Inorg. Chem.1999, 38, 2941-2946 2941

Synthesis, Characterization, and Photochemistry of a Dinuclear Cyanide-Bridged
Iron(Il) —Platinum(lV) Mixed-Valence Compound and Its Implications for the
Corresponding Iron(Il) —Platinum(lV) —lron(Il) Complex

Brian W. Pfennig,* Jenny V. Lockard, and Jamie L. Cohen
Department of Chemistry, Vassar College, 124 Raymond Avenue, Poughkeepsie, New York 12604

David F. Watson, Douglas M. Ho, and Andrew B. Bocarsly

Department of Chemistry, Princeton University, Washington Road, Princeton, New Jersey 08544

Receied December 17, 1998

The mixed-valence compound [(NJHPtV (u-NC)Fe'(CN)s]-6H,0 was synthesized by the substitution reaction

of [PtV(NH3)s0SOCR](OSO,CRs); and [Fé(CN)g]*~ in aqueous solution and was characterized by UV/vis,

IR, and resonance Raman spectroscopies, cyclic voltammetry, and single-crystal X-ray diffractometry. The
monoclinic crystal (space groug2,/m (No. 11)) consists of a dinuclear, cyanide-bridged Fe{®)(1V) moiety

with unit cell dimensions o = 9.3241(5) Ab = 14.0466(7) A,c = 9.6938(4) A, = 111.467(2), andZ =

2. There are also an average of six waters of hydration per unit cellRifaetors for this structure are =

3.66% andR, = 7.90%. The electronic spectrum reveals a broad intervalent (IT) charge-transfer absorption at
approximately 420 nme(= 540 M~ cm™1). Both the ground-state spectroscopy and the electrochemistry of this
compound are very similar to those of the corresponding trinuclear adductsfB\Q)-CN)PEY (NH3)4(«-NC)-
Fe'(CN)s)4~, which has been reported previously. Classical Marddissh theory has been applied in the analysis

of the IT band of the dinuclear compound in an effort to elucidate a fuller understanding of the photophysics of

the trinuclear complex. The data suggest that this latter, centrosymmetric species can be treated theoretically as

two back-to-back dinuclear doneacceptor (B-A) compounds of the form BA/A—D, where the Pt(IV) inversion
center acts as the acceptor for both halves of the molecule. The photochemistry of the dinuclear complex was
also investigated.

Introduction by using a three-parabola model (Figure 1c) in which the first
- . . ) . electron is transferred photochemically by irradiation of the
Within the realm of inorganic photochemistry, the mixed- (1) — Pt(Iv) IT band to generate a Pt(Ill) intermediate. This
valence complex [(NGFe' (u-CN)Pt/(NHz)s(u-NC)FE'(CN)s|*~  intermediate is then capable of accepting a second electron
and its related congeners are fairly unique, b.oth pgcause of the'rthermally from the second cyanometalat&he quantum ef-
centrosymmetric nature and because of their ability to undergo ficiencies for photoproduct formation within this homologous
photoinduced, multielectron charge transfer following irradiation family of trinuclear complexes have been explained in terms
of their respective intervalent (IT) absorption bardS.For of the relative barriers to forward versus back electron transfer
instance, irradiation of an aqueous solution of [(ARey (u- using this model and classical electron-transfer theory for class
CN)Pt/(NHs)a(u-NC)Fe!(CN)s]*~ at 488 nm leads to the | (relatively localized) mixed-valence compourtiaddition-
formation of [Pt(NH3)4)*" and 2 equiv of [FEé(CN)s]>", anet gy, time-dependent resonance Raman theory has been used to
two-electron process. Photoinduced multielectron-transfer proc- ostimate the relative nuclear distortions of the resonantly

esses are of interest from the standpoint of photocatalysis, solalanhanced Raman modes associated with the photoinduced
energy conversion, and artificial photosynthesis, as well as from charge-transfer step.

a theoretical point of view.The photochemistry of this class However, the degeneracy of the excited state associated with
of mixed-valence compounds has been successfully explainedine centrosymmetric nature of these trinuclear compounds has
raised some theoretical questions about the structure of this state,
*To whom correspondence should be addressed. making it difficult to understand the detailed photophysics and
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(@) () caused by a single, multimode distortion along theruclear
FewTs Pt «JFe Fel/peliFel  FollpilipeM coordinate, while the Fe(HPt(lI)—Fe(lll) intermediate is
(o) E E ‘ 9 caused by distortion along thg™nuclear coordinate, as shown
y in Figure la. The three orthogonal axes of the energy versus
/ Y %Y nuclear coordinate diagram for the trinuclear complex are shown
¥ ¥ Fe“/P?‘VI;e“ ol gy in Figure 1b. Once either of the two intermediates has formed,
(@ E ©) 15 the second thermal electron transfer occurs to yield the dissoci-
a

ated photoproducts in another symmetry-allowed—u g)

process. Figure 1c shows the net two-electron-transfer process,
Fell Py Eol o where the labeled points depict the positions of the potential
Fellf ptilj Fell energy surface (parabolic cone) minima of each state in the plane
defined by thex and y coordinates. Simply transforming
coordinate systems fromandy into the symmetricX + y)/2
and antisymmetricx — y)/2 linear combinations ok andy
yields the diagram illustrated in Figure 1d. This transformation

a

° Ferpt"Fet y

Fel1ptiYiFelt

Fe' pt'rEe! nicely illustrates the net symmetric two-electron charge transfer

FelliptlliFel s as a linear combination of the requisite antisymmetric processes.

