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Paramagnetic Platinum-Rhodium Octamers
Bridged by Halogen Ions To Afford a Quasi-1D
System™**

Kazuhiro Uemura, Koichi Fukui, Hiroyuki Nishikawa,
Saiko Arai, Kazuko Matsumoto,* and Hiroki Oshio

One-dimensional (1D) materials have long fascinated phys-
icists and chemists because of their unusual physical proper-
ties.?l Tt has been recognized that stacks of mixed-valent
organic and inorganic molecules exhibit unusual electrical
properties owing to the alternate donor—-acceptor interactions
within the stack column, as found in [(TTF)(TCNQ)] (TTF =
tetrathiafulvalene, TCNQ = tetracyanoquinodimethane),
square-planar [Pt(CN),]", and K,[Pt(CN),]X,; (X=Cl,
Br).’) The future goal in this area is to prepare “synthetic
metals” and establish the superconducting state in low-
dimensional materials.’! To rationally synthesize 1D chains
of conducting materials, a judicious choice of mixed-valent
metal complexes (Pt, Rh, etc.) is necessary.[*! “Platinum blue”
has a linear tetranuclear metal-metal bonded backbone with
mixed valency (Pt***),, and the one unpaired electron of the
complex is delocalized over the four platinum centers,>
whose redox properties based on Pt"™™ have been well-
studied and applied to catalysis.’! Introduction of this
fascinating structure into 1D conducting materials has, to
our knowledge, not been attempted. Herein, we report the
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synthesis, X-ray crystal structure analysis, and magnetic
properties of the infinite chain of Pt;Rh, moieties bridged
by CI” ions.

Our strategy for the synthesis of a 1D chain is to rationally
align dinuclear basic units doubly bridged with amidate
ligands as found in platinum blue backbones. We previously
reported the synthesis and structure of [Pt(PVM),-
(NH,),]-2H,0 (1, PVM = pivalamidate),” which can easily
bind a second metal ion with the noncoordinated oxygen
atoms of the amide moieties!® to afford various dinuclear and
trinuclear Pt complexes (Scheme 1).”) For example, a simple
mixture of 1 and RhCl;-:3H,0 in MeOH provides the
dinuclear complex, [PtRh(PVM),(NH;),Cl;].1% Such facile
dimerization is attributed to the thermal instability of 1 in the
solution state which is manifested by the release of PVM upon
addition of excess NaPF, to 1 in MeOH!! to give yellow-
green crystals of [Pt,(PVM),(NH,),](PF¢),H,O (2). The
oxidized 2—platinum blue—was synthesized from the reac-
tion of 1 and the hydrolysis product of cis-[PtCl,(NHj;),] and
was isolated as dark green [Pt,(PVM),(NH;)s](PFs)s-
(Cl04)-2H,0 (3). Figure 1 shows the crystal structures of 2
and 3. Both single crystals of 2 and 3 consist of tetranuclear
platinum chains (Figure 1a and c). It is known that tetrapla-
tinum chain structures are achieved only with head-to-head
(HH) dimers and that dimer—dimer interactions are generally
stabilized by a Pt—Pt bond and/or four hydrogen bonds

a) ) Piz) Ni3)
M5 ﬂlII(HI
Pt2*
k‘)m, c[?“' m.w i 2.9546(11)
P11}y Pt_z.
le1j H
P 3.1256(12)

o P
3%{‘; \ ¢ \' i 2.9546(11)

b)

%
"‘D’L ﬁi i
K 1%

=

=

HeN= N
+MR, —~n=9
PtM = 21 3: .-F-NHa
HaN P "': N=" Pt“"‘NH;
HaM |
o]
o HaM - N
+MA, |..|gh|-"'PI ""'NS
=1 s o]
PtM 1 ;_.v M —)

heterometal

homaormetal

Scheme 1. Reaction scheme for [Pt(PVM),(NH;),]-2H,0 (1), which can
easily bind a second metal ion to afford various di- and trinuclear Pt
complexes as shown.

