimates of the spin Hamiltonian parameters (Fig. 3). Only

the high-field Pt (I = 0) feature exhibits superhyperfine

coupling which was simulated by the inclusion of coupling

[aii(
1H)] to four equivalent 1H nuclei. We included A-strain

(ASii)
13 in the 195Pt component in addition to the usual

inhomogeneous line-broadening (Wii, i = x, y, z) in our

simulations. We were unable to determine the relative signs

of the principal values of the 195Pt hyperfine tensor because of

the poor resolution of the fluid solution EPR spectrum of

[Pt([9]aneS3)2]
3+ in HClO4 (Fig. S4 in ESIw).

In order to interpret the EPR spectrum of [Pt([9]aneS3)2]
3+

we followed our approach developed for the related d9 species

[Au([9]aneS3)2]
2+.10b Thus, gxx and gyy are assigned to orien-

tations lying in the equatorial PtS4 plane, with gzz perpendi-

cular to this plane. Crystal field theory arguments place the

unpaired electron in the Pt 5dz2 orbital. DFT calculations are

consistent with this interpretation, predicting that the domi-

nant metal component of the SOMO is 5dz2 (see below). In this

case, the principal components of the g and A-matrices are

given by eqn (1) and (2), respectively:14

gxx = ge + 6dxy

gyy = ge + 6dxz (1)

gxx = ge

Axx ¼ As þ Pd
�2
7

a2 þ Dgxx þ
1

14
Dgyy

� �

Ayy ¼ As þ Pd
�2
7

a2 þ Dgyy þ
1

14
Dgxx

� �

Azz ¼ As þ Pd
4

7
a2 � 1

14
ðDgxx þ DgyyÞ

� �
ð2Þ

where ge is the free electron g-value, Dgii are the shifts in the

g-values from ge, Pd is the electron–nuclear dipolar coupling

parameter for Pt 5d electrons, and a is the linear combination

of atomic orbitals (LCAO) coefficient of the Pt 5dz2 orbital in

the SOMO. The di terms are the weighted average ground

state-excited state energy gaps:

di ¼
X
ka0

lc2ik
E0 � Ek

where l is the spin–orbit coupling constant for Pt 5d electrons,

and cik is the LCAO coefficient of the ith atomic orbital in the

kth molecular orbital. AS is the isotropic Fermi contact term

given by:

As ¼ hAi � Pd
Dgxx þ Dgyy þ Dgzz

3

� �
ð3Þ

We would expect gxx and gyy 4 2.0023 and gzz = 2.0023. Our

simulated spectrum reveals a significant negative contribution

to Dgzz that may result from limitations of the first order

treatment that neglects second order spin–orbit coupling and

low energy LMCT in complexes containing heavy transition

metal centres co-ordinated by thioether ligands.10b In addi-

tion, eqn (1) and (2) assume that the principal axes of the

g- and A-matrices are coincident and we have assumed this to

be the case experimentally because we achieve good simulations

without including non-coincidence effects. However, it

should be noted that this situation is not required for the

Fig. 2 A view of the [Pt([9]aneS3)2]
3+ cation in 2�MeCN; displace-

ment ellipsoids are drawn at the 50% probability level and hydrogen

atoms are omitted for clarity.

Fig. 3 (a) X-Band EPR frozen solution spectrum of [Pt([9]aneS3)2]
3+

at 77 K in HClO4. (b) Simulated spectrum with gxx = 2.047, gyy =

2.031 and gzz = 1.980; |Axx|(
195Pt) = 50, |Ayy|(

195Pt) = 3 and

|Azz|(
195Pt) = 80 � 10�4 cm�1; |axx|(

1H) = 0.0, |ayy|(
1H) = 0.0 and

|azz|(
1H) = 4.3 � 10�4 cm�1. Gaussian linewidths: Wxx = 45, Wyy =

48 and Wzz = 9 MHz. A-Strain in the 195Pt component: ASxx = 30,

ASyy = 30 and ASzz = 60 MHz. From our simulations and simulated

line-widths we estimate errors of �0.001 and �5 � 10�4 cm�1 for the

principal components of the g- and A-tensors, respectively.
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non-symmetric [Pt([9]aneS3)2]
3+ because all of the 5d orbitals

can mix. This scrambling of d-orbital functions can give rise to

g- and A-matrix non-coincidence effects.10b DFT calculations

(see later) suggest that the dominant contribution to the SOMO

is 5dz2 (30.4%) and that there are negligible contributions from

the other 5d orbitals. Thus, non-coincidence effects in

[Pt([9]aneS3)2]
3+ are likely to be minor.

A combination of eqns (2) and (3) gives:

Azz ¼ hAi þ Pd
4

7
a2 � Dgzz

3
� 17

14
ðDgxx þ DgyyÞ

� �
ð4Þ

We used a calculated value of Pd = 590.4 � 10�4 cm�1 for the

Pt(III) with a d7 configuration using Rieger’s methodology15 to

derive estimates of a2 from the spin Hamiltonian parameters

derived from simulation using combinations of Aii with differ-

ing signs in eqn (4). We obtained realistic estimates of a2 of

0.25 and 0.24 by using Axx = +80, Ayy = �3 and Azz =

�50 � 10�4 cm�1, and Axx =+80, Ayy =+3 and Azz = �50
� 10�4 cm�1, respectively. Thus, after including our estimated

errors in the spin Hamiltonian parameters we place an upper

limit on a2 of 0.25 in the SOMO.

We have shown that ZORA SR DFT calculations employ-

ing all-electron TZP basis sets derived from the ZORA/TZP

database of the ADF suite of programs can reproduce the

principal features of the geometric and electron structures of

[Au([9]aneS3)2]
2+ and [Ag([18]aneS6)2]

2+.10b The experimen-

tal and calculated structural parameters for the PtS6 co-

ordination sphere of a model of [Pt([9]aneS3)2]
3+ using this

level of theory are compared in Tables S1 and S2 (see ESIw).
For [Pt([9]aneS3)2]

3+, the calculations reveal axial and equa-

torial Pt–S distances that are 0.10 and 0.06 Å longer, respec-

tively, than those in the experimentally determined structure of

[Pt([9]aneS3)2]
3+ in 2�MeCN and S–Pt–S bond angles that

differ by ca. 21 from their counterparts in the experimental

structure. The ability of the DFT calculations to reproduce the

principal features of the geometry of [Pt([9]aneS3)2]
3+ and the

experimental validation of the approach for

[Au([9]aneS3)2]
2+,10b suggest that these DFT calculations are

of sufficient quality to permit a qualitative understanding of

the electronic properties of [Pt([9]aneS3)2]
3+. The calculations

reveal a SOMO that is 30.4% Pt 5dz2, 47.5% axial S 3p and

12.1% equatorial S 3p in character and identify four H-atoms,

associated with the ligand backbone, which are the only

protons that possess significant spin density (Fig. 4). The

calculations indicate that these protons are those responsible

for the superhyperfine coupling observed in the EPR spectrum

of [Pt([9]aneS3)2]
3+ (Fig. 3).

In summary, we have prepared and structurally charac-

terised 2�MeCN as the first complex that contains a Pt(III)

centre in a distorted octahedral S6 geometry. EPR spectro-

scopy and DFT calculations show that [Pt([9]aneS3)2]
3+ pos-

sesses a Pt 5dz2 ground state with significant axial S-character

in the SOMO. These results demonstrate the versatility of

thioether macrocycles as ligands to stabilise metal centres in

highly unusual oxidation states.
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