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Patterns of the shifts in bridging cyanide-stretching frequencies have been examined in several fully saturated,
u-cyano, bi- or trimetallic transition-metal doneacceptor (D/A) complexes. An earlier (Watzky, M. A.; et al.
Inorg. Chem.1996 35, 3463) inference that the bridging ligand nuclear and the D/A electronic coordinates are
entangled is unequivocally demonstrated by the 32'dower frequency ofvcy for (NHs)sCr(CNRu(NH)s)**

than for the cyanopentaamminechromium(lll) parent. This contrasts to the 4limgrease incy upon ruthenation

of (NH3)sRhCNE+. More complex behavior has been found for cis and trans trimetallic, d@ueeptor complexes.

The symmetric combination of CNstretching frequencies mans-Cr''(MCL)(CNRuU'(NH3)s),>" complexes (MCL

= a tetraazamacrocyclic ligand) shifts 0040 cn! to lower frequency, and the antisymmetric combination
shifts less than about 30 cth This contrast in the shifts of the symmetric and the antisymmetric combinations

of the CN stretches persists even in a trans complex with no center of symmetry. Two CN stretches have also
been resolved in an analogous cis complex, and both shift to lower frequency by about60'bmnet shift,
summed over all the CN-stretching frequencies, is about the same for the bis-ruthenates of related dicyano
complexes. A simple, symmetry-adapted perturbation theory treatment of the coupled vibrations is employed to
deal with the opposing effects of the “kinematic” shifty of vcy to higher frequency, expected in the absence

of D/A coupling, and shifts (f) of vcn to lower frequency that occur when D/A coupling is large. The Rh(lll)-

and Cr(lll)-centered complexes correspond to different limits of this modet: f andd < f, respectively.

When referenced by means of this model to complexes with Rh(lIl) acceptors, the shifts in trimetallic complexes,
summed over the symmetric and antisymmetric combinations of CN stretches, are about twice those of bimetallic
complexes. Similarly referenced and summed over all bridging CN frequencies, the shiftise@fiower energies

are proportional to the oscillator strength of the electronic, deaoceptor charge-transfer transition. The simplest
interpretation of this correlation is that the don@rcceptor coupling in these systems is a function of the nuclear
coordinates of the bridging ligand. This behavior of these complexes is semiquantitatively consistent with expectation
for CN~-mediated vibronic (pseudo-Jahiieller) coupling of neighboring donors and acceptors, and the observed
RU'/CN~ CT absorption parameters can be used in a simple, semiclassical vibronic model to predict shifts in

that are in reasonable agreement with those observed.

systematically investigate2! The effect of electronic coupling
on electron transfer reactivity is manifested in the electronic

Striking symmetry-dependent effects associated with the .,nsmission coefficient,, which is a factor in the semiclassical
electronic coupling in some simple molecular complexes

containing transition-metal donors (D) and acceptors (A) bridged
by cyanide have been obsen/d. Symmetry dependent
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description of electron transfer rate constants, é44. —
ket = KeKndVnu (1) L“ T

In addition, electronic coupling, usually represented by the EaL

matrix elementpa, can also result in the modification of the

physical properties of molecular ground states. It can give rise A"

to (a) donor-acceptor charge transfer (DACT) bands whose EnL i “GaL

oscillator strengths are proportional ka2~ (b) variations Epa f

in stability of the ground staté:” which are also proportional hVees(obsd)

to Hpa? (e.g., it may contribute to shifts in standard poten- D I i

tials!911.2439): or (c) changes in a number of other spectroscopic - L.'f:ﬂ':.l

or thermodynamic propertiés3®1033The systematic variations  Figure 1. Qualitative three-state energy level scheme in which a

in such properties in a series of related compounds might be bridging ligand excited state (L) is configurationally mixed with ground

used, in principle, to determiriépa. (D) and excited (A) electron transfer states. The mixing results in a
In practice, the manner in which the experimentally observed p_erturbational stabilizatior;. = Hi ¥E_, of the electron transfer states

molecular properties vary wittHpa has sometimes been (=D, A)

subjected to differing theoretical interpretations, and the evalu- complexet330-33 and with oxo-bridged FéFe! complexe&344

ations_ofHDA baseql on_the ana_lysis of differen_t properties have have raised the possibility that in some systé#as may be a
sometimes led to significantly different conclusign&?20.24.3437 function of some specific nuclear coordinates. Such a depen-
Some of the conflicting views and much _of the e_xpenment_al dence ofHpa on the nuclear coordinates implies that the
challenge are consequences of (1) the difficulty in separating separation of coordinates implicit in eq 1 is not always useful.
the effects oHpa on ground-state properties from those which  Thjs stands in contrast to the common assumption that electronic
are the consequence of factors (huclear reorganizational energyeoupling is independent of the nuclear coordinates in electron
Ar, AG®; etc.) contributing tacy, that may also vary with the  ransfer systems.

changes in molecular structure necessary to vy, (2) the The most common approach for taking into account the role
use of different approximate models in dealing with the complex ot the bridging ligand in mediating D/A coupling is in terms of
issues of electronic coupling in different systems; and (3) the the perturbational mixing of the electron transfer states with
frequent assumption that some specific, simple models aregome higher energy electronic state involving the bridging
_equally useful |n_aII systems. These problems are espem_ally aljigand, typically a metal-to-ligand charge transfer (MLCT)
issue when dealing with linked D/A systems, since the linker g41e4.5.8,10,12,45, typical mixing scheme is illustrated in Figure

can play a major role in determiniridpa. Several theoretical 1 g9 by egs 2i(= D, A). This mixing gives rise to
studies’®42 recent experimental work with CNbridged D/A

— o o 2\1/2
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require that, in at least some systems, D/A “electronic” coupling

is a function of the nuclear coordinates of the bridging ligand. m
The behavior of the CNlinked complexes has led us to H

describe the electronic coupling between two metals bridged N H N

by CN~ in terms of a semiclassical vibronic, or pseudo-Jahn

Teller modelt—333 We have also reportéda preliminary

observation that the shift ofoy in atranstrimetallic complex, N

in which the three metals were bridged by two cyanides, was H H H) H

predominately in the symmetric combinations, of CN~ k/‘

stretches and much less in the antisymmetric combinatipn,

This observation is very remarkable. We initially attributed it

to a symmetry selection ruleAlternatively, this large difference

in the shifts ofvs and v, might arise from some delocalized

electronic interactions that were not incorporated in the semi- W

classical, pseudo-JahiTeller model that we employed in our

[14]aneN, [15}aneN,

.