formed between the oxygen atoms of the amidate and the
hydrogen atoms of the ammine ligands. These tetranuclear
structures are essentially identical to those reported previ-
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Figure 1. a) Crystal structure and b) packing diagram of [Pt,(PVM),(NH;)](PFs),-H,O (2), and c) crystal structure and d) packing diagram of [Pt,-
(PVM),(NH;) 5] (PFe)4(ClO,)-2H,0 (3, platinum blue). Schematic drawings for the oxidation states of platinum atoms and metal-metal bonding
lengths are also shown in (a) and (c). Hydrogen atoms, PF~ and ClO, ions, and solvent molecules (H,O) are omitted for clarity.
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ously with other amidate ligands.*!>'3 Each platinum atom in
the dimer is cis-coordinated to two ammine ligands and to
either two oxygen atoms or two deprotonated nitrogen atoms
of the PVM ligands. X-ray diffraction analysis revealed that
four PF,~ anions are present per tetranuclear unit in 2 and 3,
with an additional ClO," ion present in the latter structure,
and therefore the average oxidation state of platinum in 2 and
3is +2 and +2.25, respectively. In both crystal structures,
the tetrameric platinum units are packed without significant
interaction with each other (Figure 1b and 1d).

The precursors to the two complexes, dinuclear [PtRh-
(PVM),(NH;),Cl;] and tetranuclear 2, were mixed together in
a vessel, and brown single crystals of {[PtRh(PVM),-
(NH,),CL sL,[Pt,(PVM),(NH;),],(PFe)s2MeOH-2H,0},  (4)
with metallic luster were successfully obtained upon evapo-
ration of the solution in air. Figure 2 shows the crystal
structure of 4. The most remarkable structural feature is that
the complex cation is an infinite repetition of the octameric
segment of PtgRh, bridged by the Cl™ ion, with a crystallo-
graphic inversion center at the center of the octamer. The
PtsRh, octameric segment consists of four dimeric units (inner
dimers; Pt(1)-Pt(2), Pt(1')—Pt(2’), outer dimers; Rh(1)—
Pt(3), Rh(1)—Pt(3’)), each doubly bridged by PVM ligands.
The inner tetrameric platinum unit (Pt(2)-Pt(1)-Pt(1")-Pt(2’))
has a structure that is quite similar to those of 2 and 3. The
central interdimer interaction is reinforced by four hydrogen
bonds between the oxygen atoms of PVM and the hydrogen
atoms of the ammine ligands. The distance between the PVM-
bridged platinum atoms (Pt(1)—Pt(2): 2.8450(7) A) is shorter
by 0218 A than the inner Pt(1)-Pt(1’) distance of
3.0634(10) A. The outer dimers, [PtRh(PVM),(NH,),CL]"*
(Pt(3)-Rh(1) 2.5987(11) A), are bonded to both ends of the
tetranuclear platinum unit at a Pt(2)—Rh(1) distance of
2.7337(11) A and a typical torsion angle of 45°. Additionally,
the Pt;Rh, octameric segments are bridged by CI™ ligands
(Pt(3)—CI(3) 2.5959(6) A) to give a very attractive pseudo-1D
infinite chain expressed as [-Pt-Rh-Pt,-Rh-Pt-Cl-],. Three
types of crystal structures based similarly on the tetrameric
platinum unit have been reported to date, namely 1) the
octameric platinum oligomer,"! 2) the Cl~-bridged platinum
tan®? like M,X-type chain, and 3)the infinite platinum
wire.™ In contrast, the present system is a quasi-1D system,
which is distinct from the previous systems on the grounds
that two kinds of metals are conjugated in the system which
leads to the unique metal-metal interactions and magnetic
properties observed.

Table 1 summarizes the selected bond lengths and angles
of the tetrameric platinum units in 2-4. Both the inter- and
intradimer Pt—Pt distances in 4 are slightly longer than the
corresponding lengths of 3, but still much shorter than those
in 2. Also, the lengths of the hydrogen bonds observed
between the amide oxygen and ammine nitrogen atoms in the
interdimers in 4 are intermediate between the lengths of the
corresponding bonds in 2 and 3. The tilt angle (7) between the
Pt(1) and Pt(2) coordination planes increases as the Pt—Pt
distance increases, as observed also in the series o-pyr-
rolidonate-tan,® -blue,®? and -yellow.'”! The charge of +
19 for the PtsRh, octameric segment in 4 was determined
from the number of independent PF,~ ions, which is exactly
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Figure 2. a) Crystal structure of {[PtRh(PVM),(NHj;),Cl,s],[Pt,(PVM),-
(NH;) Jo(PFe)s2 MeOH-2H,0}, (4) with a schematic drawing of the
metal-metal bond lengths (hydrogen atoms, PF,~ ions, and solvent
molecules (MeOH and H,0O) are omitted for clarity). b) Crystal packing
diagram of the 1D chains in 4 (PFs~ ions and solvent molecules
(MeOH and H,0) are omitted for clarity).

