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The electron-transfer capacity of molecular rectangle ions [Pt,(PEts)s(te-anth?~),(u-L),]** with anth = anthracene-
1,8-diyl and L = 4,4'-hipyridine (bp) or 1,2-bis(4-pyridyl)ethene (bpe) was investigated in acetonitrile and dichloro-
methane using cyclic voltammetry, EPR, and UV-vis—near-IR spectroelectrochemistry. The compounds can be
reversibly reduced, first in a two-electron process and then via two closely separated one-electron steps. Oxidation
was also possible at rather low potentials in a reversible two-electron step, followed by an electrochemically irreversible
process. The spectroscopic results indicate reduction at the neutral acceptor ligands L and oxidation at the formally
dianionic anthracene “clips”. In contrast, the prototypical molecular square {[Pt(triphos)(«-bp)]s} & undergoes only
irreversible reduction.

Introduction revealed the stepwise and site-specific uptake of eight

Molecular squares and rectangles with metal corners and€/€ctrons by the bridging ligands in this supramoleéule.
unsaturated ligand sides have become a representative class USiNg two recently reportédmolecular rectangle ions
of “supramolecular” speciésin addition to the remarkable [Pt 4(PEB)s(u-anttt")x(u-L);]*" (as hexafluorophosphate salts)
self-assembly formation reactions and the unusual structuresW'th four platinum(ll) corners, two facing acceptor sides L
these systems have attracted attention due to their potennaf = bp (1) or L = bpe @)), and two anthracene-1,8-diyl
for the molecular recognition of substrafefyr interaction

with light (antenna functionj,and for intramolecular mag- PEty e N PEts _|
netic exchange couplifgHowever, there have not been O Fl’t—NQ—CN—PIt O

many studies of the electron-transfer behavior of molecular PEts = PE

squares or rectanglés;a recent investigation of the neutral O Pty PEt3 (PFels
tetrarhenium(l) rectangle [REO)x(u-bp)(u-bpym)] (bp O Bt ND_CN bt

= 4,4-bipyridine and bpym= 2,2-bipyrimidine) has
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Figure 1. Cyclic voltammograms of compound in CH3CN/0.1 M

BusNPFs at a scan rate of 200 mV/s. Electrode adsorption of the four-

electron-reduced species is evident from the increase of the return peak at

—1.4 V after a delay timefdb s at—2.4 V.

to multiple reduction. Spectroelectrochemical techniques
involving an optically transparent thin-layer electrode
(OTTLE) cell as well as EPR spectroscopy of the paramag-
netic intemediates served to establish the location of indi-
vidual electron-transfer processes.

We also report results from studies of the prototypical,
structurally well characterized molecular squgiet(triphos)-
(u-bp)la} 8t (3),” which helped to start the research fiéld.

Experimental Section

Complexes.The tetraplatinum(ll) complexek® 2,6 and3” have
been described.

Instrumentation. EPR spectra were recorded in the X band on
a Bruker System ESP 300 equipped with a Bruker ER035M gauss
meter and a HP 5350B microwave counter. tNis—near-IR
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Table 1. Electrochemica& and Spectroscopi€ Properties of Complex
lons [Pt(PEg)s(u-anthp(u-L)2]™*

L=bp L= bpe
Reduction
E(4+/2+) —1.44(69) —1.36 (67)
E(2+/+) —2.05 (66) —1.62 (62)
E(+/0) —-2.17 —1.67
Amade(4+) 409/5200, 388/5500, 410/4800, 388/5000,
370/4800, 267/5400 370/4000, 320/18 000,
269/54 000
Amade(2+) 849/1000, 755/1400, 631/9000784/13 000, 702/13 200,
581/11 000, 548 sh, 416 sh, 601/8500, 508/44 500,
403/27 000, 265/43 500 490 sh, 267/39 500
Oiso(2+) 2.0043 2.0032
gi(2+) 2.042 2.037
g2(2+) 2.004 2.004
g3(2+) 1.952 1.959
Oxidation
E(4+/6+) 0.49 0.55
Ep.d6+) 1.17 1.28
L=bp L= bpe
Amade(6+) 1046/6000, 923/2500, 1048/6000, 924/2500,