>

earlier studies. Further investigation, reported here, of CN HN H
bridged complexes has demonstrated that this mode specific
vibronic coupling is characteristic of trans but not cis complexes.
Experimental Procedures HN Ny HN Ny
A. Synthesis of ComplexesA large number of cis and trans
complexes were synthesized for this study. Most of the pa@st [ 5
andtransM(MCL)(CN)2]X complexes have been reported previously z
(X = CI~ or CRSG;7):#" trans complexes with MCE [14]aneN and meso -Meg[14]aneN rac -Meg[14]aneN,
M = Cr, Co, Rh}304850 trans complexes with MCl= msMeg[14]- ) o
aneN, and M = Cr, Co, Rh-3048%0 [trans-Cr([15]aneN)(CN);]CFs- Figure 2. Skeletal structures of the tetraazamacrocyclic ligands (see

SO;;%8 [cis-Rh([14]aneN)(CN),]CI;5 cis complexes with MCI= rac- ref 37 for formal names).
Meg[14]aneN, and M = Cr, Co, Rh!“85051 The synthesis and

characterization of many of the corresponding ruthenated complexesaOIdition of 1Q mL of concentrated HCl to the filtrate. The solution
have also been reported (usually ag Pglts): trans(MCL)M(CNRu- was vacuum filtered, and the yellow filtrate was evaporated to dryness.

; _ _ The yellow residue (trans complex) was recrystallized from 20 mL of
NH St with M = Rh MCL= [14 Meg-
E14];)r?232|\|1; W(I;ES-(MCL)C(E}(((::OI\’IRU(EI;S)S)Zg; c[is-(]rzr;-el\we?[qi?;e’\%- 3 M HCI, collected by vacuum filtration, washed with acetone and
(CN)Cr(CNRU(NH)s)3+.1-330-3252 The skeletal structures of the ether,_and air dried (yield, 45%). The W\Wis s__pectra of the isolated
macrocyclic ligands are illustrated in Figure 2. Literature syntheses mater|a|s+vg/0esr1e compared to the corresponcbm?ransRh(Mg;[14]-
were also followed for [Cr(NB)sCN]X»,5 [Ru(NHg)sCIJ(CI)»5* and aneN)Cl;" %%5tandcigtransRh(Mej[14]aneN)Cl," complexes in order

[RU(NH2):0:SCR](0sSCF),.55 [Rh!! (NHy)s(0:SCRy) Was synthesized  © €stablish the complex geometry.

by first converting [RH (NHz)sCIICI255 to [RH! (NH2)s(O:SCF)](Ox- cis- and trans-[Rn(MCL)(CN) JJCI (MCL = msMe[14]aneN,
SCHR). in concentrated HESCF; at 110°C for 3 h. The triflato product (trans Isomer), rac-Me[14]aneN; (cis Isomer), [15_;]aneN (cis and

was mixed with an excess of NaCN in water and refluxed for 6 h. The ans Isomers)). These cqmp_lexes were synthesized by a procedure
cyano complex product was precipitated by the addition of NaClO anale_lgous to _th(_a synthesis abftrans R ([14]aneN)(CN)," =% A

The perchlorate salt was converted to the chloride by anion-exchangeSOIUtIon consisting of [RN(MCL)GICI (0.300 g, 0.61 mmal) and

chromatography (Dowex 1X8; Cform). UV—vis and IR spectra were ground NaCN (1.50 g, 30.5 mmol) in 30 mL of water was refluxed for
used to characterize the proc’ﬁlcﬂyield 30-40%) approximately 4 h. The solution was cooled to room temperature, excess

NaClO, was added, and the resulting solution then chilled t&€Gor
2 h. The white precipitate was collected by vacuum filtration and
washed with ice-cold water, acetone, and ether, and then it was dried
in vacuo. The product was recrystallized from a minimal amount of
hot water. The perchlorate salt was converted to the chloride salt by
anion exchange chromatography using Dowex 1X8, féim (yield,
60%).

The UV—vis and infrared spectra of the isolated complexes were
compared to those of the previously characterizisdandtrans[Rh-
(MCL)(CN)z] " complexeg?5t

(47) Macrocyclic ligand abbreviations: [14]angN 1,4,8,11-tetraazacy- trans-[Co(ms-Med14laneN)(CN)-1(0-SCE.). A solution oftrans-
clotetradecanemsMeg[14]aneN. = 5,12ms5,7,7,12,14,14-hexa- [Co( o 14] N)(CN)2J(OsSCR).

cis- and trans-[Rh([15]aneN,)Cl;]Cl. These complexes were syn-

thesized in the same manneras andtrans[Rh([14]aneN)CI;]CI.5°

A solution of RhC}-3H,0 (1.0 g, 3.8 mmol) and [15]aneN0.86 g,

4.0 mmol) in 50 mL of methanol was refluxed for approximately 5
min. After cooling to room temperature, the yellow precipitate (cis
complex) was collected by vacuum filitration, washed with ethanol and
ether, and then dried in vacuo (yield, 35%). Any unreacted ligand (as
well as any remaining cis isomer) was precipitated by means of the

methyl-1,4,8,11-tetraazacyclotetradecane; [15]areNL,4,8,12-tet- [Co(msMe6[14]angM)CI2]CI57 (1.0 g, 2.2 mmol) and ground NaCN
raazacyclopentadecanggc-Meg[14]aneN, = 5,121ac-5,7,7,12,14,- (0.54 g, 11 mmol) in 30 mL of water was stirred at 7D for ~3 h, at
14-hexamethyl-1,4,8,11-tetraazacyclotetradecane. which point the color changed from green to orange and, finally, to
(48) Lessard, R. B.; Heeg, M. J.; Buranda, T.; Perkovic, M. W.; Schwarz, yellow. When the solution was cooled to room temperature, a white
C. L; Rudong, Y.; Endicott, J. Anorg. Chem.1992 31, 3091. precipitate formed and this was removed by vacuum filtration. The
gggg CK:;H(':M% Ei'r'e(,:ﬁl(.)kA.Dﬁ.!:‘l]\'/liﬁ:ehr,ean: E?C_i_[r)fgggk:rLé”;g?g?zci?r# voluzne of the filtrate was reduced to approximately half then chilled
Acta 1983 76, L179. to 0°C overnight. The yeIIO\_N _product was collgcted_and recrystallized
(51) Bounsall, E. J.; Koprich, S. RCan. J. Chem197Q 48, 1481. from warm water and precipitated from solution with excess Na(O
(52) Watzky, M. A. Ph.D. Dissertation, Wayne State University, Detroit, SCF). We found that a minimum of three recrystallizations were
MI, 1994. ) required to remove excess cyanide (yield, 45%).
(53) Riccieri, P.; Zinato, Elnorg. Chem.198Q 19, 853. Preparation of the Cyanoruthenates We have previously discussed
(54) Chang, P. J. Fung, E. F.; Curtis, J.Iorg. Chem.198 25, 4233. the general ruthenation proceduté833Owing to the need to identify
(55) Lawrence, G. A,; Lay, P. A.; Sargeson, A. M.; Taubelrdrg. Synth. ) .
1986 24, 257. the CN- stretches in this study, we have had to take greater care and
(56) Osborn, J. A.; Thomas, K.; Wilkinson, Gworg. Synth1972 19, 213. to repeat each preparation several times. The ruthenates must be