Table 1: Selected bond lengths [A] and angles [°] for 2, 3, and 4.

2 3 4
Pt(1)—Pt(2) 2.9546(11) 2.8039(9) 2.8450(7)
Pt(1)—Pt(1") 3.1256(12) 2.8603(12) 3.0634(10)
hydrogen bonds 2.96, 2.96, 2.78, 2.78, 2.91, 2.91,
(NH---O) 2.98, 2.98 2.85, 2.85 2.91, 2.91
tilt angle (7) 273 21.8 23.1
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six, in the X-ray refinement of the ion occupancies. These
results provide convincing evidence that the material is
composed of Pt and Rh atoms with one unpaired electron
per Pt;Rh,ClI unit. The increase in the Pt—Pt distance with a
decrease in the average oxidation state of platinum is widely
observed in this class of compound.'*! Assuming this
relationship holds in 4, the average oxidation state of the
inner tetrameric platinum unit in 4 appears to be between
+2.0 and +2.25.

Figure 3 shows the EPR spectra of 3 in a water/ethylene
glycol (1:1 v/v) glass and powder samples of 3 and 4 measured
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Figure 3. Continuous wave EPR spectra measured at 77 K for a) 3 in a
water/ethylene glycol (1:1 v/v) glass, b) 3 (powder sample), and c) 4
(powder sample). Experimental settings: microwave frequency:
9.1826 (a), 9.2022 (b), and 9.1988 GHz (c); microwave power: 5 m\;
field modulation (100 kHz): 0.1 mT. Asterisks indicate the platinum
blue impurity (around 270 mT); solid lines are the measured spectra,
and dotted lines are the simulations.

Pt* Rh** Pt*),
'._'-‘;:_ dz2
; ,-';“14— dyy
dz— - H-
dhy 4 -

FHE dyz.dzx

b e 4 4

Rh* Pt*
dzz —-._';.
ey ——1 :
Ly A a2 exchange
Ly g
_“_ Oy
dyz.dzx $HE
#H! dyz.dzx
dxy t e

at 77 K. The EPR spectrum of 3 in the glass exhibits sharp
perpendicular and parallel peaks, each split into at least nine
lines due to '°Pt nuclei (I = 1/2 with an abundance of 33.7%).
The EPR parameters have been determined by computer
simulations as g, =2.393, g,=1.979, A,, =429 MHz, A, =
499 MHz, A,, =861 MHz, and A, =679 MHz. These values
are similar to those reported for platinum blue./™!” Powdered
3 shows a broad axial-type signal with no resolved hyperfine
splittings (g, =2.350, g,;=2.030; peak-to-peak line width,
W, =12.5mT, W;=12.5 mT), whereas the powder sample of
4 exhibits a much broader (W=45.0 mT) signal centered at a
smaller value of g,, (g,,=2.032).

The g values obtained for 3 are well interpreted in terms of
a d-hole state (the z axis lies along the mean Pt chain) with
an admixture of the lower-lying d,, and d,, states due to spin—
orbit coupling.™™ Typical examples for d.-type Pt complexes
are Pt"-doped [Pt(NH,),][PtCl,] (g, =2.504, g;=1.939, g, =
2.316),1°! cis-diammineplatinum o-pyridone blue (g, =2.381,
g =1975, g,,=2.246), and [K,Pt(CN),Br,;]-3H,0 (KCP,
g, =2336, g, =1.946, g,,=2.206)."71 All these values are
attributed to the d_-hole state of Pt"™. On the other hand, the
EPR spectrum of 4 is quite different from that of 3 and
features 1) a relatively small g,, value and 2)a broad
spectrum profile. If it is taken into account that the g,
value of 4 (g,,=2.032) is much smaller than those of the d.-
type Pt complexes, it is unlikely that the unpaired electron
occupies the d_. state in 4. It is important to note that the d_»-
type Rh" complexes exhibit a relatively large g,, value in
similar fashion to Pt"™ (e.g. g, =2.176 for [(TTiPP)Rh"]
(TTiPP = tetrakis(1,3,5-triisopropylphenyl)porphyrin)).l'¥!
Considering the small g,, value of 4, which is different from
both Pt™ and Rh", the singly occupied orbital in 4 is
attributed most likely to the Rh" d,, orbital, which is raised
in energy above d,. through s interactions with the amidate
ligands (Scheme 2). The broad nature of the EPR spectrum of