663/1600, 602/2200,
560 sh, 413/3300,
322/18 400, 265/36 000
Uisd 2.018
AHpy 2.1

662/1700, 602/2200,
560 sh, 413/3100,
324/33 000, 265/22 000
2.019
0.7

a8 From cyclic voltammetry in CECN/0.1 M BuNPFs at a scan rate of
200 mV/s; potentials in V vs [Fe@ls);]*/° and peak potential differences
in mV (in parenthesesy.From spectroelectrochemistry in 0.1 M B{PFs
solutions of CHCN (UV—vis—near-IR absorption spectra) and &Hp
(EPR spectra)g tensor components were measured in frozen solution at
110 K. ¢Wavelengthsimax in nm and molar extinction coefficientsin
M~1 cm1 dElectrode adsorptiort.Partially resolved spectrum with
smallest detectable coupling at about 0.1 mArartially resolved spectrum
with smallest detectable coupling at about 0.2 ®#(1% Pt) ~ 5.0 mT.
hay(19 Pt) ~ 4.5 mT.! Unresolved signal at 298 and 110 kPeak-to-

absorption spectra were recorded on a Bruins Instruments Omegapeak line width of room-temperature spectrum in mT.

10 spectrophotometer. Cyclic voltammetry was carried out at a 200
mV/s scan rate in CECN/0.1 M BuNPF; using a three-electrode

configuration (glassy-carbon working electrode, Pt counter elec-
trode, Ag/AgCl reference) and a PAR 273 potentiostat and function

generator. The ferrocene/ferrocenium couple served as internal

reference. Coulometry was performed by employing a mercury-
pool working electrode in an electrolytic vessel with the platinum

electron consumption was verified by controlled-potential
coulometry at the first reduction wave. Similar behavior was
observed for2 and for rectangular [RE€CO(u-bp)-
(u-bpym)] in DMF.5

After acceptance of four electrons the then neutral species

counter electrode in a compartment separated by sintered glass andPu(PEg)s(u-anth)(u-L)2] shows slow adsorption at the
an Ag/AgCl reference. Spectroelectrochemical measurements werecathode (onset of electrocrystallization), as is evident from

performed in CHCN/0.1 M BuNPF; using an optically transparent
thin-layer electrode (OTTLE) céllfor UV—vis spectra and in
CH,CI,/0.1 M BwNPF; using a two-electrode capillary for EPR
studies’

Results and Discussion

The compoundd and2 were subjected to cyclic volta-
mmetry in acetonitrile/0.1 M BINPF; at scan rates ranging
from 0.05 to 50 V/s. The representative cyclic voltammogram
of 1 (Figure 1) exhibits three sets of reversible two-electron
waves (one oxidation and two reduction waves), of which

the one at the most negative potential shows a clear splitting,
here by about 120 mV, into two one-electron processes. Two-

(5) Hartmann, H.; Berger, S.; Winter, R.; Fiedler, J.; Kaim, Worg.
Chem.200Q 39, 4977.

(6) Kuehl, C. J.; Huang, S. D.; Stang, PJJAm. Chem. So2001, 123
9634.

(7) Stang, P. J.; Cao, D. H. Am. Chem. S0d.994 116, 4981.

(8) Krejcik, M.; Danek, M.; Hartl, FJ. Electroanal. Chem. Interfacial
Electrochem1991, 317, 179.

(9) Kaim, W.; Ernst, S.; Kasack, \d. Am. Chem. S0d.99Q 112 173.
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the typical cyclic voltammetric desorption response after a
time delay (Figure 1).

After the first reversible two-electron oxidation wave a
second oxidation feature is observed for bathnd 2 ions
at high potentials; however, this process is electrochemically
irreversible. The redox potential data are summarized in
Table 1 and Scheme 1.

Despite its high positive charge oft8 the compound
is reduced only irreversibly aE,c = —1.43 V, a value
essentially identical withEy(red) for 1. Obviously, the
anionic anthracene clips provide the chemical stability
necessary for multiple reversible redox processes. Their
absence (ir3) or their deactivation through four-electron
oxidation of1 or 2 results in irreversible electron transfer.