(57) Skibsted, L. H.; Ford, P. Gnorg. Chem.1983 22, 2749. synthesized from the pentaammineruthenium(ll) (most often from the
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triflato complex in a nonaqueous solvent) under anaerobic conditions, DACT absorption) is clear and unequivocal in these
shielded from light. We used a €rscrubbed Ar stream to purge all systems;360-68 A comparison of the CN-stretching frequencies
solutions. The crucial step in the synthesis of the ruthenates was thejn the (HyN)sM" (CNRU'(NHs)s)*" complexes synthesized in
purification of the parent dicyano complex. Because large excesses ofipig study nicely illustrates the point; for M Cr the CN stretch

cyanide were used in their synthesis, removal of any remaining cyanideShifts to lower energy than in the parent CrGENZ+ complex
usually required a minimum of three recrystallizations. Any remaining by 32 et while in )t/h M= Rh analod the shift is to hiaher
free cyanide resulted in the formation of the JisRuU-CN-Ru(NH)s]+* yosC b 416 Y 'I?h - Ita ?og e Sth st.o % t?\

complex which has an intense absorption centered around 90@%s#, ~ €NErgies by 4L chtr. The results or monoruthenation or the

the same spectral region in which theMUCT (terminal metal-to- ~ dicyano complexes with Co(lll), Cr(lll), and Rh(lll) centers
terminal metal charge transfer) bands were observed in all the were generally more equivocal. The infrared spectra of these
complexes. Once formed, this complex proved virtually impossible to complexes exhibited one, relatively broad intense band and
separate from the desired ruthenated complex. This impurity has beenseveral weaker bands that often appeared as shoulders on the
independently characteriz&Purification of the ruthenated complexes  side of the intense band. The fragility of the complexes
proved to be challenging since we needed clean and reproducible precluded rigorous purification. Subject to some reservations,
infrared spectra, with no more than two Citretches, and all the 6 |R gpectra of these complexes were qualitatively consistent

ruthenated complexes were, to differing degrees, air and light sensitive.With the pattern of shifts noted above. Tables3lsummarize
In most cases (the exceptions were Ru and Os centered) the complexea1
e IR and DACT spectra.

were too unstable to be readily purified by ion-exchange chromatog- . -, .
raphy and we employed multiple recrystallizations. After each stage '™ 9eneral, the intensities of the Ciétretches increase upon

of purification the products were characterized by Ms, FT-IR, ruthenation. The increase is most dramatic for Cr-centered
cyclic voltammetry, elemental, and/or ICP analysis methods. The solid COmplexes. The increases appear to be as large as 20-fold in
Cr(lll) ruthenates were relatively stable in an Ar atmosphere, shielded some of the CN stretches of Cr(lll) centered complexes and
from light, and refrigerated; they could be so stored (in the solid state) 2—4-fold for the Rh(lll)-centered complexes (see Tabl&8s2

for a month or two. The Co(lll) and Rh(lll) ruthenates were much less The frequencies and the intensities of the Chiretching
stable. These complexes could typically be stored for a maximum of 2 yiprations varied slightly with the counter ion. The cis com-
weeks under the same conditions. Because of the rt_alatlve |_nstab|I|ty of plexes generally exhibited two cyanide-stretching frequencies
the Rh(Ill) complexes, they were freshly synthesized prior to any of nearly equal intensities, Figure 3, or a single, broad CN

experimental study. The monoruthenates of Cr(lll) and Rh(lll) (mac- . . :
rocycles and pentaammines) exhibited the same trends in stability. stretching band. Theansdicyano parent complexes and their

Generally, all the CN-bridged ruthenates exhibited enough stability in PiS-ruthenates usually exhibited two cyanide stretching frequen-
the solid state that they could be handled for weighing, transferring, Ci€S of unequal intensities, Figure 4 (see also Figures 1S and
etc. However, in solution, the CN-bridged ruthenates were very oxygen 25°® and ref 2). The ratio of the intensities of these two bands
and light sensitive. Elemental analyses of these compounds can be foundaveraged about 10/1 for the Rh(lll)-centergdns-dicyano
in Table SI* The colors and yields of the compounds prepared are complexes. The apparent ratio for the analogous Cr(lll)-centered
summarized in the Supporting Informatigh. complexes was about 2/1; however, the CN stretches in the
B. Spectroscopic MeasurementsVlost of the experimental proce-  parent Cr(l1l) complexes are so weak that signal-to-noise and
dures have been described in detail previodshy3 Ultraviolet, visible, baseline issues render this ratio uncertain. On the other hand
and near-infrared spectra of the ruthenated complexes were obtainec{he intensity ratio of these two CN stretches in the bis-ruthenates,

in distilled water on an OLIS-modified Cary-14 spectrophotometer d rtob reciably larger for Cr than for Rh-centered
controlled by a Gateway 486/33 PC. Spectral deconvolutions were 0oes appear 1o be appreciably larger 1o anto centere

performed using SpectraC&fThe molar absorptivities of the M- complexes. In the ruthenates, the corresponding ratios are about
CT absorption bands were determined from the spectroscopic changest0/1 for Cr(lll)- and 6/1 for Rh(lll)-centered complexes. These
which followed addition of 1Q¢L aliquots of standardized oxidant to ~ Observations are only qualitatively useful since the range of
the reduced forms of the ruthenated complexes dissolved in Ar- intensities is so large and obviously complicated by issues of

degassed, distilled water. Oxidant solutions were either 0.10 ¥t Ce - -
in 1.0 M H,SO, or 0.10 M F&* in 1.0 M HCI (Ar-degassed). Prior to (60) We have observed no exceptions to this pattern among mono- and