0 E @ E The presence of two intermediates may have significant
%a %a implications in the energetics of the electron-transfer process

of the trinuclear complex. Figure le represents the projection
of the three-dimensional potential energy surfaces of the four
electronic states onto the plane defined by the symmetric
coordinate and the energy axis. This projection corresponds to
the classic MarcusHush diagram of the charge-transfer process.
Figure 1f represents the projection of the potential energy
o Br el i surfaces onto the plane defined by the antisymmetric coordinate
3 = and the energy axis. This projection shows that the Fe(ll)
Figure 1. Theoretical analysis of the doubly degenerate IT absorption Pt(IIl)—Fe(lll) and Fe(ll)-Pt(ll)—Fe(ll) potential energy
band in [(NC}Fé'(u-CN)PtV(NH3)4(u-NC)Fe'(CN)s]*~ (abbreviated surfaces may overlap. If significant electronic coupling occurs,
Fe'/PtV/Fe"). (a) The initial photoinduced electron transfer causes a two nondegenerate states may result, giving rise to two closely
distortion along either th& nuclear coordinate to yleld pept/Fe! Spaced IT energiesy as shown in Figure 1g On the other hand,

or the y nuclear coordinate to yield FPt!/Fel. (b) The three- it jiie or no electronic coupling occurs between the two
dimensional energy versus nuclear coordinate diagram, where all three.

axes are orthogonal. (c) The plane defined by xhand y nuclear mtermediates, then only one IT energy vyould exist. In this case,
coordinate axes, in which the locations of the four potential energy the trinuclear complex could be approximated as two back-to-
surface minima is shown. Solid arrows show the two allowed-(g) back donor-acceptor (D-A) complexes, B-A/A—D, which

initial electron-transfer steps and the two resulting thermal electron- happen to share the same acceptor. The shape and energy of
transfer steps (4~ g), while the dashed line shows the symmetry- the |T absorption band should depend on whether there is strong
forbidden (g— g), one-step, two-electron-transfer process. (d) Linear ¢ pjing between the two intermediate states. To determine
combinations of thex and y distortions have been taken to yield which model is more accurate, we have synthesized and

symmetric k + y)/2, s, and antisymmetricx(— y)/2, a, nuclear . . .
coordinates. (e) Projection of the potential energy surfaces of the four Photophysically characterized the dinuclear compound, §{iH

states onto the plane defined by the symmetric coordinate and the energyPt” (u-NC)Fé!(CN)s]-6H,0. Due to its noncentrosymmetric
axis. The one-electron intermediate is actually a pair of degenerate nature, this dinuclear compound serves as an ideal model of
states. (f) Projection of the potential energy surfaces of the species ontothe corresponding trinuclear complex, since only a single type

the plane defined by the antisymmetric coordinate and energy axis. of |T transition is possible, giving rise to only one intermediate.
The Fé!'/Pt'/Fe" products have been omitted to show the initial

photoinduced one-electron process more clearly. (g) Representation of

E E

the possible electronic coupling between the degenerdfe-Pé' — Experimental Section
Fe' and FEé—Pt"—F€" intermediates. Electronic coupling may give
rise to two distinct IT energies. Materials and Apparatus. Trifluoromethanesulfonic (triflic) acid

di . | | dinate. Theref th di . Iand KiFe(CN)}-3H,O were purchased from Aldrich and were used
imensional nuclear coordinate. 1heretore, a three-cimensIional, i, ¢ further purification. Bio-Gel P2 and P4 polyacrylamide gels

energy versus nuclear coordinate diagram is necessary tOyere ohtained from Bio-Rad.#RtCk was synthesized by the addition
describe the net two-electron-transfer process. The Fe(ll) of KCI to a concentrated aqueous solution of chloroplatinic acid.
Pt(IV)—Fe(ll) ground state haB4, symmetry and iggerade [Pt(NH3)s(OSQ.CFs)[(OSO:CFs); was synthesized in two steps from
with respect to the inversion center. The dissociated Fe(lll), K,PtCk, according to literature procedufesnd was boiled in chloro-
Pt(l1), Fe(lll) photoproducts are alggeradewith respect to the  form prior to its use to remove (G8H,).OH*. Infrared absorption
inversion center, so a single two-electron-transfer step in which spectra (KBr pellets) were collected as the average of four scans using
the molecule distorts symmetrically is a symmetry-forbidden & Nicolet Model 730 FTIR spectrometer with 4 chresolution.
process. If the electron transfer occurs in two steps, however, Electronic absorption spectra were collectadhil cmquartz cuvette

as the experimental evidence thus far suggests, then tWoat room temperature using a Hewlett-Packard HP8453 diode-array