The electrode potentials alone do not unambiguously
reveal the sites of the individual electron-transfer processes,
although previous experierfcé suggests reversible reduction
of bridging 4,4-bipyridine and facile oxidation of dianionic

(10) Vicek, A. A.,Coord. Chem. Re 1982 43, 39.
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Figure 2. ral chan ring the r ionofn CH3;CN/0.1 M - ! )
BL?JIJ\II?’FB: [PSTE(?DCéSS(Z-:ng]eHZl—Jbp)§]}+fz+.edUCt0 Dfn CH;CN/O gg’]\:;é; [Pstf(%cérsL&r]:rr:g]i(/ci%g\g)z]trizrsduct|on din CHCN/0.1 M
anthracene-based ligands. This behavior would indicate 25
spatially simultaneous electron-transfer proceses at corre-
sponding equivalent sides of the molecular rectangjlasd 20
2 (see Scheme 1). The two-electron character of the first = 15
oxidation or reduction and the observed (Table 1) separation ~ §
close to 60 mV of corresponding peaks implies negligible ?- 1.0
interactiort? across the molecular rectangles, a result which 9; 0.5
is confirmed by spectroelectrochemistry and EPR. The
splitting of the second two-electron reduction wave (Figure 0.0
1) is probably enhanced by the increased negative charge 400 600 800 1000 1200

on the ligand¥ (Coulombic repulsion) and by the closer
proximity of the bp or bpe sides in the rectangles (clip effect). _ o
We do not think that the splitting is due to an ECE Figure 4. Spectral change during the oxidation bfin CH3;CN/0.1 M

i , ! ) X BuNPFs: [Pty(PER)g(u-anthp(u-bp)] 45+,
mechanism (inserted chemical processes), since varying the

cyclic voltammetry scan rates did not reveal any significant ~gyid not be characterized due to the aforementioned
change of the ratio of peak heights. electrode adsorption.

We therefore used OTTLE spectroelectrochemistryhe A similar behavior but with different (i.e. bathochromically

—vie— - i o ,14 i N )
UV —vis—near-IR region because the"bphromophor# 4 shifted) absorption maxima at 784, 702, 601, and 508 nm

has a distinct band structure in the visible region with | .o 1o vad fop (Figure 3, Table 1), confirming L as the
wavelengths at about 600 nm, familiar from the “methyl . <0 o quction: bpe in MTHF haslms = 746, 675
viologen” coloring. The bpe ion has absorptions at slightly 568. and 488 nnﬁ‘ib e ’ ’

higher wavelengths (lower energié®)The larger anthracene
ot radical chromophore should exhibit absorptions at still
higher wavelengths in the near-infrared regiém.

Figures 2 and 3 illustrate the UWis—near-IR spectro-
electrochemical responses df and 2 on two-electron
reduction; Figure 4 shows the effect of the two-electron
oxidation of1. The relevant data are listed in Table 1.

For 1 the first two-electron reduction process causes the
emergence of a vibrationally structured band system around
600 nm and another intense band at 403 nm. The latter ) . : o

. . largely reversible reaction following the second oxidation.
overlaps with the typically structured anthraceme-z* _ . _
bands around 390 nm. This pattern is very similar to that of N Situi EPR spectroscopy of the two-electron intermediates
bp~ in MTHF (Ama = 585 and 385 nm)>14a Further of the reduc_tlor_1 an_d o>_<|dat|or_1 gaye_normal_ spectra (Figure

5, Table 1), indicating little spirspin interaction across the
rectangular structures. Accordingly, half-field signals from
triplet states could not be detected in frozen solutions at
(11) (a) Kaim, W.J. Organomet. Chenll983 241, 157. (b) Kaim, W. 110 K.

Inorg. Chim. Actal981, 53, L151. (c) Kaim, W.Chem. Ber.1982 ; ; ;
115 910. (d) Bruns, W.; Kaim, W.: WaldhoE.; Krejcik, M. Inorg. Reduction ofl yields a partially resolved EPR spectrum

Chem.1995 34, 663. at room temperature (Figure 5) with an isotrogitactor of
(12) (a) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, F1.&m. Chem. 2.0046: i.e., close tg = 2.0030 for the free bp ligand and

Soc.1978 100, 4248. (b) Ammar, F.; Saveant, J. Nl. Electroanal. . . .
Chem. Interfacial Electrochend973 47, 2155. not very different from values of corresponding dinuclear

(13) (a) Hinig, S.; Berneth, HTop. Curr. Chem198Q 92, 1. (b) Summers, complexes?! The hyperfine structure could not be completely

L. A. The Bipyridinium HerbicidesAcademic Press: New York, 1980. . . . . .
(14) (a) Shida, TElectronic Absorption Spectra of Radical lor&sevi- analyzed due to insufficient resolution and a high theoretical

er: Amsterdam, 1988; p 198. (t9id., p 202. (c)lbid., p 69. number of lines if coupling fromH (I = /5, 2 x 4H), “N

