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The preparation and characterization of a series of trinuclear mixed-valence cyano-bridged Co"—Fe'-Co" compounds
derived from known dinuclear [{ L,Co"(x-NC)} Fe"(CN)s|~ complexes (L, = Ns or N3S, n-membered pendant amine
macrocycle) are presented. All of the new trinuclear complexes were fully characterized spectroscopically (UV-vis,
IR, and *3C NMR). Complexes exhibiting a trans and cis arrangement of the Co—Fe—Co units around the [Fe(CN)g]*~
center are described (i.e., cis/trans-[{ L,Co"(«-NC)} ,Fe"(CN),]**), and some of their structures are determined by
X-ray crystallography. Electrochemical experiments revealed an expected anodic shift of the Fe'"" redox potential
upon addition of a tripositively charged { Co"L,} moiety. The Co" redox potentials do not change greatly from the
di- to the trinuclear complex, but rather behave in a fully independent and noncooperative way. In this respect, the
energies and extinction coefficients of the MMCT bands agree with the formal existence of two mixed-valence
Fe'-CN—Co" units per molecule. Solvatochromic experiments also indicated that the MMCT band of these compounds
behaves as expected for a class Il mixed-valence complex. Nevertheless, its extinction coefficient is dramatically
increased upon increasing the solvent donor number.

Introduction excitation of their metal-to-metal charge transfer (MMCT)

. . _ transition>~’ The electronic configuration of these complexes
_The polymeric cyano-brldg_ed complex Prussian Blue 1,5 een found to be a crucial determinant of their physical
(|ron(II_I) hexacyanoferrate(ll)) is the oIQest known example properties1° These are intimately related to their structures,
ofa mlxed-valence complex. Many r_nlxed—metlal anaIQQQes and careful control of preparative procedures seems to be a
of this compound have been studied featuring a similar o,qia| element in obtaining complexes with the desired
M—CN—M'—NC structural core that propagates in all three structural and physical propertigsi2 The study of the

dimensiong:2 In addition to their use as electrochromic electronic properties of this type of complex is important

matena(;g% certain Prgssmn que anr?logues haye sr:jovgn from a fundamental standpoint, given the fact that it adds to
extraordinary magnetic properties that are activated by understanding of electronic delocalization within mod-
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ligands (see Chart £¥.26 When coupled with hexacyano-

The study of their redox properties can also assess their usenetalate(ll) ions, the resulting dinuclear complexes exhibit

as multielectron donors and acceptdt3i®

different MMCT transition energies. These can be explained

In recent years, we have investigated a number of discreteon the basis of the macrocyclic ring size (13, 14, or 15), the
dinuclear cyano-bridged mixed-valence compounds, and wedonor atoms (M or NsS), and the conformation of the
have been successful in tuning the energy of the (visible) macrocyclic ring (either planar (trans) or folded (cis)).

MMCT transition through deliberate structural changes made

at each metal centéf-?> These complexes comprise
{Fe'(CN)g}* or {RU'(CN)e}* moieties bound as mono-
dentate ligands (through a single bridging cyano ligand) to
the Cd' complexes of known pentadentate macrocyclic

(13) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 10, 247—
422.

(14) Brunschwig, B. S.; Creutz, C.; Sutin, Bhem. Soc. Re 2002 31,
168-184.

(15) Albores, P.; Slep, L. D.; Weyheritller, T.; Baraldo, L. M.Inorg.
Chem.2004 43, 6762-6773.

(16) Zhou, M.; Pfennig, B. W.; Steiger, J.; van Engen, D.; Bocarsly, A. B.
Inorg. Chem.199Q 29, 2456-2460.

(17) Bernhardt, P. V.; Bozodlm F.; Macpherson, B. P.; Mangz, M.;
GonZdez, G.; Sienra, BEur. J. Inorg. Chem2003 2512-2518.

(18) Bernhardt, P. V.; Macpherson, B. P.; Magz, M.Inorg. Chem200Q
39, 5203-5208.

(19) Bernhardt, P. V.; Bozodlm F.; Macpherson, B. P.; Manez, M.;
Merbach, A. E.; GonZaz, G.; Sienra, Blnorg. Chem.2004 43,
7187-7195.

(20) Bernhardt, P. V.; Macpherson, B. P.; Maez, M.Dalton Trans2002
1435-1441.

(21) Bernhardt, P. V.; Bozodlie F.; Macpherson, B. P.; Mantez, M.
Dalton Trans.2004 2582-2587.

(22) Macpherson, B. P.; Alzoubi, B. M.; Bernhardt, P. V.; Maez, M.;
Tregloan, P.; van Eldik, RDalton Trans.2005 1459-1467.

During the electrochemical characterization of these
complexes, partial decomposition to [FEN)e]*~ and pre-
sumed trinuclear Cb—Fé'—Cd" compounds has been
observed®?’” The process is associated with the reduction
of the Cd"' macrocyclic center (during the cathodic volta-
mmetric sweep). This creates a labile "Cspecies that
dissociates from its ferrocyanide partner; it then associates
with one of the five terminal cyano ligands of{&,Co—
NC—Fe(CN}} dinuclear complex, forming a trinuclear €o
NC—Fe—CN-—Co species. Equilibrium between trinuclear,
dinuclear, and mononuclear complexes is established within
the diffusion layer, as the successive sweeps upon repeated
cyclic voltammetry are identical. This reaction is paralleled

(23) Hambley, T. W.; Lawrance, G. A.; Manegz, M.; Skelton, B. W.;
White, A. L. J. Chem. Soc., Dalton Tran$992 1643-1648.

(24) Lawrance, G. A.; Manning, T. M.; Maeder, M.; Marg¢z, M.; O'Leary,
M. A.; Patalinghug, W.; Skelton, A. W.; White, A. @. Chem. Soc.,
Dalton Trans.1992 1635-1641.

(25) Lawrance, G. A.; Manhez, M.; Skelton, B. W.; White, A. Gl. Chem.
Soc., Dalton Trans1992 1649-1652.