Scheme 2. Molecular orbital diagram of {[PtRh(PVM),(NH;),Cl,s],[Pt,(PVM),(NH;),],(PFe)s:2 MeOH-2H,0}, (4) with schematic structural view.
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4 can be attributed to a long-distance exchange interaction.
The magnetic susceptibility measurement of 4 shows that the
Uerr (o< (xT)"?) value decreases with a decrease in temper-
ature.! The plot of 1/y,, versus T follows the Curie-Weiss law
with a Weiss constant 6= -31.9 K, which indicates an
antiferromagnetic interaction between the paramagnetic
Pt;Rh, segments.

Additionally, the single-crystal electrical conductivity of 4
(four probes, direct current) revealed semiconducting char-
acter of the material (3.52x107°Scm™) at room temper-
ature.””) Compound 4 shows a typical semiconducting behav-
ior in the temperature range measured (267-295 K), and the
activation energy was estimated as 1.0 eV (see Supporting
Information).

In summary, the present results demonstrate that the
linear chain structure of the amidate-bridged platinum
tetramer can be extended to the octameric segment Pt;Rh,,
which is further extended infinitely by Cl~ bridges. The Pt—Rh
bond between the Pt—Rh dimer and the Pt tetramer is the first
example of metal-metal bond formed between the tetranu-
clear platinum chain and any other metal, and suggests that by
selecting suitable metal ions the tetranuclear platinum chain
can be incorporated into a longer chain by metal-metal
bonds. Note, in complex 4 the unpaired electron does not
occupy the d_. orbital of the tetranuclear platinum chain!™
but, different from our expectation, occupies the d,, orbital of
the rhodium atom and hops from one rhodium atom to
another. This type of long-distance exchange is rare and
possibly leads to new electric and magnetic properties.
Attempts to prepare a wider variety of heterometallic chain
complexes by tailoring the ligands and selecting suitable
metals are currently in progress.

Experimental Section

[Pt,(PVM),(NH,),](PFs),-H,O (2): NaPF, (0.5 mmol, 0.084 g) was
added to a solution of [Pt(PVM),(NH;),]-2H,0 (0.1 mmol, 0.047 g) in
MeOH (2 mL). Yellow-green square crystals were obtained after one
month (20%  yield). Elemental analysis (%) caled for
CyHgsF2N,OgP,Pt,: C 12.43, H 3.55, N 8.70; found: C 12.58, H
3.34, N 8.08; IR (KBr pellet): #: C=O stretching, 1622 cm™! (m),
1583 cm™' (s); PF, ion, 841 cm™ (vs).

[Pt,(PVM),(NH,);](PF,),(ClO,)2H,0 (3): AgClO, (2 equiv,
1.0 mmol, 0.207 g) was added to an aqueous solution (2 mL) of cis-
[Pt(NHj;),ClL,] (0.5 mmol, 0.150 g), and the mixture was stirred for
18 h in the dark. AgCl was then removed by filtration, and the
colorless filtrate was warmed at 40°C for 30 min before the addition
of 1 equiv of [Pt(PVM),(NHj;),]-2H,0 (0.5 mmol, 0.235 g) and NaPF,
(1.0 mmol, 0.167 g). The mixture was stirred at 40°C for a further
14 h, then the solution (dark blue) was left to stand for a week before
dark blue crystals were separated (61 % yield). Elemental analysis
(%) caled for C,)HgsCIF,,N,,0,,P,Pt,: C 11.82, H 3.37, N 8.27; found:
C11.89,H3.27,N 7.73; UV/Vis (KBr pellet): A, =621 nm; IR (KBr
pellet): #: C=0 stretching, 1637 cm™' (m), 1583 cm™! (s); ClO,” ion,
1097 cm™! (s, br); PF~ ion, 843 cm™ (vs).