. : o = spectrophotometer with 2 nm resolution. Cyclic voltammograms were
intermediates are possible: Fe(tPt(l1l)—Fe(ll) and Fe(ll)- obtained m a 1 M NaNG; electrolyte solution by using a Princeton

Pt(IIl)—Fe(lll), depending on which iron is involved in the initial  Applied Research (PAR) 173 potentiostat with a PAR 175 universal
electron-transfer step. Both of these intermediatesiagerade  programmer, a Houston Instrumeix¥ recorder, and a standard three-
with respect to inversion, so the initial electron transfer is

SymmeFrYja||0wed (g~ u). We have simplified the problem (8) Curtis, N. J.; Lawrance, G. A.; Sargeson, A. Morg. Synth.1986

by assigning the Fe(llyPt(lll)—Fe(ll) intermediate to be 24, 277.
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electrode configuration (Pt/Pt/SCE). The quantum efficiency was scheme employed was = 1/[03(F.?) + (0.034%), whereP = (F.?
determined at 488 nm by irradiating 1 mL samples (16 mM) with a + 2F2)/3. The refinement converged ®&F) = 0.0305,Ry(F?) =
Coherent Innova 70 argon ion laser (expanded beam) fdr53min 0.0756, and5= 1.11 for 3125 reflections with > 2¢(l), andR(F) =
and monitoring the disappearance of the IT absorption band at 488 nm0.0366,R,(F?) = 0.0790, andS = 1.06 for 3586 unique reflections,
(where none of the photoproducts have any significant absorption) and 158 parameters, and 1 restrainOne reflection (020) with a(F2)lo
by monitoring the growth of the ferricyanide band at 303 nm. The value of 11.59 was considered aberrant and was suppressed. The
incident light intensity (105 mW/cf was measured with a calibrated ~ maximumd(F?)/o for the remaining 3586 unique reflections was 8.36
Newport Research model 815 power meter. (for 135). The maximumd/o| in the final cycle of least squares was
Synthesis of [(NH)sPt"Y (u-NC)Fe' (CN)s]-6H,0. To 70 mL of an 0.004, and the residual peaks on the final difference Fourier map ranged
aqueous solution of [Pt(NgE(OSO.CR)](OSO,CFR;); (0.491 g, 0.560 from —1.315 to+1.115 e A3, Scattering factors were taken from the
mmol) was added with stirring 70 mL of aqueougH€(CN)-3H,O International Tables for Crystallography, Volume“@?
(0.237 g, 0.560 mmol). The solution changed from colorless to orange  Resonance Raman SpectroscopfResonance Raman spectra were
almost immediately and gradually deepened into a more reddish solutionobtained in an aqueous solution containing 0.5 pB&) (as an internal
overnight. Upon standing, the resulting solution developed multiple intensity standard) and 40 mM of the dinuclear compound. Due to the
red crystals which were deemed unsuitable for X-ray diffraction. The potential photochemical decomposition of the complex during the 25
solution was further evaporated to a volume~& mL and then passed = min scans, Raman spectra were collected using a flow cell apparatus.
through a Bio-Gel P4 size exclusion column, yielding a dark red band Spectra were recorded in a P3fackscattering geometfiusing a Spex
(which was collected), followed by a minor yellow band. Upon slow 1877 triple monochromator equipped with a Princeton Instruments
evaporation of the former fraction, red platelets precipitated from the intensified diode array detection system. Laser excitation was obtained
solution, and these were used for X-ray diffraction. The precipitate was from either a Coherent Innova 100K3 Kion or a Spectra Physics
filtered by vacuum and washed with two 10 mL portions of cold model 370 AF ion laser with incident irradiations of 3840 mwW
deionized water, followed by small portions of diethyl ether. The (condensed beam). Both high (962250 cn?) and low (256-1100
product was then stored at room temperature. Alternatively, noncrystal- cm™?) frequency windows were recorded. The spectral windows were
line samples of [(NH)sPtV(u-NC)Fé'(CN)s] were synthesized more calibrated by obtaining the Raman spectrum of toluene or dimekhyl-
rapidly by combining equal amounts of 36 mM aqueous solutions of sulfoxide (DMSOds) under identical optical alignment and using the
K4Fe(CN}-3H:0 and [Pt(NH)s(OSGCR;)](OSOCFRs); with stirring known frequencies of these peaks in the correction. The raw data were
to yield an orange, flocculent precipitate of the tight-ion pair corrected for the wavelength dependence of the monochromator
[Pt(NHs)sH-0]**, [Fe(CN)]*~. The resulting mixture was heated-a95 entrance slit by multiplying the calibrated spectra by files of the square
°C for 10 min and then filtered by gravity to remove any remaining of the scattered wavelength vs Raman shift. Despite the fact that the
insoluble impurities. The pure product was obtained by passing the compound undergoes photochemistry when irradiated into its IT
crude aqueous solution through a Bio-Gel P2 column and evaporating absorption band, electronic spectra of the samples before and after the
the first red-colored band to dryness. Raman experiments demonstrated that sample decomposition at this
Crystal Structure Determination. An orange plate, 0.08 mnx concentration and intensity of irradiation was negligible.
0.21 mmx 0.22 mm in size, was sealed in a glass capillary and then
transferred to a Nonius KappaCCD diffractometer equipped with Mo Rasults and Discussion
Ko radiation ¢ = 0.710 73 A) and a graphite monochromator. The