(26) Lawrance, G. A.; Mamez, M.; Skelton, B. W.; White, A. HAust. J.
Chem.1991, 44, 113-121.

(27) Bernhardt, P. V.; Bozodlm F.; Macpherson, B. P.; Manez, M.
Coord. Chem. Re 2005 249 1902-1916.
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by a redox process on the Co center, the mechanism by whictthe versatility of the mechanistically designed preparative

the corresponding dinuclear complexes are formed in the first procedure for these mixed-valence species (Scherie?).

place?® It can be seen that this redox-catalyzed mechanism could,
We present herein the preparation and characterization oftentially, occur sequentially, generating complexes of

anew series of symmetrical trinuclear mixed-valencé £0 increasingly higher nuclearity. A likely exception is the

Fe' complexes derived fror_n the ana_logous dinuclealt €0 tricobalt complestrans{{ L1sCa" (u-NC)} ,Cd" (CN)4J>*. This

Fe' compounds of the type indicated in Chart 1. Interestingly, complex was formed directly by reacting 2 equiv of the

complexes derived from tra_ns (coaxial) o”r cis (equa;norial) macrocyclic complex with 1 equiv of hexacyanocobaltate-
attachment of & Col} moiety to fLnCo"(u-NC)}Fe'- (1. Unlike the complexes containing a ferrocyanide group,

(CN)s]~ precursor were obtaipeq in some cases, represe.nting[he precursorsans[{ L1:Cd" (4-NC)} Co" (CN)g] and [Co(C-
a novel example of geometric isomerism. Electrochemistry N)J° cannot act as reductants, and therefore the only

and optical spectroscopy studies have been undertaken with ossible mechanism by whittans [{ L1sCd" (4-NC)} ,Cd"-
these trinuclear complexes, and the results are compared wit . v I
CN)4]®* can be formed is base-catalyzed ligand substitution

data obtained for their dinuclear precursor analogues. . . . .
P g by an incoming N-bound cyano ligand on the inert [Cas-

Results and Discussion (OH,)]*" complex.

Synthesis and Characterization. A number of new The relative amounts of cis and trgfSo—NC—Fe-CN—
trinuclear [L.CO"(u-NC)}2Fe!'(CN)J2* complexes have Co} isomers obtained in this work merit some discussion.
been prepared. For comparison, an isoelectrdnigGo" (u- These isomers are obtained in essentially equal quantities

NC)},Co" (CN),]3* analogue was also prepared. In all cases, during the preparative processes involving {@»L.4 and

the macrocyclic ligand is coordinated in a trans configuration, { CoLis} moieties. There is a statistical factor of 4 favoring
with the four secondary donors coplanar and the bridging formation of thecis-CoFe complex over théransCoFe
cyano ligand trans to the pendant amine (Chart 1). However, isomer, but this is counterbalanced by the steric hindrance
novel isomeric forms of the trinuclear complexes were associated with twgCoL,} moieties being placed in adjacent
isolated that differed in the relative disposition of the two positions about the Fe coordination sphere. We have not
{Cd"Ls} moieties. Specifically, the compounds prepared observed any cis-to-trans isomerization under the preparative

werecis{{L14Ca" (u-NC)} ,F€'(CN)4]?*, trans[{ L14C0" (u- conditions used, and the two pairs of isolatésl andtrans
NC)}2F€'(CN)yJ?*, cis[{ L1sCa" (u-NC)} 2F€'(CN)J**, trans: CoFe isomers appear to be noninterconvertible. In this
[{L1sC" (u-NC)}2F€'(CN),J**, and trans[{LisspiCa" (u- respect, the presence of only the trans isomeric form of

NC)} zFé'(C_N)4 2t \{v_here the cidrans nomer_lcl_ature refers  [{LisspiCO" (u-NC)} oFe'(CN),]2* is revealing and, given the
to the relatlve_ position of the twpCoL,} moieties around  |arger size of the{Co"Lissp} unit, suggests that this
the Fe coordination sphere. These complexes have beerelectivity is steric in origin. Furthermore, recent DFT

forr2n+ed viathe outltlar—sphere reldox ree_lc;tfmetween [CEL,- calculations on the dinuclear complexes indicate that the
ClJ?" and fLCo"(u-NC)} Fe'(CN)s] . Thle redlox—caltla— cyanide nitrogen attached in the trans position to the cobalt
lyzed reactions leading to the trinuclear 'CoFe!—Cd center carries the larger electron density, thus also favoring

systems have the same origin as those leading to theye formation of the trans isomer of the trinuclear complex
formation of the starting dinuclear precursors, which indicates for electronic reasori®

(28) Martnez, M.; Pitarque, M.; van Eldik, Rnorg. Chim. Actal1997,
256, 51-59. (29) Bozoglia, F.; Fabrizzi, F.; Mafhez, M.; Ruiz, E2005 in preparation.
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The mononuclear [CHLCl]?>* building blocks have been
described with different N-based geometric isomers, their
relative stability being determined both by the size of the
macrocyclic ring and by the nature of the ligand in the sixth
coordination site of the Cbcenter??2324303The so-called
trans4(RSRS) form for complexes [CaLCl]?" is dominant

macrocycle), whereas thegansdl(RSRR) (three up, one !
down) andtransdll(RSSR) (two up and two down) forms Cab caP C2b
are more common, but not exclusive, for [GeCI]3*. The Figure 1. ORTEP drawing ofrans[{L1sCa" («-NC)} 2Fe! (CN)aJ2+ (30%

fact that the latter complex has been structurally characterizedprobability level ellipsoids, H-atoms omitted). Selected bond lengths (A):

in various N-based isomeric forms is consistent with our E?z%)l09(117)(&13)89;1&1)3555(;—)105?8(15522235()1}?(%1)—) f.§341(2%?8c(?(;1§§((13)
observation of multiple isomeric forms of botfans- and 1.889(3); Co(1yN(LA—5A) 1.955(3)-1.971(4); Co(2)-N(6) 1.899(4): Co-
cis-[{L1sC0" (u-NC)} ,F€'(CN)4]?* in solution and in the  (2)—(N1B—N5B) 1.937(3)-1.987(4).