{[PtRh(PVM),(NH;),Cl, s|,[Pty(PVM),(NH;),]o(PFs)6-
2MeOH-2H,0)}, (4): RhCL-3H,0 (0.05 mmol; 0.013 g) in MeOH
(ImL) was added to a solution of [Pt(PVM),(NH;),]-2H,O
(0.1 mmol, 0.047g) and NaPFg (0.5mmol, 0.084¢g) in MeOH
(1 mL). The mixture was placed in a tube for a month. Dark brown
crystals formed during this time and were separated, washed with
water, and dried (22% yield). Elemental analysis (%) calcd for
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CyH 55CLsF3N»O1,PgPtsRh,: C 14.29, H 3.66, N 7.94; found: C 14.07,
H 3.57, N 8.16; UV/Vis (KBr pellet): 1,,,, =475 nm, 599 nm, 720 nm
(sh); IR (KBr pellet): #: C=0 stretching, 1647 cm™' (m), 1566 cm™
(s); PFy ion, 841 cm™ (vs).

Crystal structure determination for 2-4: Measurements were
carried out on a Bruker SMART APEX CCD diffractometor
equipped with a normal focus Mo-target X-ray tube (1 =0.71073 A)
operated at 2000 W power (50 kV, 40 mA) and a CCD two-dimen-
sional detector. A total of 1315 frames were collected with a scan
width of 0.3° in w with an exposure time of 20 (2), 40 (3), and 60 (4) s
per frame. The frames were integrated with the SAINT software
package with a narrow frame algorithm. Absorption correction was
applied by using SADABS. All the structures were solved by direct
methods with subsequent difference Fourier syntheses and refine-
ment with the SHELXTL (version 5.1) software package. Non-
hydrogen atoms were refined anisotropically, and all hydrogen atoms
were placed in the ideal positions.

Crystal data for 2: C,yH,,F,N4O;P,Pt,, M,, = 952.44, monoclinic,
space group I2/a, a=11.461(4), b=18.095(6), ¢ =26.256(10) A, f =
98.543(6)°, V=5385(3) A%, Z=8, peea=2350 gcm™>, p(Mog,)=
10.605 mm™, F(000) = 3520, crystal size: 0.60 x 0.50 x 0.05 mm’®, T=
120 K; A(Moy,) =0.71073 A, Opin-max = 1.4-27.5°, total data = 14338,
unique data=5795, R;, =0.0583, observed data (I>20(l))=4898,
R=0.0750, R, =0.1961, GOF = 1.066.

Crystal data for 3: C, H,CIF,N,0,\P,Pt,, M, =2004.33, tri-
clinic, space group P1, a=14.231(3), b=14.722(3), c =15.642(3) A,
a="75.007(3), B =84.237(3), y =73.648(4)°, V=3036.3(10) A, Z=2,
Peatea=2-192 gecm ™, W(Moy,) =9.457 mm™', F(000)=1858, crystal
size: 0.50x0.40x0.10 mm®, T=120K; A(Moy,)=0.71073 A, 6.,
max = 2.4-26.9°, total data=18819, unique data=12951, R, =
0.0433, observed data (I>20(l))=8401, R=0.0621, R,=0.1666,
GOF =1.055.

Crystal data for 4: C,Hg,ClsF3sNyO,PePtsRh,, M, =3480.69,
monoclinic, space group C2/c, a=24.956(3), b=12.3284(14), c=
34205(4) A, B=106377(2)°, V=100972) A, Z=4, pau=
2290 gem >, w(Mog,) =8.945mm !, F(000)=6500, crystal size:
0.60x 0.05x0.05 mm®, T=120K, A(Mo,)=0.71073 A, Opinmax =
2.0-27.0°, total data=30284, unique Data=11307, R;,=0.0844,
observed data (I>20(l))=7669, R=0.0719, R,=0.1785, GOF =
1.037.

For 2, atoms C4, C8, and F10 were refined isotropically. For 3,
atoms C4, F24, O9, and O10 were found in the final stage, and thus
their atom positions were isotropically refined under rigid condition.
For 4, atoms N1, N5, N10, C16, C19, and C20 were refined
isotropically. CCDC-265911 (2), CCDC-265912 (3), and CCDC-
265913 (4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

UV/Vis reflection spectra were recorded on a Shimadzu UV-
3101PC spectrophotometer over the range from 400 to 800 nm at
room temperature. IR spectra were recorded on a JEOL WINSPEC-
50 spectrometer with the samples prepared as KBr pellets. X-band
EPR spectra were recorded on a JEOL JES-PX1060 spectrometer at
77 K. Magnetic susceptibility measurements were carried out in the
temperature range 2-250 K with a magnetometer MPMS-7 (Quan-
tum Design) equipped with a SQUID sensor.
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