IdiﬁrathiO" rr]nekthod grlnployed wgzsscansz; a(r;d thff;frractéog ’Eﬂfigons Synthesis and Characterization Unlike the corresponding
imits for h, k, and| were —13 to +12, 0 to , an to , ; ; | v ) | P
respectively. Eight hundred frames of data were collected at 298(2) K wﬁiﬂﬂegrlﬁg’ [Escgié |(# r-lglftlgg:]e(rlin)re(/étgﬁ?t'? sn(g‘gr)s pr(’)cess
with an oscillation range of “Iframe and an exposure time of 60 o n a1 .
s/frame? Altogether, 19 329 reflection®.x = 30.08) were indexed, between [P{(NHs),]*" and tW_O [FE'(CN)e]*,* the d'n_Udear
integrated, and corrected for Lorentz and polarization effects using COMpound cannot be synthesized by a redox mechanism because
DENZO-SMN and SCALEPACK? An ellipsoidal absorption correc-  Of the absence of a suitable Pt(Il) precursor and a second
tion was then applied using SHELXTtto give 3587 unique reflections  oxidizing equivalent. Therefore, a simple ligand substitution
(Rmt = 0.102) of which 3125 had > 2¢(l). The minimum and  reaction was employed. It is well-known that the triflate ion is
maximum transmission factors were 0.286 49 and 0.579 62, respec-labile in aqueous solution and that coordination compounds
tively. Post-refinement of the unit cell parameters gave 9.3241(5) containing this ligand as a leaving group will rapidly aquite.

A, b = 14.0466(7) Ac = 9.6938(4) A f = 111.467(2), andV = Therefore, when aqueous solutions of [PtAHHOSQ.CFs)]-
1181.54(10) A The observed mean value f{f*E — 1| was 0.785. (OSOCRs)3 and KyFe(CN)+3H,0 were combined in equimolar

The structure was therefore initially solved in the chiral space group amounts, the lone pair electrons on one of the ferrocyanide

P2(1). Tests for higher symmetry using PLATON9&en revealed ; L . - .
that the centrosymmetric monoclinic space gragl)mwas preferred. ligands was anticipated to substitute for the labile ligand in the

Hence, all further computations were doneF2(1)im (No. 11). The sixth coordination site of the platinum complex. The mixture
structure was solved by direct methods and refined by full-matrix least rapidly developed a reddish-orange color with a broad electronic
squares o2 using SHELXTL!! All of the nonhydrogen atoms were  absorption developing at 421 nm. This peak was assigned as
refined with anisotropic displacement coefficients. The amine hydrogen an Fe(Il)— Pt(IV) intervalent (IT) absorption band, by analogy

atoms were assigned isotropic displacement coefficidid) = to the broad 424 nm absorption band in [(N&' (u-CN)P#V-
1.8U(N), and their coordinates were allowed to ride on their respective

nitrogens. Two waters [O(1W) and O(2W)] were located on sites of (13) R(F) = R, = S(||Fol — |Fel)/ZIFol; Ru(F?) = Ruz = [F(W(Fs2 —

mirror symmetry and were included in the refinements with half- FA4S (W(Fe?)?°%5; and S = goodness of fit orF, = [3(W(Fe2 —
occupancies. Four additional water sites were found at general positions ~ F?)3)/(n — p)]°° wheren is the number of reflections arlis the
and the sum of their occupancy factors was restrained to 2.0 as number of parameters refined.

. (14) Maslen, E. N.; Fox, A. G.; O’Keefe, M. Anternational Tables for
follows: [O(3W), O(4W), O(BW), O(6W)F= [0.82(2), 0.32(2), 0.51(2), Crystallography: Mathematical, Physical, and Chemical Tapl&s.

0.35(2)]. Hydrogen atoms on all of the water molecules were not C: Kluwer: Dordrecht, The Netherlands, 1992; pp 4Ba6.
observed and were not included in the refinements. The weighting (15) C'reagh, D. C.; McAnley, W. Jnternational Tables for Crystal-
lography: Mathematical, Physical, and Chemical Tabl&®l. C;

(9) COLLECT Data Collection SoftwareNonius B. V. Rontgenweg: Kluwer: Dordrecht, The Netherlands, 1992; pp 2@&22.

Delft, The Netherlands, 1998. (16) Spiro, T. G.; Czernuszewicz, R. S Rhysical Methods in Bioinorganic
(10) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307. Chemistry Que, L., Ed.; University Science Books: Mill Valley, CA,
(11) Sheldrick, G. M.SHELXTL, Version 5; Siemens Analytical X-ray 1991.

Instruments: Madison, WI, 1996. (17) Dixon, N. E.; Lawrance, G. A,; Lay, P. A.; Sargeson, A. Morg.