solid state. A study on the stability of the different isomeric
forms of the mononuclear Co complexes and their pH-
dependent interconversion is currently underway, indicating
that on intensive workup or on long standing all these species
convert to a unique thermodynamically stable fé¥rm this
respect, all final trinuclear complexes crystallized and studied
in this work have been found to be isomerically pure species.
For the Lis complexes, théransdlI(RSSR) form is the only
one present in all cases, as proved by X-ray crystal analysis
and a comparison of tHéC NMR spectrum with that of the
equivalent dinuclear characterized compiéfor L4 com- Figure 2. ORTEP drawing ofcis-[{ L1sC0" (u-NC)} 2F€!(CN)4]2+ (30%
plexes, the uniqueness of ttrans4(RSRS) isomeric form Igfofiabgiti’ |iV§c|) illipsoingHéatlogﬁss szr_n'itTE(li).C Sglelcgefzbqlld Ifngtgs A):
is proved by the comparison of the signal of #i€ NMR 1%(2();); (Fe)(l'}C((S))'l.gesg(_l)); fie)(1}C((t3))i.ge(§(z); ((:())(17'\,\,((1))'1;1((1’); (Cg
spectrum with those of the known dinuclear parent com- (1)-N(1A—5A) 1.95(1)-1.98(1); Co(2}-N(2) 1.91(1); Co(2}-N(1B—5B)
plexes!® Finally, for the Lysspntrinuclear complex, only one  1.92(1)-1.99(1).

set of signals in thé*C NMR spectrum is evident, indicating  cqordinate bond lengths and angles about the two Co centers
that only a single isomeric form is present in the prepared g, essentially the same. EgdBoLss} unit exhibits arans-
complex and corresponding to a fully symmetrical trans form. ||| N-pased configurationally isomeric form, as that shown
The trinuclear complexes all show spectroscopic charac- for the mononuclear precursor in the chart. An interesting
teristics similar to those of their dinuclear precursors. In feature that emerges from this high-resolution structure is
particular, although the IR cyano stretching bands were foundthe fact that the FeCN coordinate bonds are sensitive to
to be sensitive to the isomeric form of the complefsee  whether the CN ligand is terminal or bridging. The two
Experimental Section), thEC NMR spectra in the 170 independent bridging FECN coordinate bonds are signifi-
200 ppm (CN) region provided the best indication of the cantly shorter than those of the four terminally coordinated
isomeric form of the Cg-e complex. To a first approxima-  cyano ligands. Apart from this feature, the coordinate bonds
tion, ignoring the local symmetry of eadiCoL.} moiety, are as expected for the ferrocyarfitlend pentaaminecobalt-
thetrans Co,Fe complexes have effectii, symmetry, and  (111)3* moieties. The bridging cyano ligands also form the
exhibit two distinct™*C cyanide resonances (terminal and shortest bonds to each Co center, as seen previously in all
bridging). In contrast, theis-CoFe complexes have 2-fold  structurally characterized dinuclear analogtfe8::
rotational symmetry; thre®¥C cyanide resonances (bridging, The crystal structure of the isomeis-[{ L15C0" (u-NC)} »-
trans to bridging CN, and mutually trans) are anticipated, Fd!(CN),](ClO,).-9H,0 was also determined (Figure 2). The
and are indeed found. The signals corresponding to bridgingprecision of the structure was not as high as that of the trans
CN are always found at 19@195 ppm, whereas the groups isomer, so no meaningful comparisons between the bond

having a terminal arrangement appear in the-1780 ppm  |engths of the trans and cis isomeric forms of the complex

region, with a clear differentiation between those being trans can be made. All molecules are on genera| sites, and there

or cis to theu-CN group. is disorder in one of the perchlorate anions and in two of
Crystallography. The crystal structure ofrans[{Lis the nine water molecules in the asymmetric unit; also, a six-

Ca"(u-NC)} ,F€'(CN)4]?" is shown in Figure 1. The complex membered chelate ring bound to Co(2) is disordered between
has no crystallographically imposed symmetry, but the a chair and twist-boat conformation. The N-based isomeric
form of each Co moiety is agaitransdll. Although the

(30) Benzo, F.; Bernhardt, P. V.; Gonea, G.; Martnez, M. J. Chem.

Soc., Dalton Trans1999 3973-3979. (33) Meyer, H. J.; Pickardt, Acta Crystallogr., Sect. @988 44, 1715~
(31) Bernhardt, P. V.; Mantez, M.Inorg. Chem.1999 38, 424-425. 1717.
(32) Aullon, G.; Bernhardt, P. V.; Lawrance, G. A.; Macpherson, B. P.; (34) Bernhardt, P. V.; Macpherson, B. &cta Crystallogr., Sect. Q003
Martinez, M.; del Rio, C. Unpublished resyl005. 59, m467—m470.
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% Figure 4. Cyclic voltammograms dfrans[{ Cd" L14(u-NC)} ;F€'(CN)4] ~
Figure 3. ORTEP drawing of one of the independent cativass[{L1s- (first cycle, bottom),trans[{ Ca"'L14(u-NC)}2F€'(CN)4]~ (second cycle,

Co'' (u-NC)},Ca' (CN)4]3+ (30% probability level ellipsoids, H-atoms  center), and{[Co" L14(u-NC)} Fe'(CN)s]2* (top). Glassy carbon working
omitted). Selected bond lengths (A): CofZ}(1C) 1.861(7); Co(2YC(2C) electrode, NHE reference, 1.0 M NaGI@5 °C.