A fom)

Two-electron oxidations of botdh and 2 yield almost
identical results (Table 1), supporting the invariant electron-
rich anthracene-1,8-diyl dianion as the site of electron loss.
The spectrum shows an intense long-wavelength band at
about 1050 nm and another band system at about 600 nm
(Figure 4). Oxidation beyond the electrochemically irrevers-
ible second wave produced a new band around 690 nm;
however, the spectrum of the first intermediate (Figure 4) is
retained on rereduction to 80%, suggesting a chemically

stepwise one-electron reduction causes these bands to dimin
ish; the neutral product of the overall four-electron reduction

Inorganic Chemistry, Vol. 41, No. 15, 2002 4027
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coupling constant at the singly occupied MO; however, no
g anisotropy could detected in the glassy frozen state at
X-band frequency. Apparently, the stronger covalency of the
Pt—C bonds from the metal to the anionic carbon radical
ligand causes an increasegf, but a decrease of the metal
hyperfine coupling”’

L On the basis of the combined spectroelectrochemical and

EPR information we can suggest Scheme 1 for the sequence

136 138 340 142 344 346 of site-specific electron transfer to the molecular rectangles
land2.
[mT]
g Scheme 1
1
l 8> T -2¢ (irr, B, =1.17 V(bp) or 1.28 V (bpe))
g3

l l [Pt (PEts)g(p-anth®)(u-L)2]*
+2¢ 31 -2€ B(4+6+) =049V (bp) or 0.55 V (bpe)
[Pt'{(PEt:)s(u-anth” Yo(u-L)]*

+26 31 -2e E@+2+)=-1.44V (bp) or-1.36 V (bpe)

T T T T T T T 1

325 330 335 340 345 350 355 360 [Pr4(PEt)s(u-anth® Ya(u-L" )]
[mT] +e& 31 - E@H+) =-2.05V (bp)or-1.62 V (bpe)
Figure 5. EPR spectra of electrogeneratedsy(PE®)s(u-anthy(u-bp)]2+ " . . s
in CH,CI,/0.1 M BuNPF; at 298 K (top) and 110 K (bottom; shoulders of [Pt 4(PEts)s(p-anth™)p(1-L "} p-L")]

g2 due to!°Pt coupling).
+e T -¢ E(+0)=-2.17V (bp) or-1.67 V (bpe)

(1=1,2N),3P (I =Y, 4 P), and®*Pt nuclei (34% natural [Pt (PEt)g(p-anth )y (u-L* ) ]°
abundancel = 1/,, 2 Pt) is to be considered. The smallest
coupling constant is ca. 0.1 mT, in agreement with typical  while all evidence points to negligible interaction between
values fora(H29) in the compounds (bp)(ML)2.* In the the pairwise formed radical ligands in the primary two-
glassy frozen state, the two-electron-reduced forthsifows  electron-reduced or -oxidized species, the capacity of these
g components ay; = 2.0414,g, = 2.0040, andjs = 1.9515, supramolecules to accommodate several redox equivalents
a rhombicg anisotropy which has been similarly observed adds yet another function to their array of remarkable
for other platinum(ll) complexes bridged by anion radical physical and chemical properties.
ligands®® A metal isotope couplingy(*°5Pt) of about 4-5
mT is detected, which is a magnitude typical for such
hyperfine values in anion radical complexes of.Pt

Comparable EPR effects were observed in the reduction
of 2 as quantified in Table 1; the smallest observable 1C020122N
coupling constant of about 0.2 mT has similarly been
observed for bpe and some of its dinuclear complexés. (19 5%)4"('5'6%_/*&?3}'(%"‘]’?/-A'i'eﬂggei;zezﬁ"'sisﬁ“o&%irg,h'?v-_;Aclzt?elé’lgzr’ N

Oxidation of bothl and2 yields unresolved EPR spectra Organometallics1998 17, 3532.
in solution and in the glassy frozen state. The isotrgpic  (16) Weil, J. A; Bolton, J. R.; Wertz, J. EElectron Paramagnetic
values of about 2.019 indicate higher participation of the ;7 Resonancelviley: New York, 1994.

. : g S For a related discussion see: Osborne, J. H.; Rheingold, A. L.; Trogler,
platinum(ll) heavy-metal centers with their large sporbit W. C.J. Am. Chem. Sod.985 107, 7945.
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