(12) Spek, A. L.Acta Crystallogr.199Q A46, C34. Chem.1983 22, 846.
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(NH3)a(u-NC)Fé'(CN)s]*~. Infrared analysis of the red solid ~ Table 1. Resonance Raman Data for [(EPt¥(u-NC)F€'(CN)s]
which resulted after purification yielded a spectrum which and [(NC}Fe'(u-CN)PtY(NHs)4(u-NC)Fe'(CN)e]*~, along with
contained both bridging and terminal cyanide stretching absorp- Their Tentative Peak Assignments

tions (2119 and 2054 cm, respectively). The IR spectrum also tentative dinuclear trinuclear
confirmed the oxidation states of the two metals as Fe(ll) and peak assignm compd (cn?) compd (cm*)°
Pt(IV), indicating that no redox process had occurred during — §(HsN—Pt—NHs) 297 299
the reaction. Platinum(IV) ammine compounds are characterized v(Pt=NC) 368 366
by NH stretches between 3050 and 3150 &rsymmetric HNH o(Fe-CN) 426 422
bending modes at 1370 crh and rocking NH vibrations at ”8::“:3;_0“‘ ggg ‘51(7)2
950 cn1! (compared to 31563250, 1325, and 842 cr for Z(Fe—C); " 570 566
platinum(ll) ammines). The compound of interest exhibited these  y(Fe—C),aq 588 587
vibrations at 30063200, 1399, and 989 cm, respectively. v(Fe—C)ax 627 623
Ferrocyanide has a CN stretch at 2044-émand an FeC V(CN)erm 2082 2081
stretch at 585 cm' (compared to 2118 and 511 ctp V(CN)or 2126 2125

respectively, for ferricyanidef The dinuclear compound pos-

sessed vibrations at 2054 and 585 éncorresponding to the ~ Sharing a common P(IV) atom can be postulated. A similar
terminal cyanide ligands. Bridging cyanide stretches are well- €XPeriment using an off-resonance wavelength (676.4 nm) which

documented to occur from 50 to 90 chrhigher in energy than ~ does not lie in the IT absorption window revealed no observable
terminal cyanide stretches while the-\T stretches of bridged ~ esonantly enhanced Raman peaks for the dinuclear species. This
cyanide complexes are shifted to lower enerdie¥ These indicates that the Raman peaks reported at 457.9 nm irradiation

absorptions occur in [(NJsPtY (u-NC)Fé!(CN)s] at 2119 and indeed correspond to distortions which relate to the IT excited
523 cnrl, respectively. state of the molecule. A detailed analysis of the excited-state

Cyci otammety of the compourid M NaNG over  dseion asen n the esananceenfarcervrt evctaton o
the scan rate range of $800 mV/s revealed a single, quasi- y y P

: ; h in the future.

reversible peak withe;, = 0.54 V vs SCE. This redox wave n .

p : Crystal Structure. A summary of the crystallographic data
has been assigned to the Fe(lll)/Fe(ll) couple, compared with .
an Eg° = 0.19gV vs SCE ob(se)rved( f)or feEricyanié‘gThis for [(NH3)sP"(-NC)Fe!(CN);|-6H,0 appears in Table 2. The
positive shift has been observed for other bridged metallocyanidee"'pSO'ds. plot.of the d'”‘.JC'ef"‘r compound (excluding the waters
complexes and is a consequence of the removal of electronOf hydration) is shown in Figure 2, and extended .pIOt.S of the
density from the Fe(ll) center by formation of a coordinate crystal structure along th& b, andc axes are shown in Figures

covalent bond between the cyanide nitrogen and the Pt(IV) ?1105453 Irrlldthe Sufprgfgln%rln:orgwianlon. rﬁtonr?lc ;:or(r)]rdtlngtiz
species:2419In fact, Ey, = 0.55 V vs SCE for the iron moieties X and equivaient ISotropic displacement paramete

: - . 10°) are listed in Table S2 in the Supporting Information.
in [(NC)sFe! (u-CN)PtV(NH -NC)F€'(CN)s]4~, which has ~ .
sing(ilarlil5 cocc)trtdinazed i(rona)égrtltei*s)l\lo Eedo)i] wave for the Representative bond lengths and angles for the compound are

platinum center within either of these compounds was observed.”su.ad i.n Ta_ble 3. The structure COUSiSt‘? of a ferrocyanide mqiety
This is probably due to the slow charge-transfer kinetics of the Wh'(.:h is bridged via a single cyanide '!9"’“!0' toa pentaammme-
process. Upon applyina 0 V vs SCEpotential to the platinum(lV) center. The local coordination around the iron

electrochemical cell, no significant current response was center is octahedral with the coordination geometry of the

observed; however 1 V vs SCE waspplied, an anodic current gla:;]ntjhm %e{_nl'iler ha\élrlggt_all\ltet{)ago dn?”y (:;Wstortsd Eer'iurbtﬁtlont.h
was observed. These findings indicate that the IR assignment 0 N br AN ax DONC 1engths are shorter than the

of the iron oxidation state ast2is correct. Furthermore, single- average PtNigqbonds, as shown in Table 3. The X-ray structure

crystal X-ray diffraction conclusively demonstrated the presence gl)sr?fosrrr]rloal/:izr:rjsitc:\ht?\;ihand rEitta:?g;\atlhI(Iagggiseri;er gaagrgtlelel
of a cyanide bridge between the two metals. Sy P