1.916(8); Co(2)-C(3C) 1.905(8); Co(EyN(1C) 1.899(6); Co(LyN(2—5)

1.934(5)-1.978(5). Table 1. Redox Potentials (vs NHE) of the Two Metal Centers in the

Di- and Trinuclear Mixed-Valence Complexes Studied As Determined

. . A by Cyclic Volt try (1.0 M NaCIQ 25 °C
coordinate angles around the Fe atom deviate significantly y Cyclic voltammetry ( acla )

from an ideal octahedral geometry, similar angular distortions E%(mV)
were seen in the crystal structuret@ns[{ L1sCa" (u-NC)} »- complex Fe&m - co ref
Fe'(CN)4]?". Thus steric repulsion between the two adjacent [Fe'(CN)g*- 420 40
inei (- I 2+ trans[Co" (OH)L14]%+ —-200 20
{CoL1I5}|groups 'nc.'s’l[{][‘ﬁck? (u N?)}ZF.é (CN)*" cannot his [{[CO"L1iu-NC)} Fe!(CN)] - 630 595 20
be solely respons]b e for the angular distortions seen in this s i cgi ,,(u-NC)} sFel (CN) 2 842 528 thiswork
structure. In earlier papers, we have noted that angular trans[{Cd"L14u-NC)}.Fe'(CN),2* 844  —530 this work
i i i [{CA"L1s(u-NC)} Fe' (CN)s] - 600 —580 18
distortions, particularly about the hexacyanometalate group, Cis [{CaL ao-NC)} 2P (CNYJ2* 700 230 ihis work
are most I_|ke_ly z_;\ssomated _Wlth pack_lng forces rgther than yans[{ColL1su-NC)} sFel (CN)oJ2+ 804 —533 this work
with any intrinsic electronic or steric effects within the trans[{C0"Lisspu-NC)}oF€e'(CN)J2" 871  —190  this work
mixed-valence complex. trans-[{ Co" L1s(u-NC)} ,Ca" (CN)4]3* —376  this work
The crystal structure of the isoelectronic analograas mograms, indicating that an equilibrium between di- and

[{L1sCd" (u-NC)},Co"(CN)4]Cl3*7H,O has also been de- trinuclear complexes is established. On the basis of the results
termined. The structure comprises two independent complexreported here (Table 1), the electrochemical properties of
cations each on a center of symmetry. There are no obvioustrans- and cis-[{L15C0" («-NC)},F€'(CN)4*" cannot be
differences between the two complex cations. Once again adifferentiated, so it is possible that the putative trinuclear
significant (ca. 0.04 A) shortening of the bridging -©6N complexes formed in the electrochemistry of the dinuclear
coordinate bonds, relative to the terminal-G@N bonds, is analogues reported previously®2tare cis/trans isomeric
a feature of this high-resolution crystal structure. As expected, mixtures.
the Co-CN bonds are somewhat shorter than the corre- In contrast to the electrochemistry of the dinucledr.}
sponding Fe-CN bonds as a consequence of the higher Co"(u-NC)}Fe!(CN)s]~ complexes (where complexes of
oxidation state of the cobalt ion. The coordinate bonds in higher nuclearity, i.e., trinuclear, were formed), no tetra-
the macrocycli ColLss} moiety match those found in the nuclear complexes were identified in the voltammetry of the
analoguetrans[{L15C0" (u-NC)} ,Fe'(CN),) 2. prepared trinucleaf [,Ca" (u-NC)} ,Fe' (CN),]?" analogues.
Electrochemistry. Trinuclear complexes of the type The formation of these trinuclear complexes occurred in the
isolated here have been proposed to be present during thaliffusion layer of the electrochemical experiment because
electrochemistry of their dinuclear precurs&Bor example, of the dissociation of the labil€Co'L,}?" unit from the
in the cyclic voltammetry of {L14C0d" (u-NC)} F&'(CN)s] electrochemically generated reduced dinuclganCo' (u-
(which exhibits an P&" potential of ca. 600 mV vs NHE),  NC)}Fé'(CN)s]?>~ complex. Further reaction of the putative
a higher-potential F¢" redox couple at ca. 800 mV emerges [Co"L.(OH,)]?" (or five-coordinate analogues) with some
after the first complete cycle in addition to a wave of equal undissociated reduced dinuclear complex produces the final
intensity at ca. 400 mV, which is characteristic of the fully reduced neutral trinucleaf L,Co'(u-NC)},Fe'(CN),]°
[FE(CN)X]** couple. The highest-potential couple was compound. For the formation of tetranuclear (g€’
assigned to a trinuclear complex, although the isomeric form complexes of general formul@l[,Cd" (u-NC)} sFe' (CN)4] >,
could not be assigned. The reverse of this di/trinuclear a reaction has to occur between an electrochemically
equilibrium feature is also observed in the cyclic voltammetry generated neutral trinucleaf L[,Cd'(u-NC)},Fée'(CN),]°
of the trinuclear complexes (Figure 4, center and bottom) complex and some dissociated [Cq(H,0)]?", but this is
isolated here. Upon repeated cycling, afFeavave corre- not observed. Electrostatics is probably a plausible cause of
sponding to the dinuclear analogue appears in the voltam-this lack of reactivity. The approach of two units ofP
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and [0] charge is unassisted by electrostatic attraction, in
contrast to the association off2 and [2—] moieties in the
electrochemical generation of @& complexes from
[LC0o"Fe']>" and [CoLF" precursors. Steric congestion
around the iron center may also be related to this lack of
reactivity.