P . : dicyano complexes. It is frequently assumed that only the kinematic
each redox “titration”, the ruthenated complexes were either (a) stirred effect, represented hyin our treatment, will altevcy for a bridging

over Zn/Hg (in Ar-deaerated solutions and shielded from light for the cyanidé65 (an exception is sometimes made whetlpd mixing
ruthenated polypyridyl complexes) for approximat#yh or (b) reacted results in a weakened CN bdiid?. For example, the high frequency
with an equimolar amount of Ru(N§#2* (Ru(NHs)s®* reduced over CN- stretch of M(CN)sRU" (NH3)s~ complexes has commonly been
Zn/Hg for ¥, h anaerobically and shielded from light) for the ruthenated assigned to the bridging cyanide. Thus, a recent répassigned two
macrocyclic ligand complexes. resonance Raman bands at 2098 and 2014' @s the bridging and
; . . trans-axial CN stretches, respectively, and a “band” at 2050 cm

Infrared spectra were obtained as KBr pellets using a Nicolet 760SX observed in the infrared, as tioés-CN stretch. In theCs, symmetry
FT-IR and/or a Nicolet 680 DSP Workstation. We obtained a minimum of this complex, one expects four IR-allowed bands (both axial CN
of 20 accumulations for each IR spectrum recorded. Spectral grade stretching combinations, which have symmetry, and the twaeis-
KBr used for all pellets was obtained from Aldrich and used without CN stretching combinations with,zand e symmetry). The large
further purification. number of normal CN stretching vibrational modes in such systems

makes them much more difficult to treat than the mono- and dicyano
complexes that we have used.
Nakamoto, Klnfrared and Raman Spectra of Inorganic and Coor-

A ; PR dination CompoundsPart B: Applications in CoordinationOrga-
A. Cyanide-Stretching Region in the Infrared. The spectral nometallic and Bioinorganic ChemistryWiley-Interscience: New

region in which the cyanide frequencies of the complexes York, 1997.

discussed in this report appear (1952200 cnt?) is typically (62) Szhriver, D. F.; Shriver, S. A.; Anderson, S.lBorg. Chem1965 4,
free of any interfering bands, making identification of the 63) 7Sh5river, D. F.: Posner. J. Am. Chem. Sod966 88, 1672.
cyanide stretches unequivocal. Furthermore, these complexegga) Allen, C. S.; Van Duyne, R. B. Am. Chem. S0d981 103 7497.
contain only one or two cyanides so that the shift in frequency (65) Dows, D. A; Haim, A.; Wilmarth, W. KJ. Inorg. Nucl. Chem1961,
to lower energy when CNbridges a strongly coupled donor 21, 33.

f : . . (66) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C.; Dyer,
and acceptor (i.e., when there is a relatively low-energy, intense R. B.. Scandola, Finorg. Chem.1992 31, 5260.

(67) Lim, B. S.; Holm, R. HInorg. Chem.1998 37, 4898.
(58) Supporting Information. See paragraph at the end of the paper. (68) Wang, C.; Mohney, B. K.; Williams, R. D.; Petrov, V.; Hupp, J. T,;
(59) SpectraCalg Galactic Industries Corp.: Salem, NH, 1988. Walker, G. C.J. Am. Chem. S0d.998 120, 5848.

Results (61)




Vibronic Coupling in Transition-Metal Complexes

Inorganic Chemistry, Vol. 38, No. 22, 199%095

Table 1. Spectroscopic Properties dfdnsM(MCL)(NC),]X {Paren} and fransM"'(MCL)(CNRU'(NH3)s)2]Xs {M" (Rw)} Complexes

Ru— MJ" MMCT ven (cm e
M(llI) MCL 2 X Amax{€ma)[Av12]° Vs Va
Cr (parent) [14]anelN PR~ 2135 (vw) 2094 (w)
Cr (Ruy) [14]aneN, PFs~ 500(7.6)[4.9] 1996 (w) 2077 (s)
Cr (parent) [14]anelN BF4~ 2139 (vw) 2093 (w)
Cr (Ruy) [14]aneN, BF4~ 1997 (w) 2074 (s)
Cr [14]aneN O3;SCR~ 2135 (vw) 2093 (w)
Cr (parent’3CN"-) [14]aneN, O3SCR™ 2091 (w) 2055 (w)
Cr (Ruy; 13CN") [14]aneN, PFs 1971 (w) 2033 (s)
Cr (parent) msMeg[14]aneN, O3SCR™ 2136 (vw) 2094 (w)
Cr (Ruy) ms-Meg[14]aneN, PFs~ 515(6.4)[5.2] 1992 (w) 2061 (s)
Cr (parent) [15]anelN O3SCR™ 2136 (vw) 2091 (w)
Cr (Ruy) [15]aneN, PFs~ 515(7.1)[4.6] 2012 (w) 2075 (s)
Co (parent) msMeg[14]aneN, OsSCR™ 2130 (w) 2090 (w)
Co (Rup) ms-Meg[14]aneN, PFs~ 513(1.4)[6.0] 2094 (w) 2132 (s)
Rh (parent) [14]aneN PR~ 2142 (w) 2124 (m)
Rh (Ruy) [14]aneN, PFs~ {342(0.8)[6.0}¢ 2156 (w) 2114 (s)
Rh (parent) msMeg[14]aneN OsSCR™ 2143 (w) 2123 (m)
Rh (Ruy) ms-Meg[14]aneN, PFs~ {330(0.85)[5.9}¢ 2160 (w) 2094 (s)
Rh (parent) [15]aneN ClI- 2143 (w) 2126 (s)
Rh (Ruy) [15]aneN, PFs~ {340(0.90)[6.1}¢ 2159 (w) 2118 (s)

aTetraazamacrocyclic ligand abbreviatidh®Ruthenated complexes in bold for clari®yZmax in NM; (emax i cM™* M~1)/10%; (Avyz in cm™)/
10°. ¢ Relative intensities in parentheses=sstrong; m= medium; w= weak; vw= very weak.? Probably mixed with RU//CN~(7*) MLCT. 33

Table 2. Spectroscopic Properties afigM(MCL)(NC) ]X {Paren} and is-M"'(MCL)(CNRU'(NH3)s)2]Xs {M"(Ru)} Complexes