R R S he R ¢ to the gz-y2 orbital on Pt, providing the correct arrangement
th ((;SOH?NCQ aman dpect(rqutcc()jpirt. 4?57 z;man spet%trum do i for maximum overlap of these orbitals. This result was also
€ dinuciear compound irradiated a -9 nm (on e red s ereported for the corresponding trinuclear Fetibt(1V)—Fe(ll)
of the lT ban(_j) exhibits the resonantly enhanced V|brat|o_nal specie$ and is critical to the IT charge-transfer process. An
mO(_jes listed in Table 1 These modes have_ bee_n temat'velyexamination of the extended crystalline structure reveals that
assigned by analogy with those in the chemical literature for the Fe and Pt moieties are stacked such that they align head-
the trinuclear compountiThe two compounds have virtually

; . . ._to-tail in the crystal in an alternating pattern. This crystal packing
identical resonance Raman spectra in terms of both the energiess raminiscent of ionic compounds and is probably due to the
of the normal modes and their relative intensities, indicating

. - . residual negative and positive partial charges on each half of
that a merI in which Fe(H—)'Pt(IV)—.Fe(II) can be con5|dgred the molecule. Two of the six waters of hydration lie between
as comprised of two noninteracting Fe@tRt(IV) subunits

the stacks, while the other four partially occupy sites in the
channels formed between stacks.

(18) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor- i i i
dination Compoundsith ed.; John Wiley & Sons: New York, 1986. B U\é/\{ll_sr]S[)LJe\(/:;r(?SCOpy and CI?SSILCaI Eﬂ-l\—’ Anzlg:sllzsé?fct::le T
(19) (a) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C.; ana. e VIS spectrum o [( @5 (/" ) ( )5]

Dyer, R. B.; Scandola, Fnorg. Chem1992 31, 5260. (b) Chatterjee,  eXxhibits two broad absorptions at 317 and 421 nm, with molar

D.; Bajaj, H. C.; Das, Alnorg. Chem.1993 32, 4049. (c) Lei, Y, absorptivities of 400 and 540 M cm™1, respectively. The
Bgﬁ?‘d%‘. L EDr;cgrcotht., é'.-%t?u?ér?dhe;'os.-()\(/lv%%%rﬁfzv%?i;o.;o\(md? relative shapes and energies of these peaks are nearly identical
Chem. Soc1993 115 6398. () Vogler, A.; Kunkely, Hnorg. Chim. to those of the trinuclear Fe(HPt(IV)—Fe(Il) adduct, with the
Acta1988 150, 1. (f) Forlano, P.; Baraldo, L. M.; Olabe, J. A; Della  exception of their intensities. A comparison of the physical
Vedova, C. Olnorg. Chim, Actal994 223 7. (g)c';;%"‘l'gégév?"-? properties of these two compounds is shown in Table 4. By
2608. T T g ' ’ analogy to the trinuclear compound, the absorption at 421 nm

(20) Curtis, J. F.; Meyer, T. Jnorg. Chem.1982 21, 1562. has been assigned as an intervalent transition from Fefll)



Dinuclear Cyanide-Bridged Fe(HPt(1V) Compound Inorganic Chemistry, Vol. 38, No. 12, 1992945

Table 2. Summary of Crystallographic Data for [(NJ4PtV(«-NC)Fé'(CN)s]-6H,O

empirical formula GH1sFeN;Pt6H,0 \% 1181.54 (10) A

fw 600.33 g/mol Zz 2

space group P2(1)/im (No. 11) temp 25(2)C

unit cell dimens radiation Mo K radiation ¢ = 0.710 73 A)
a 9.3241 (5) A density (calcd) 1.687 g/ém
b 14.0466 (7) A abs coeff 65.65 crh
c 9.6938 (4) A R, R/ (all datay 0.0366, 0.0790
p 111.467 (2)

AR(F) = Ru = X (IIFol = IFcll)/ZIFol andRu(F?) = Ruz = [IW(F® — F?)3 (W(Fo))T*>.

Ni2) Table 4. Summary of the Observed and Calculated Marddash
> Parameters for [(NEJsPtY(«-NC)Fée'(CN)s] and
[(NC)sFe! (u-CN)PtY(NH3)4(u-NC)Fe'(CN)s]*~ in Aqueous Solution

dinuclear trinuclear
Marcus-Hush param compd complex
A,, ! Eop (NM) 421 424
W/ ) Vmax (CM™Y) 23,750 23,590
emax(M~1cm?) 540 2365
Avyp(cm™?) 7820 7170
E° for the bridged Fe (V vs SCE) 0.54 0.55
AG® (kcal/mol) 25.4 25.6
) x (kcal/mol) 42.5 41.8
NN AG* (kcal/mol) 271 27.2
) . ) kerat 298 K (s1) 8.8 x 107 8.5x 10/
Figure 2. ORTEP diagram for the single-crystal X-ray study of r (A) 5.00 4.99
[(NH3)sPtV (u-NC)Fe'(CN)s]-6H.O using a Nonius KappaCCD dif- Has (C™Y) 1300 1840
fractometer. The six waters of hydration have been omitted for greater o (unitless) 0.05 0.08

clarity.
y a Definitions of the abbreviations can be found in the text.
Table 3. Representative Bond Distances (A) and Bond Angles