In all cases, even with the use of high-resolution techniques
such as square-wave and differential-pulse voltammetry, the
two Cd"" couples of the trinuclear complex could not be
resolved. Attachment of each tripositively chardeZbl .}
unit to ferrocyanide produces a successivet200 mV shift
in the F&"" redox potential. However, there is a more modest
increase of ca. 60 mV on the @ redox potential(s) upon
introduction of an additionglCoL,} group to the dinuclear
parent. The redox potentials Wans[{ L15spiC0" (-NC)} -
Fe'(CN),)%" merit special mention. Although the P&
potential is similar to those found in the trinuclear analogues Figure 5. UV—vis spectral changes obtained duringZa for the MMCT

. L I . band of the completrans[{ Co" L1sspiu-NC)} 2Fe!'(CN)4J?>" (ca. 3x 104
bearing{ CoL,4} and{CoL,s} moieties, the C#" potentials M) on addition of NaS,0 in 0.01 M HCIQ, at 25°C.
of trans[{LisspiCa" (u-NC)},F€'(CN),]?" are anodically
shifted by 350 mV relative to the other compounds, and are Table 2. Metal-to-Metal Charge Transfer Band Energies for the Series
. f Complexes Studied in Aqueous Solution in the@x 104 M
essentially the same as those of the aqua complexes oﬁegion
pentaamine precursors [C4DH,)]*". These differences are

1
consistent with that observed previously going frofh - complex STy omy  ref
Cd"(u-NC)} Fe!'(CN)g]~ (bearing a Coblcoordination sphere)  {coiL,,(u-NC)} Fé' (CN)g- 19600 (610) 9800 20

to[{ L14Ca" (u-NC)} Fé'(CN)s]‘ (with a CoN,S; coordina- cis-[{CO'"L14(u-NC)}2F€!(CN)j]>* 20100 (1060) 9200  this work
trans[{ Co"L14(u-NC)} ,F€! (CN)4] >+ 20400 (950) 9500  this work

tion spherg), where the.S—donors stapilize thé ®antion [{COML 1s(u-NC)} Fel (CN)e] 18400 (420) 9000 18
state relative to the amino N-dond¥sFinally, the tricobalt cis-[{ CO"L15(u-NC)} ,Fe! (CN)4] 2+ 19500 (950) 8600 this work

(. I 3+ ihi trans[{ Co"'L15(u-NC)} ,Fe!' (CN)) 2+ 19500 (930) 8800 this work
c_omplex tr/ﬁns[{Lls(:d (/4 NC)}ZC.ZOI (CN)4] eXhlpltS. a transr[{Cd”Lisp.(,u-NCz)}zFe“(Cl;\l)‘;]2+ 18100 (1010) 9600  this work
single Cd"" couple from the peripherdlCoL;s} moieties
at ca. 200 mV more positive tharans andcis-[{ L1sCa" (u- collected in Table 2. Although the MMCT band maximum
NC)}2F€e'(CN),]?*. Cyclic voltammetry found this response  appears as the most intense band in each spectrum, it partially
to be totally irreversible at slow scan rates100 mV s?) overlaps with other ¢ d maxima anticipated to emerge from

but quasi-reversible at fast scan rated(000 mV s?). This the{C0""N¢} and{Fe'(CN)es} chromophores. Nevertheless,
behavior is typical of an irreversible chemical reaction (in we can take the apparent MMCT maximum as a good
this case dissociation) following reduction of the complex. estimate of the energy of the transition without resorting to
The anodic shift in th¢ Cd"" L5} potential is a consequence  spectral deconvolution methods. Application of eq 1
of the less-negative charge of the cen{fr@b(CN)%"} unit
facilitating the reduction of the attached macrocyclic cobalt Egp=AG’+ 1 1)
ions. No redox response from th€0o(CN)*"} moiety was o o
obtained within the potential window set by aqueous solution. /€@ds to reorganizational energy which is also collected
Spectroscopy.The visible absorption spectrum changes N Table 227 AG is taken from the difference between
upon oxidation with 80g2~ of trans[{ L1sspiC0" (u-NC)} »- the redox potentials Qf the two couples (|..e._,”Glé.é' S
Fe'(CN),J2" are shown in Figure 5. The more prominent Ca',Fe"), e.xpresseq in cmt. Hush theory, inits simplest
maximum at ca. 550 nm vanishes. In analogy to our previous form, describes a single doneacceptor pair; in our case,
work, this feature is indicative of oxidation of the ferrocya- the independence of the two €aenters indicated in the
nide group, which is accompanied by a loss of the MMCT voltammetry experiments enables the trinuclear mixed-
transition'82°2.The maximum that remains around 460 nm Vvalence complexes to be treated similarly.
is due to the macrocyclic ochromophore, and is unaf- It_ is evident _that there is Ii_ttle va_lriation in the reorgani-
fected by the Fe-centered oxidation reaction. Further evidencez@tional energiesl across this series (Table 2). In other
in support of this assignment comes from the relatively WOrds, the only significant variable affectingo, is the
simple spectrum of the tricobalt compleans [{ L 1sCo" (- difference between the @8 and F&"' redox potentials
NC)},Cd"(CN),J3*, which is devoid of any bands at (AGO). iny the Fe center feelsf .the full force of. the
wavelengths longer than 470 nm, i.e., no MMCT transitions introduction of an additional tripositive center, producing a
are present in this complex. positive shift that results in an increased separation between

The energies of the MMCT transitions for all of the new he two couples of about 150 mV. This equates to a
trinuclear complexes and other relevant analogues arehipsochromic shift of ca. 1200 crhin the MMCT energy

(35) Donlevy, T. M.; Gahan, L. R.; Hambley, T. lhorg. Chem.1994 (36) Hush, N. SProg. Inorg. Chem1967, 8, 391-444.
33, 2668-2676. (37) Creutz, CProg. Inorg. Chem1983 30, 1-73.
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Table 3. MMCT Data for the Complex
trans[{ CO" L14(u-NC)} 2F€'(CN)4]?" in Different Solvents (25C,
[complex] in the 3 x 1074 M region)

complexes and solvents have also been established in their
redox and substitution reactivity:193045

solvent Eop (Cmfl) € (M’lcm’l) Conclu5|ons

H,0 20 400 950 , )