Ru, — Mc"" MMCT ven (cmh)e
M(l”) MCL & X A.mm(émax)[AV]_/z]b V1 V2
Cr (parent) rac-Meg[14]aneN OsSCR™ 2131 (w) 2126 (w)
Cr (Ruy) rac-Meg[14]aneN, PFs~ 525(8.2)[5.1] 2077 (s) 2075 (s)
Rh (parent) [14]aneN ClOs~ 2132 (m) 2125 (m)
Rh (Ruy) [14]aneN, PFs~ {340(0.3¢ 2161 (s) 2132 (s)
Rh (parent) rac-Meg[14]aneN PR~ 2123 (m) 2126 (m)
Rh (Ruy) rac-Meg[14]aneN, PFs~ {345(0.4}¢ 2161 (s) 2132 (s)
Rh (parent) [15]aneN cl- 2145 (m) 2126 (m)
Rh (Ruy) [15]aneN, PFs~ {343(0.39)¢ 2159 (s) 2118 (s)
a-d See notes to Table 1.
Table 3. Spectroscopic Properties of Monoruthenates of Some Cyanoam(m)ine Complexes
Ru— M" MMCT ven (Cm e
M() nonbridging ligand(s) X Amax€ma)[ Av1/2]° 21 V2
Cr (parent) [14]aneht PR~ 2135 (vw) 2094 (w)
cr (Ru) [14]aneN,, CN- PFs 525(8.2)[5.1] 2078(s)
Cr (parent) (NH)s? (NO3)2 2140 (vw)
Cr (Ru) (NH3)s PFs~ 462(3.1)[5.7] 2108 (s)
Rh (parent) rac-Meg[14]aneNe" PR~ 2123 (m) 2126 (m)
Rh (Ru) rac-Meg[14]aneN;, CN-h PFs {345(0.4}¢ 2167 (w) 2128 (m)
Rh (parent) msMeg[14]aneN? 0sSCR™ 2143 (w) 2123 (m)
Rh (Ru) ms-Meg[14]aneN; PFs~ {343(0.39)¢ 2132 (s) 2097 (w)
Rh (parent) (NH)s9 PR~ 2122 (m)
Rh (Ruy) (NH3)s PFs~ {391(0.7)[6.4} 2163 (s)

a~d See notes to Table £transM(MCL)(CN),". fOnly one band was resolvetiM(NH3)sCN?". " cissM(MCL)(CN),".

the relaxation of selection rulé%; 7! differences in changes of Because of the relative weakness of these stretches in the
dipole moment and differences in signal-to-noise. Crl'-centered parent dicyano complexes, several batches of each

On the basis of the usual dipole selection rules, the weaker complex were synthesized with differing counter ions. The band
of the two bands observed in the trans complexes has beerenergies and relative intensities varied some with the counter
assigned as the symmetric combination of the cyanide stretchingion, as noted in Table 1, but the observed bands were generally
and the stronger band as the antisymmetric combination. reproducible to within about 6 cr.

The observed differences in the energies of the bands that

(69) Drago, R. SPhysical Methods for Chemist@nd ed.; Saunders: ~ we have assigned ag and v, in the parentransM(MCL)-
Orlando, FL, 1992.

N).+ complexes are very consistent for each metal. FerM
(70) The slight relaxation of the dipole selection rules in the complexes of (CN)," complexes are very consistent for eac etal. For

Can symmetry is probably a consequence of small molecular distortions Cr(lll), vs — va = 43 £ 2 (averaged over the different salts),
(e.g., M—C=N angles in many transition-metal complexes average 42, and 45 cm! for MCL = [14]aneN, msMeg[14]aneN, and

(Dlg\?i aiﬁozr?;? See fg)ﬁ’ig‘lf’"tﬁe‘;}iti“ ;‘fé gg%ﬁgrgagzﬁfhﬁ%fefgﬂ’iT:]e"y- [15]aneN, respectively. The splitting is significantly smaller
y in the complex with enriched iA*CN-, 39 cn1?; this is the

cyanometalates. . . .
(71) Coe, B. J.; Meyer, T. J.; White, P. Borg. Chem.1995 34, 3600. consequence of the smaller isotopic shift observed fghan
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Figure 4. Infrared spectra oftfans-Cr([15]aneN)(CN),JOsSCF; (top)
and trans-Cr[15]aneN)(CNRu(NH)s)2](PFs)s (bottom).
g resolved. The energy differences of these vibrational components
§ were usually small, and often we were unable to resolve them.
g As expected, when two bands were resolved, they were nearly
E equal in intensity.

Table 3 summarizes our observations of the shiftaciqafor
monocyano complexes. Owing to the large increase in intensity
of the CN stretch for ruthenated Crcomplexes we often

020 . . , resolved only one band for the monoruthenates of dicyanochro-
300 20 2100 2000 mium(lll) complexes. Monoruthenation of Rh(MCL)(CHN)
Wavenumber complexes resulted in two CN stretching bands of different
Figure 3. Infrared spectra o€is-M(rac-Meg[14]JaneN)(CN),* com- intensities. Both bands in these monoruthenates were shifted
pleXeS and their blS-rUthenateS (SO|Id lines fi)r:MCr, dotted lines from those Of the parent (espec|a"y |n the trans Complex) These
for M = Rh): (a)cisM(rac-Meg[14]aneN)(CN)."; (b) cis-M(rac-Mes- shifts suggest that the coupling between the CN stretches (see

[14]aneN)(CNRu(NHs)s).®*; (c) expanded and higher resolution

spectrum for the CN-stretch region@$-Cr(rac-Meg[14]aneN)(CNRu- Discussion) is not eliminated by ruthenation.
(NH2)s)-5+. B. Possibility of Isomerism in the M(CN~)M; Linkage.”?

) o o Linkage isomerism is well documented in Ciridged sys-
for v5, 38 and 44 cm', respectively. This is qualitatively  temss6 f linkage isomerization were to occur in the compounds
consistent with the assignment since the mass of the centralgported here, it would complicate the interpretation of our
metal would contribute to, but not tov, therefore, the isotopic  gpservations. The most detailed information about linkage
substitution would make a larger percentage contribution to the jsomerization induced by cyanometalation is for theé?Hgnd

Iatt_elr. For the complexes with M Rh(lll), vs — va=20+ 3 Ag™ metalates of cyano-Cr(lll) complexés’4 These appear
cm* (the same seneslof MCL ligands); for M Co(lll) a to be fairly slow processes, with half-lives ranging from minutes
splitting of about 40 cm! was observed for MCl= msMes- for the pentaaquo compl&to many hours forcis-Cr(eny-

[14]aneN. Bis-ruthenation of the trans complexes resulted in a (cN),+.74 The isocyanide linkage isomers,'Gr(NC)—M",
larger splitting, 53 7 cnm*, for the Rh(lll)-centered complexes  apnear to dissociate relatively rapidly into Cr(Ill) hydrolysis
and, as noted above, a reversal of the order,@ndvs for the products’>74 The CH —(CN-)—Ru' complexes discussed here
Cr(lll) complexes. This contrast in behavior is illustrated in
Figure 5 (compare also Figures 3 and 4). (72) (a) Recent discussions with Prof. H. Taube led us to put together these