(deg) for the [(NH)sPtY(u-NC)Fé'(CN)s]-6H,0 mixed-valence compoungan order to obtain kinetic informa-
Fe(1)-C(1) 1.876 (5) C(2XN(2) 1.145 (8) tion about the electron transfer using thermodynamic ¢fta.
Fe(1)-C(4) 1.901 (5) C(3¥N(3) 1.153 (7)
Fe(1)-C(3) 1.903 (6) C(4¥N(4) 1.150 (7) _ o
Fe(1)-C(5) 1.906 (6) C(5-N(5) 1.149 (9) Epp=x T AG @
Fe(1)-C(2) 1.910 (6) Pt(1yN(7) 2.023 (4) S
C(1)-N(1) 1.135 (7) Pt(1+N(8) 2.040 (3) AG* = Bof 4 @)
N(1)—Pt(1) 1.987 (4) Pt(t}N(6) 2.052 (3) _AGH

C(1)-Fe(1-C(4) 88.8(2) N(3FC@B)Fe(l) 178.1(5) kee= A X RT } (3)

C(1)-Fe(1)-C(3) 89.8(2) N(4-C(4-Fe(l) 177.7(5) — Nap o
C(4)-Fe(1}-C(3) 178.6(2) N(FC(5)-Fe(1) 179.0(6) H. = 0.020 €mad™V172| 2 Vinax
C(1)-Fe(1)-C(5) 179.7(2)  N(LXPt(1-N(7) 178.4(2) apb— Y Ve (r/A)
C(4)-Fe(1)-C(5) 90.9(2)  N(1)}Pt(1)-N(8)  88.98 (14)
C(3)-Fe(1}-C(5) 905(2) N(7»Pt(1)-N(8)  89.9(2) o =[H 25 ®)
C(1)-Fe(1-C(2) 90.2(2)  N(8-Pt(1-N(8A) 88.4(2) ab *Ymax
C(4)-Fe(1)-C(2) 90.42 (13) N(L}Pt(1-N(6)  89.67 (14)
C(3)-Fe(1)-C(2)  89.58 (13) N(7rPt(1}-N(6) 91.50 (14) these equation€,y is the optical IT transition energy deter-
ﬁg;:'é?%)_—é((zl)) 187%2((25)) '\,il(g;ﬁig)):mggf) 1;2'3322()13) mined from the UV/visy is the reorganization energy associated
C(-N(1)-Pt(1) 175.0(5) N(6}Pt(1-N(6A) 86.8 (2) with the nuclear distortion and solvent reorientatidyG° is
N(2)-C(2)—Fe(1) 177.9 (6) the ground-state redox potential difference between the donor
and acceptor sites (obtainable from the electrochemis@y,
Pt(IV). Neither [Fe(CN]*~ nor [Pt(NHs)g]*" shows any is the thermal activation energy for the electron tran¥égris
electronic absorptions at this energy. The higher-lying peak at the corresponding electron-transfer rate constadntis the
317 nm, on the other hand, has previously been attributed to aArrhenius preactivation constant (usually takends x 1012
combination of charge-transfer peaks due to the separate irons™! for electron-transfer reactiondlyp (cm™1) is a measure of
and platinum coordination complexes. The 1:1 stoichiometry the electronic coupling between the donor and acceptakis
of the compound in aqueous solution was confirmed using Job's the molar absorptivity of the IT band at its maximum value,
method of continuous variatioffsby monitoring the IT ab- Ay, is the IT absorption bandwidth at half its maximum height
sorption band intensity as a function of the iron:platinum ratio. (cm™Y), A¥maxis the energy of the IT absorption maximum in
From the sharply triangular shape of the Job plot, it was \yavenumber unitsg is the degeneracy, is the distance (A)

determined that the reaction between the two coordination petween the donor and acceptor (which in this case is estimated
complexes had gone essentially to completion to form the

dInUdeafr adduct. (22) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 10, 247.
Classical MarcusHush theory was used to model the IT (23) (a) Marcus, R. AJ. Chem. Physl956 24, 966. (b) Marcus, R. AJ.

absorption band. Under the high-temperature classical limit, Chem. Physl965 43, 679. (c) Marcus, R. A; Sutin, Nnorg. Chem.

i i 1975 14, 213. (d) Hush, N. STrans. Faraday Socl956 57, 557.
equations 5 can be employed for Robin and Day Class Il (€) Hush, N. SElectrochim. Actal968 13, 1005. (f) Hush, N. S.
Chem. Phys1975 10, 361. (g) Hush, N. SProg. Inorg. Chem1967,
(21) Vosburgh, W. C.; Cooper, G. R. Am. Chem. Sod.941, 63, 437. 8, 357. (h) Hush, N. SProg. Inorg. Chem1967, 8, 391.