MeOH 19 100 1700 The use of dinuclear cyano-bridged'CeFe' complexes
DMF 18 200 2800 as precursors for mixed-valence compounds of higher
DMSO 17 100 3900

nuclearity has been demonstrated. Interestingly, all the redox
(from di- to trinuclear complex) according to Hush theory; centers behave electrochemically in a fully independent way.
the experimental data in Table 2 concur with this prediction. Furthermore, an additive effect in the MMCT extinction
The intensity of the MMCT band for the trinuclear complexes coefficients is observed. The solvatochromism of these
is approximately double that seen for the dinuclear com- charge transfer bands is remarkable. Not only is the expected
plexes. In other words, the extinction coefficients report on shift in the MMCT energy observed as a function of the
the effective concentration of Co"—NC—Fé'} chro- solvent but the intensity of the transition is also affected,;
mophores within the complex. It is interesting to note that We are not aware of such an effect being reported previously.
the existence of up to six units should be, in principle, These results pave the way for the preparation of complexes
possib|e for these type of Compounds, which would make with dissimilar terminal electron acceptor groups that should
them attractive targets for electrochromic applicatit?s. exhibit distinct MMCT transitions from a common ferro-
Table 3 collects the differences observed for the energy cyanide donor core. Studies of the outer-sphere redox
and intensity of the MMCT band for theans-[{ CO" L 14(u- processes leading to the fully oxidized species, which in turn
NC)} .F€'(CN),]%+ species in different solvents and at low have proven to be active in water oxidation, are also currently
concentrations to avoid undesirable ionic-strength effects. under way.
The trend of the MMCT energy is in excellent agreement ) )
with the predicted shift (Figure S1a) because of changes in EXperimental Section
the static and optical dielectric constants of the solvent for  ppysical Methods. Al NMR spectra were recorded at the
a MMCT band. That is, the class Il RobiDay mixed-  facilities of the Serveis Ciefftco Tecnics de la Universitat de
valence complex character is reinforced, and only the solvent-Barcelona on a Varian Mercury-406H, 13C 100.6 MHz) spec-
related reorganizational energy is affecteét As for the trometer in DO and using the sodium salt of deuterated trimeth-
differences in value of the extinction coefficient, those are ylsilylpropionate as an internal standard. IR spectra were recorded
extremely important. The application of eq 2, and taking into on a Nicolet 520 FT-IR instrument. Characterization tWs
account thaflma = (Av12)%2295 at 298 K, produces very spectra were recorded on an HP8452A instrument at a concentration

large changes in the values of the electronic coupling term, ©f €& 5x 107* M in water. Electrochemical experiments were
H,p 42 carried out with an EG&G PAR 263A instrument with a glassy
al

carbon working electrode, a platinum wire counter electrode, and

Ho [ fe p. 212 2 a Ag/AgCl reference electrode; solutions were degassed prior to

a U {emadmadvas 2) the cyclic (100 mV s?), square-wave (25 mV-3), or differential-

This is surprising, taking into account that only solvent Pulse (60 mV pulse) voltammetry experiments. The values given
external effects have to be considered, and that changes ir{or the potential are always corrected to those referred to the NHE
the electronic coupling matrix element a,re related to internal electrode. Characterization voltammograms of the complexes were

. . . recorded at a ca. kX 103 M complex concentration in 1.0 M

coupling. The trend, on the other hand, is related directly to NaClO,
donor Soi\ignt numbers and |nverse_ly to Re_lchardts acceptor Crystallography. Cell constants were determined by a least-
strength*43That is, the greater the interaction of the solvent

. . X squares fit to the setting parameters of 25 independent reflections
with the amine protons of the cobalt environment, the larger measured on an Enraf-Nonius CAD4 four circle diffractometer

the degree of coupling between the'Cand Fé centers. employing graphite monochromated MaKadiation (0.71073 A)
This is in line with that found for related studies in dinuclear and operating in the—26 scan mode. Data reduction and empirical
complexes, where the importance of ion-pairing vs ionic absorption corrections (g-scans) were performed with the WINGX

cloud* and specific nonpolar interactici$ias been inves-

package® Structures were solved by direct methods with SHELXS-

tigated. Furthermore, specific interactions between the 86, and were refined by full-matrix least-squares analysis against

(38) Biancardo, M.; Schwab, P. F. H.; Argazzi, R.; Bignozzi, Clrarg.
Chem.2003 42, 3966-3968.

(39) Watson, D. F.; Willson, J. L.; Bocarsly, A. Biorg. Chem2002 41,
2408-2416.

(40) Lappin, A. G.Redox Mechanisms in Inorganic Chemistillis
Horwood: Chichester, U.K., 1994.

(41) Reichardt, CSobents and Sekent Effects in Organic Chemistry
Wiley-VCH: Weinheim, Germany, 2003.

(42) Karki, L.; Lu, H. P.; Hupp, J. TJ. Phys. Cheml996 100, 15637
15639.

(43) Burgess, Jons in SolutionAlbion/Horwood: Chichester, U.K., 1999.

(44) Peez-Tejada, P.; Loez-Peez, G.; Prado-Gotor, R.; 8ehes, F;
GonZaez-Arjona, D.; Lpez-Lpez, M.; Bozoglia, F.; Gonz&ez, G.;
Martinez, M. Inorg. Chim. Acta2005 in press.
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F?2 with SHELXL-974" H-atoms were included at estimated
positions. Drawings of molecules were produced with ORTEP3.
Crystal data are summarized in Table 4.

Materials and Reagents.Safety note Perchlorate salts are
potentially explosie, and should neer be heated in the solid state
or scraped from sintered glass frits.

(45) GonZéez, G.; Martnez, M.; Rodiguez, E Eur. J. Inorg. Chem200Q
1333-1338.

(46) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837—838.

(47) Sheldrick, G. MSHELX97 Programs for Crystal Structure Analysis,
release 97.2; Universit&ottingen: Gidtingen, Germany, 1998.

(48) Farrugia, L. JJ. Appl. Crystallogr.1997, 30, 565.