Table 2 summarizes the IR spectra found in this study for ccal?]servigggsééb)zgﬁl0p0u|0u, V. G.; Taube, H.; Nunes, Fn&g.

i + i 5+ em. s .

the cisM(MCL)(CN)," and cis-(MCL)M(CNRu(NHz)s)>>" (73) Espenson, J. H.; Bushey, W. Rorg. Chem.1971, 10, 2457.
Comp|exes- \_Ne have no basis f_OI’ assigning the symmetric and(74) Heatherton, A.; Oon, J. M.; Vargas, R.; Kane-Maguire, N. AnBrg.
antisymmetric stretching combinations when two bands were Chim. Acta198Q 94, L279.
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2200 from these oxidations have always resulted in samples with
“extra” CN-stretching bands (suggesting the presence of several
compounds). The relative instability of the Co(lll) and Rh(lll)

L e— centered complexes, even in the solid state, could be related to

g Rh linkage isomerization. It is likely that there is a significant loss

| of MiMCT stabilization energy in ¢G{CN-)RU' complexes

' 7T — upon linkage isomerization, and this may be a factor contributing

2100 2 -\ to their relative stability. All the complexes discussed here had
simple, “clean” solid state IR spectra and well-defined and stable

\ solution visible spectra, within the limits noted above. As a

\ consequence we formulate the Giridging linkages based on
\ cyanide coordination in the monometalic, parent cyano com-
\ plexes.
2000 — C. UV-Vis-NIR Absorption Spectroscopy. The relatively
intense U\~visible absorption bands of the cyanide-bridged,
ruthenated complexes and their variations in intensity and energy
with the oxidation state of the terminal Ru(Msimoieties have
5 been discussed in detail33 The DACT (RWM.) absorption
parameters relevant to this study are summarized in Table 2.

VCN, cm
I/

MMCLYCN):"  M(MCL)CNRu),

2200 Discussion

We have synthesized and compared the spectra of a substan-
tial number of compounds in order to address issues raised by
our earlier observatidn? of the apparent symmetry dependence

o— of shifts of the CN stretch in thgans([14]aneN,)Cr(CNRu-
in 7 Rh (NH3)s)2>" complex. The mode-dependent shifts of the CN
stretch are apparently a characteristic propertyrafisCN~-
— — — bridged trimetallic complexes. However, the CN vibrational
=§' mode which couples with the D/A electronic transition is not
\ dictated by the overall molecular symmetry since similar
2100 \§ behavior is observed in theans-([15]ane)Cr(CNRu(NH)s),>"
\ complex which has no more than tkle symmetry of the cis
complexes. In all thesdransCr'!'(MCL)(CNRU'(NH3)s)25"
\\- complexes, the vibration identified as the symmetric combina-
Cr tion of CN stretches shifts far more than the antisymmetric
combination. This is in striking contrast to observations on the
_ - Rh(lll) analogs, but it is consistent with the inferences in our
MMCLYCN)2" M(MCLYCNRu); earlier work—3 in the sense that we correlated the shiftsdq
Figure 5. Schematic representations of the shifts in the cyanide- with a vibronic stabilization energys = (Hpa")%¥Epa, which
:Atzﬁcchﬂg‘(%;{;’ﬂ‘é%rr‘ﬁ'?zx‘gg'(‘é';soe%cg; ggggrvr:ttigﬁgt?ggg[ﬂ]gﬁaemde In is proportional to the oscillator strength of the DACT absorption.
andcis-rac—Mée[M]ar?eN complexes): (top) trans complexes; (bottom) The inferred RWRK! DA.CT apsorption is weaker (by at Ieas_t
a factor of 8) and at higher energy than the corresponding

cis complexes.

P . ., absorption band of the Cr(lll)-centered compleX&A.different
are reasonably stable materials that can be reproducibly attern is observed for theis-(L)Cr!l(CNRU!(NHs)s),* com-
synthesized and characterized, and they show no spectroscopig| .. os (L = polypyridyl=3 or rac-Meg[14]aneN). These
signs of decomposition n deaerated solutions for.perlod.s of an complexes characteristically exhibit a broad CN stretching band
hour or so. We have prewously _not_ed t_hatCBtretchmg_reglon with about one half of the shift ofcy that we find for the
of the IR spectrum is a good indication of the quality of the symmetric combination in thizans analogs. For = rac-Mes-
cyanoruthenate. We have observed a qualitative contrast in the[l4]anel\h we have been able to resolve this band into two

) ar . ,
behavior of the Cr(Nigs>" metalate of Ru(bpyJCN). This nearly degenerate components (Figure 3). With a proper choice

. . . . 0 L
ma7t§r|;1l75ek>)<h|b|ts ﬁ We”f deflc?_ed, sgnsﬂme%ﬂig(_::r elmlssmn_ | of reference, the sum of the variationsigfy that accompany
at »~ but we have found it to be a very difficult material hanation do correlate withs for both the trans and cis

to synthesize, characterize, and manipul&felated ruthenates (assuming thavcy for the latter corresponds to two nearly
of Cr([14]aneN)(CN)" have been reported to undergo linkage degenerate stretches; Figure 3) complexes. A simple, symmetry

. AN ; 77
isomerization in the solid state when heated fd ormore! adapted vibronic model, withoa = Hoa® + bQen (wherebQey

| - 1
It may also b_e relevant that th”e GeN )Ru" . forms .Of t_he. represents the CN nuclear coordinates), can qualitatively account
compounds discussed here do “decompose” in solution in times; . these observations

of the order of hours, and that attempts to isolate solid products A. Reference Systems for the Shifts ofcy. We previously

(75) Endicott, J. F.; Lessard, R. B.; Lei, Y.; Ryu, C. K.Sopramolecular chose to reference the shifts in the observed CN stretching
PhotochemistryBalzani, V., Ed.; NATO ASI Series C214; Reidel: ~ frequencies to those of the parent complexen = [ven(parent)

VCN, cm
\
1

Dordrecht, 1987; p 167. o . — ven(complex)]~2 This choice provides a convenient basis
(76) Buranda, T. Ph.D. Dissertation, Wayne State University, Detroit, MI, for the discussion of the general trends in these frequencies,
@7 Bignézzi, C. A.: Chiorboli, C.: Indelli, M. T.: Scandola, &. Chem. but it does not correlate well with the magnitudes of the shifts