(4)
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from the Fe-Pt distance in the X-ray crystal structuféand 303 nm and a less intense peak at 416 nm. This spectrum very
o is the delocalization parameter. closely resembled that of the ferricyanide ion. Cyclic voltam-

Using these equations, the observed and calculated Marcus Metry of the photoproduct revealed a new redox event occurring
Hush parameters for both [(N}$PtY(u-NC)Fe'(CN)s] and with Ei» = 0.19 V vs SCE, identical to that observed for
[(NC)sFe! (u-CN)PHY (NH3)4(u-NC)FE'(CN)s]4~ are listed in KsFe(CN}). Biasing the electrode potential @ V vs SCE led
Table 4. With the exception of the molar absorptivity, the to a cathodic current, confirming ther3oxidation state of iron
remainder of the parameters in Table 4 are remarkably similar in the observed solution photoproduct. The quantum efficiency
for the two different compounds. We interpret these results to for loss of the dinuclear compound, as measured at 488 nm,
mean that the trinuclear Fe(HPt(IV)—Fe(ll) species can be  was 0.014 at 293 K. The quantum efficiency for formation of
treated theoretically as being composed of two Fei)(IV) the ferricyanide product (as measured by formation of the peak
dinuclear adducts which simply share a common Pt(IV) accep- at 303 nm after correction for the absorption of the dinuclear
tor. In other words, the IT intermediate of the net two-electron compound at that wavelength) was 0.012 under identical
transfer consists of two localized degenerate states, Fe(lll) conditions. Irradiated solutions at higher concentrations undergo
Pt(Il)—Fe(ll) and Fe(I}-Pt(ll)—Fe(lll), rather than two non- @ back-electron-transfer reaction over time when they are stored
degenerate, more delocalized states formed through stronghn the dark, partially re-forming a species which has a UV/vis
electronic coupling. Furthermore, the virtually identical redox spectrum similar to that of the original. A brownish-red solid
potentials, IR and Raman spectra, IT absorption bandwidths, Photoproduct was also observed at very high concentrations.
and crystallographic FePt distances for the two molecules Infrared spectroscopy of this product revealed a bro@N)
implies that the presence of a second iron moiety bridged to Stretch at~2060 cnt* with a less intense shoulder 822110
the acceptor Pt(IV) center has very little effect on the electronic ¢m™*, indicating the presence of both terminal and bridging Fe-
or structural properties of the doneacceptor interaction.  (ll) cyanides. The identity of the solid photoproduct has not
Therefore, the trinuclear complex can be conveniently modeled Yet been confirmed. It is postulated that the product contains a
as consisting of two degenerate back-to-back deacceptor ~ polymeric [Fe(ll)-Pt(IV)], species formed by the back-reaction
dyads: D-A/A—D, which happen to share a common molecular of ferricyanide with Pt(Il) ammines at these higher concentra-
orbital as the acceptor (Figure 1f). tions.

The above conclusions are in contrast to those observed forSummary

a similar D-A—D trinuclear species, [(NeRu”(bpy)z—CN_— To better understand the photophysics of the trinuclear mixed-
Ru" (bpy),~NC—RU'(bpy),~CNJ*" (where bpy= 2,2-bi- valence compound, [(NGF€'(u-CN)PHY(NHs)s(u-NC)Fe'-
pyridine), which was previously reported by Scandola €fal. (cn)g4- which has a degenerate one-electron excited state,
These authors report the presence of two overlapping IT o corresponding dinuclear [(NJ4P («-NC)Fé (CN)g]-6H,0
absorptions, which have similar energies. The presence of tW0 ¢, m55nd was synthesized and investigated. The electrochem-

IT band_s has b_een interpretted as arising from a significant istry and spectroscopy of these two compounds are extremely
electronic coupling between the degenerate RutRu(Il)— similar, implying that the initial one-electron photophysics of

Ru(ll) and Ru(l)-Ru(Il)—Ru(lll) excited states (Figure 19).  he former compound can be modeled as a single Fefll)
There are several important distinctions to be made betweenpt(lv) IT transition, which is relatively unaffected by the

the two systems which might account for the observed differ-
ences in their electronic spectra and the degree of electronic )
coupling between remote metal centers. These include the larger Acknowledgment. The authors acknowledge Dr. T. G. Spiro
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decrease in the intensity of the IT band and the growth of a Supporting Information Available: Tables listing details of the
charge-transfer band at 303 nm. In a preliminary experiment acrystal structure refinement information, the atomic coordinates and
16 mM solution of the compound was irradiated until no further equivalent isotropic displacement parameters, all nonequivalent bond

chanaes occurred in its electronic absorotion spectrum. The UV/distances and bond angles, anisotropic displacement parameters, and
9 p P ) hydrogen atomic coordinates and isotropic displacement parameters and

vis spectrum which resulted had a triad of peaks centered atfy o5 depicting the unit cell and extended views along the crystal-

lographic axesa, b, andc, showing the positions of the waters of

(24) The parameter can be less than the geometric donacceptor hydration. This material is available free of charge via the Internet at
distance in molecules with a significant degree of delocalization. See, http://pubs.acs.org.

for instance: Karki, L.; Hupp, J. TJ. Am. Chem. Sod 997 119,
4070. IC981441A

presence of a second Fe(ll) center.