Dinuclear Cyano-Bridged CH —Fe' Complexes

Table 4. Crystal Data for the Structures Determined by X-ray Analysis
Nap{trans-[{L1sC0" (u-NC)} »

cis-[{L15C0" (u-NC)} 2F€'(CN)4] trans[{L1sCou-NC)}»

Fé'(CN)4] (citrate) Cl-13H,0} (Cl04)2*9H,0 CO(CN)]Cl37H0
formula GeHggCICoFeNi6020 C3oH76Cl2CoFeNigO17 C3oH70Cl3C3N1606
fw 1275.39 1177.68 1034.16
cryst syst triclinic monoclinic triclinic
space group P1 P2i/c P1
a(d) 9.9350(10) 15.273(2) 9.2247(9)

b (A) 17.133(2) 11.297(1) 14.478(2)
c(A) 17.882(2) 30.747(6) 19.651(2)
o (deg) 71.471(8) 90.14(2) 74.08(1)
f (deg) 76.752(9) 90.14(2) 76.329(1)
y (deg) 85.14(1) 90.14(2) 72.79(1)
V (A3) 2809.0(5) 5305(1) 2376.2(5)
z 2 4 2

T(K) 293(2) 293(2) 293(2)

2 A) 0.71073 0.71073 0.71073
u (cmh) 9.70 10.65 12.59
Pealc 1.508 1.475 1.445
R(obs dat&d 0.0463 0.1102 0.0556
wR(all data¥ 0.1509 0.3854 0.1783

3R(Fo) = Y||Fol — IFcll/Z|Fol. ® Ru(Fo?) = [TW(Fo?> — FA)/YWFeAY2

The [CoL,Cl]?* complexes, as well as the dinuclear mixed- yielded the desired isomeric trinuclear complexes as their perchlo-
valence complexes{ [14C0" (u-NC)}Fe'(CN)s]~ and fLsCd"- rate salts (caution, segafety notg.
(u-NC)}Fe'(CN)s] -, have been prepared according to published  trans-[{ L,,Co" (u-NC)} JFe! (CNY](CIO,)> 7H,O (first band, 30%
procedureg§?212%25.31 yield). Anal. Calcd: C, 28.63; N, 19.08; H, 5.83. Found: C, 28.87;

The precursotrans{CoLisspiClJ(ClO4), was obtained from a N, 19.03; H, 5.83. Electrochemistry (mV vs NHE): 844 (g,
complexation reaction of the kno#hligand Lysspn with Co', —530 (Cd""). Electronic spectrumifua (Nm), e (M~1cm1): 324
following the same standard preparative procedure described for(600), 434 (1050), 490 (950). IR (CN, ci): 2090, 2065, 2032.
this family of complexe&* 26 A 20% excess of CoGl6H,0 (0.49 13C NMR (9, D;0): 20.7, 30.7,52.9, 54.9, 55.1, 62.0, 68.3, 175.9,
g) was added with stirring to an aqueous solution of the hydro- 190.3.
chloride (Llsspﬁ3HC|) of 8-methyl-6,10-diaza-3,13-dithia-1,15,16,- CiS-[{ L14Cd”(ﬂ-NC)}zFell(CN)4](C|O4)2’6H20 (second band,
17,18,19-dehydrobicyclo[13.4.0]nonadecan-8-amine (0.75 ) I 5504 yield) Anal. Calcd: C, 27.61; N, 18.40; H, 5.46. Found: C,
water (150 crf), and the pH was adjusted to ca. 7. The solution 27.57; N, 18.11: H, 5.38. Electrochemistry (mV vs NHE): 842
was aerated fo2 h atroom temperature to give a dark brown (F), —528 (Cd'). Electronic spectrumifuax (NM), € (M1
solution, to which were added concentrated HCI (20°)cand cmY)): 326 (570), 442 (1080), 498 (1060). IR (CN, tht 2124

activated charcoal (3 g). The suspension was stirred overnight at(weak) 2052 (broad, strongfC NMR (8, D,O): 20.7, 30.9, 52.8
room temperature and filtered; the filtrate was diluted to ca. 2dm 549 51 620 684 173.7 176.4. 191.6. ’ ’ ’

and was absorbed onto a column of Dowex 50WH2 cation-exchange
resin. After we washed the solution with 0.5 M HCI to remove
unreacted C a single red band was eluted Wi M HCI. The
eluate was reduced in volume to 20%mand concentrated HCIO

(1 cn?) was added. Red crystals were obtained after slow
evaporation (yield 59%)rans[CoL15spiCI](ClO4)2-3/2H,0. Anal.
Calcd: C, 30.07; N, 6.57; H, 4.68. Found: C, 29.76; N, 6.51; H,
4.83. Electronic spectrum fax (nm),e (M~ cm™1)): 399 (shoulder,
500), 476 (170), 548 (230). SWV (mV vs NHE, 1.0 M NaCl): 127.

n = 15. Cation-exchange chromatography again gave two bands
that eluted with 0.1 M NaCl@ However,13C NMR spectroscopy
of fractions taken from each band as they eluted revealed mixtures
of N-based isomeric forms of each complex. Nevertheless, as
indicated by the number 88C NMR signals in the 176195 ppm
zone, the first band contained exclusivélgnsCoFe complexes,
whereas the second well-separated band contained exclusigely
CoFe complexes. As expected for chromatography procedures

W | 2 [ — carried out at neutral pH, we have been unable to separate these
[{LnCO" (u-NC)}oFe' (CN)J*" (n = 14, 15).These complexes N-based isomers given their fast interconversion under these

were obtained by reaction of equimolar ratios of the dinuclear o - o )
conditions. We had encountered similar complications in our

mixed-valence core and the corresponding cobalt complex, as. - 0 o
indicated above. An agueous solutioncaL0~% M in both [Col,- investigations of other complexes ofslsuch agrans[Co'' CIL 5]