Soc, Dalton Trans.1994 2391. observed in mono- anttans-bis-ruthenates. In principle, the
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proper reference should be the valuewgf; in a ruthenated 200
complex with the same charge type, but in which there is no
donor-acceptor coupling. Such a reference may be impossible

to find.”” Since the shifts of,cy have been observed to vary

with 173 and since this quantity appears to be very small for 150
Rh(lll) ruthenates® we have chosen these complexes as
reference systems. An additional consideration is that the charge
distribution within the molecule should be as similar as possible
in the reference and in the compound of interest. The signifi-
cance of this consideration is illustrated by considering the
possible Ru(bpy(CNRh(NHs)s).6" and Rh(bpy)(CNRu-
(NH3)s),>" references for the values afvcy reported for
Ru(bpy»(CNRuU(NHs)s),".272 The values ofy Avcy summed s0
over the observed frequencies repottdédr these potential
references are-64 and+5 cnrl, respectively, pely Avcn.
These references would lead to values of 161 and 54*tcm
respectively, fofy Aven® = [Yven(ref) — Y ven(complex)]. This
contrast can be most simply rationalized as an electric field or
internal Stark effect since the CNlipole is aligned with the
electric field of the R&" and RK" ions in the first of the
proposed references and opposed in the second. Since the

—

100

ZAVcNR, cm

internal electric field direction and approximate amplitude

should be the same in the RCN™)RK" and the RU(CN™)Ru" 0 10 20 30 40 30
complexes, we have chosen the first reference. Similarly, we

have chosen RH(CN™)RU' references for the M(CN™)RU' EmaxAvy g, cm’ /10°

complexes.

. . . . Figure 6. Correlation of the shifts in the CNstretch, AvcaR, with
B. Correlation of Avcy with D/A Electronic Coupling. the oscillator strength of the doneacceptor electronic transition. Points
Previous work has demonstrated a correlation betweesn for the bisruthenates are labeled c for cis and t for trans; shaded

= ven(MCN) — ven(MCNRu) and the ground-state stabilization  backgrounds indicate Ru(ll)-centered complexes. Key to points: (1)
that results from D/A mixing:3337°Since the DACT oscillator  cis-Cr(CN)(bpy}(CNRu(NH)s)**;2(2) cis-Cr(bpy(CNRu(NH)s)z>";2
strength is roughly twice as large for the bis-ruthenates as for (3) Cis-Ru(CN)(bpy(CNRu(NH)s)*";* (4) cis-Ru(bpyy(CNRu-

i ; : (NH3)s)2%+;12 (5) trans-Cr([14]aneN)(CNRu(NHs)s)>"; (6) trans-Cr-
the mono-ruthenates, the inferred correlation suggestathat (msMex{14]aneN)(CNRU(NFE)s),5 (7) trans Cr([15]aneN)(CNRU-

should increase similarly. Yetvey = 39 cnmt for Cr(NHg)s- (NHa)g)s5H o .

; : 3)5)2>"; (8) trans-Co(msMeg[14]aneN)(CNRu(NHs)s)°t; (9) cis-
(CNRu(NHg)s)*" and 139 cm? for just the shift of the  Crac-Meq14]aneN)(CNRu(NF:)s)-*; (10) cis-Cr(rac-Meq[14]ane-
symmetric combination of stretches trans([14]aneN,)Cr- N4)(CNRU(NHs)s)5; (11) Cr(NHs)s(CNRu(NH)s)*+; (12) trans-Co-

(CNRu(NHs)s).°t. The ratio of these shifts is 1:4 rather than ([14]aneN)(CNRu(NH)s)2>". All points referenced to Rh(lll) analogs
the 1:2.5 based on the respective oscillator strengths. Thisas described in the text.

contrast is mostly a consequence of the choice of the parent ) . .

cyano complexes as reference systems. If instead one takes th@S the reference, then the ratio of the shifiscy®, is 1:2.2,
CN- stretches of the corresponding Rh(lll)-centered complexes V€'Y Nnearly as expected (the respective valuesAotn®,
summed over all the CN stretches, are 73 and 164'¢crRigure
(78) This choice of reference corresponds to an approximate, experimentalg s a strictly empirical correlation akvcnR with the oscillator

correction ford in egs 5. In Figure 5 we have usédc\® = Aven- ; it i
(Rh) — Avex(Me), where possible, to correct for small differences in strengths of the electronic DACT transitions observed in the

the coupling betweency andwyc. Since the corresponding references ~ CIS- andtransM" (MCL)(CNRu(NH)s);°", the Cr(NHy)s(CNRu-
for the “parent” M(NC)(NH)s*" complexes were not available for  (NH3)s)*" and the polypyridyl complexes from our earlier work

Ru(ll) centered complexes, we used valued\ofnt = [ven(Rh) — ; ; ; ;
ven(Ru)] for Ru(bpyb(CN)(CNRU(NH)=)* and Ru(bpylCNRu- fo; which we havedlgnfTor:mqnon %nt the ba}pprczgnat? Rh(lfll)
(NHa)s)25* in Figure 5. reference compound8.The cis- and trans-bis-ruthenates (o

(79) Ineq 1lais alinear vibronic parameter resulting from the mixing of ~ Cr(Ill)- and Ru(ll)-centered complexes) are all at the upper right
the ground state with MLCT and LMCT excited states. Assuming that hand side of the figure, the mono-ruthenates are in the middle

the MLCT and LMCT states make comparable contributions, and .
based on a first-order Taylor's series expansion of the stabilization and the Co(lll) centered complexes are at the lower left. This

energies, we fourtd333thata = 4acr[Actk/2]Y2, whereact = Herl correlation demonstrates that the valueshofn\R are compa-
Ecr, Acr is the correlated vibrational reorganizational energy, end  rable for thecis- andtrans-bis-ruthenates despite the fact that

is the correlated force constant. Since the @Dt(IIl) LMCT mixing ; ; ;
is expected to be relatively weak, we use= 3ocr[Acrki2]¥2 in the the shifts of the CN stretches are mostly in the symmetric

estimates below. Equation 11 is based on a nigdékin which local combination of stret_chi_ng frequencies for ﬂ“ans’_'complexes
(e.g., d/pzr, M'/CN") interactions stabilize the ground and excited but nearly equally distributed over the symmetric and antisym-
electron transfer states while distorting (e.g., as a consequence of matric combinations for theis-complexes.