(- | - i i
Ol and [L,Co" 1-NC) Fe/(CNy]was adjusted topH 7.5,and {1 Tl CIOAETS - HOe & P88 e Bonole
was left to react at 60C overnight. The resulting mixture was 13 Y

diluted 8-fold, and was loaded on a Sephadex C-25 cation-exchang _rapf;éllcsa;l?l/ after cation exchange chromatography in acidic condi
S ) ions?43031Thus, concentration of these bands at room temperature
column. Unreacted (anionic) dinuclear complex was not retained, - " . .
: ! . ~."’ and precipitation by the addition of ethanol yielded solids that were
and was eluted out by washing the column with water. Two cationic

species eluted separately with 0.1 M Na@lThe unreacted mixtures of N-baseo:l ISomers (c?utlon, @‘ety notg. .
mononuclear cobalt complex [CRIOH,)]3* can be eluted only with Negf trans-[{ L1sCo" (u-NC)} oF€' (CN)(citrate)CI-13HO (first
much higher concentrations of electrolyte. band) The sample mixture containing ttrans-CoFe isomers did

n = 14. The two above mentioned bands were each concentrated°t produce isomerically pure species on standing. Th_e mixture
to a small volume (ca. 5 cfrat room temperature under reduced Vas chromatographed on a Sephadex C-25 column again, and was

pressure on a rotary evaporator. Addition of ethanol (ca. 159 cm eluted with a 0.2 M mixture of sodium citrate and chloride (2:1).
On standing, crystals of the mixed citrate saltNens[{L;s

(49) Elliot, A. J.; Lawrance, G. A.; Wei, GPolyhedron1993 12, 851— Co" (u-NC)} ,Fe'(CN)q](citrate)CF13H,0} were obtained as an
853. isomerically pure species. Anal. Calcd: C, 33.33; N, 16.81; H, 6.73.
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Found: C, 33.30; N, 16.75; H, 8.01. Electrochemistry (mV vs NaClQO,. Concentration of this band at room temperature and
NHE): 804 (F&"), —533 (Cd'""). Electronic spectrumifmay (nm), addition of ethanol yielded the desired isomerically ptrems
e (Mt cmY): 326 (580), 450 (930), 512 (930). IR (CN, ch: [{ COML15sp{ut-NC)} 2F€! (CN)4](Cl04)2: 14H,0 (yield 15%) com-
2097 (strong), 2059 (strong)C NMR (9, D,O, after citrate-to- plex. Anal. Calcd: C, 31.87; N, 11.74; S, 8.96; H, 5.84. Found:
chloride exchange): 21.5, 26.4,50.1, 51.2, 54.8, 61.6, 66.7, 175.0,C, 31.72; N, 11.48; S, 8.85; H, 5.86. Electrochemistry (mV vs
190.9. NHE): 871 (F&"M), —190 (Cd""). Electronic spectrumifax (nm),
cis-[{L15Ca" (u-NC)} .F€' (CNY](ClO4)2*9H0 (second band) e (M™% cm2): 469 (880), 554 (1010). IR (CN, crd): 2088
The mixture ofcis-CoFe N-based isomers was redissolved in water, (strong), 2051 (strong}3*C NMR (9, D,0): 21.3, 40.8, 43.2, 57.8,
and on standing for weeks and slow evaporation of the solution 62.4, 70.9, 133.2, 135.2, 135.7, 172.5, 192.5.

afforded X-ray quality crystals of isomerically puis-[{ L 1sCo" (u- trans-[{ L 15Co(u-NC)} ,C0(CN),]Cl 3 7H;0. This compound was
NC)},F€'(CN)4](ClOy4)2°9H,0. Anal. Calcd: C, 30.60; N, .19.10; prepared in the same way as #leisspCoFe} analogues above,
H, 6.50. Found: C, 30.72; N, 19.03; H, 6.39. Electrochemistry (MV' o the reaction of [CoLsCI|Cl, (adjusted to pH 9 with NaOH)
vs NHE): 790 (F&"), —530 (Cd""). Electronic spectrumafyax with K3[Co(CN)]. Yellow crystals of the sparingly soluble iso-
(nm), e (M1 em™): 328 (660), 454 (950), 514 (950). IR (CN, merically pure trichloride salt, suitable for X-ray work, were
cm): 2128 (weak), 2091 (strong), 2048 (strongC NMR (o, deposited from the reaction mixture upon standing for weeks (yield
D:0): 21.5,26.4,50.1, 51.2,54.8, 61.6, 66.7, 174.3, 174.5, 191.7. 5004 anal, Caled: C, 34.25; N, 21.30; H, 6.90. Found: C, 34.10;
trans-[{ Co" L 15sp{p-NC)} 2F€' (CN)4](CIO 4)2:14H,0. The tri- N, 21.54; H, 6.66. Electrochemistry (mV vs NHE):376 (mac-
nuclear complexrans[{ Co''Lisspiu-NC)} oF€!(CN)J2" was ob- rc;cyclic C’:d”}”). Electronic spectrumifuay (NM), € (M~* cm-)):

tained as a side product from the preparative procedure of the322 380). 471 (210). IR (CN. crd): 2134 (strona). 2191 (stron
dinuclear { Co"'L1sspu-NC)} Fe'(CN)s]~ complex. A solution of (380), 471 (210). IR (CN, cm): (strong), 2191 (strong).

[CoClL1ssp](ClO4)z+%/2H;0 (8 x 1074 mol) in water (100 crf) was Acknowledgment. We thank the Ministerio de Educécio
adjusted to ca. pH 9 with NaOH, and 100 Twf an agueous y ciencia (Project CTQ2004-00954/BQU) and the Australian

solution of 9x 10~* mol of Naj[Fe(CN)]-10H,0 was added. The - - ) .
mixture darkened immediately, and the pH was readjusted to 9 with Suesggrrt(:h Council (Project 00/ARCL073G) for financial

1 M HCI. After being stirred overnight at ca. 6C, the resulting
mixture was filtered, and the filtrate was diluted to 2 dnfihe
reaction mixture was loaded onto a DEAE-Sephadex anion-
exchange column, and the cationic trinuclear complex was not
retained. The eluate was loaded on a Sephadex C-25 cation
exchanger, and a single blue-purple band was eluted with 0.1 M 1C0511423

Supporting Information Available: Crystallographic data in
CIF format. This material is available free of charge via the Internet
at http://pubs.acs.org.
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