electron delocalization) the €N bond. These interactions are C. Int tati fthe C lex G trv D d
represented in terms of the corresponding MLCT (and/or LMCT) - Interpretation or the Lomplex Geometry Dependence

parameters. Since the MCLT and electron transfer states have differentof the Shifts in vcn. Our experimental observations, described
nuclear coordinates,) at their potential energy (PE) minima, the  ahove, have found an unexpected dependence of the pattern of

stabilization energies contain a term that is first order in the nuclear : - : .
coordinates Qn). An electron transfer matrix element of the type shifts in the cyanide stretching frequency on the complex

Hoa = (Hpa® + bQu) results in a secular equation that is second geometry in bis-cyanometalates. This contrasting behavior of
order in energy. Minimization of the resulting ground state PE function, the cis and trans complexes, illustrated schematically in Figure

Va, permits solution for the amplitude of the ground state displacement 5 ¢an pe largely accommodated in terms of a simple vibronic
in Qnu. The second derivative §d/dQ,2) gives an effective force . .
constantker. This can be combined WitHoa = Hoa® + b(Qnomin to model. Before we consider that model we need to consider some

obtain eq 11. general points about shifts of the CN stretch.
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1. Perturbational Approach to Shifts in vcy. Since the CN
stretch is much higher energy than the coupled MC ard M

Inorganic Chemistry, Vol. 38, No. 22, 199%099

tions: (a)A? < 4y2 and (b)A? > 4y2 These are the limits in
which (a) Hpa is small and the observed frequencies are

stretching frequencies, the issues are most easily approachedlominated by the kinematic effead, and coupling between
using simple perturbation theory arguments. First, we considerthe CN oscillatorsy, and (b)Hpa is very large and vibronic

simple bimetallic systems of the type MCN—M'. In such
systems, there will be some coupling enerBy,between the
M’'—N and the C-N stretches (a necessary result of a normal
coordinate analysis; we have incorporated the MC/CN vibra-
tional coupling intoven®, the CN stretch of the parent MCN
complex). If this coupling does not result in changes in the CN

coupling effects,fi, dominate the shifts incy. The first of
these limits seems most appropriate for the Rh(lll)-centered
complexes. Thus, ruthenation of ttians-Rh([14]aneN)(CN),"
results in an increase of 20 chin (vs + v4)/2, an increase in
(vs — va), and no change in the relative ordering of the CN
stretches. This is consistent with limit a, eqs 9, and- 2y

stretching force constant, the perturbationally corrected vibra- and (fs+ f5) = 2f ~ 26 — 40 cnTl.

tions are of the form in egs 4 (additional details in the supporting
information). For simplicity, we seEZh2(vcy — vmn) = O.
vp=ven' Tt E% hz(”cNo ~ Vun) (4a)

Vo= VuN — Ez/hZ(V(:No = Vi) (4b)

The two nominally degenerate CN vibrations of dicyano

complexes must be treated as symmetric and antisymmetric

combinations of the “local’v; vibrations. If the local,vy,
vibrations are coupled with a resulting interaction enefgy,
then the symmetric and antisymmetric combinations of the

frequencies are given by eqgs 5. If some additional perturbational

V=V T Oo+ty=vy+y (5a)

(5b)

Va= V17V

coupling decreaseg\°, either by means of a decrease of the

ve=vy = Uy fo+ 1)+ + A8y

S

(92)

va=vy —Uy( T+ 1) —y — A%8y (9b)
The values ofrcy for Rh(NHg)s2+ and its ruthenate imply that
(0 —f)=40cnm™ The average of{ — f ) ~ 304+ 10 cn1?
for these Rh(lll)-centered complexes is consistent with the
expected small values ef (estimated to be about 96 ci)33
and f (see also the discussion below), as well as the
uncertainties of the measurements and the approximations in
the model used.

The properties of the Cr(lll) centered complexes witms
geometries seem most consistent with limit b of eq 8. This leads
to egs 10. The origin of the larger red shiftwafthanv, for the

v (10a)

as

=v, — f,—2y"’IA

v, — f,+ 2y %A

V.

(10b)

S

stretching force constant and/or an increase in the anharmonicity,

thenv, takes the form in eq 6,
(6)

where f is the change in stretching frequency (per ruthenate).
Symmetry adaptation of the local’ contributions results in
eqs 7.

v =ve" + 0 f

vy = v +0 — (7a)

(7b)

Vg =V T 01,

Several mechanisms have been proposed that can give rise t%

the f; contributions; examples are delocalization of electron
density between the metal'Mnd cyanide (as in “back-bonding”
interactions) and anharmonicities induced by pseudo-Jahn
Teller, vibrational/electronic coupling. In effect the coupling
correctionsy are the result of three-center (NEY—(CN)
interactions, while thé; corrections arise from “local” M(CN)—

M’ vibronic interactions. In terms of this treatment, the
difference in the shifts oficy observed for two complexes, as
in AVCNR = VCN(M) - VCN(M'), is equal to (f M fm) This

is a basis for the correlation in Figure 6.

Based on the previous discussion, theare proportional to
the stabilization energies that result from the pseudo-dahn
Teller-like coupling of the bridging ligand nuclear coordinates
with the DACT electronic coordinatts®32 (see also the
Supporting Information). If we now allow for the perturbational
coupling, y', betweenvs and vy, then the resulting second-
order secular equation has the roots given by eq 8

ve=v = (G F A+ 4T (8)
(A =fs— f4 additional details in the Supporting Information).
The two limiting solutions for eq 8 correspond to the condi-

trans-Cr(lll)-centered complexes is discussed below. The
guantity that we propose as an experimental measure of the total
shift in vey (summed over all CN stretches) can be written
SAvenR = 2f ¢ — 21 rn (the subscripts indicate the different
central metals). The intercept ef26 4= 18 cnt!in Figure 6 is

in reasonable accord with the estimate-6(0 — f )rn = —60

+ 20 cnt! based on the [14]aneNcomplex (above). The
apparent value of gy ~ 13 cnT! suggests thad ~ 48 cntl.

This detailed agreement indicates that the simple perturbation
theory approach is at least internally consistent. We now
examine the physical interpretation of these parameters.

2. Estimates of the Magnitude of the Shift Parameters
ased on a Semiclassical Vibronic ModelAn important
remaining issue is whether the ratides is in accord with
expectation based on the vibronic coupling model. We have
shown elsewhete333that a semiclassical, pseudo-Jafireller
model can describe the entanglement of vibrational and elec-
tronic parameters as in eq 112 The parameteres in eq 11

Hpa = Hpp® 1 a[AvenEpp Tkveg] V2t Hpa (Aven/Ven)
(11)

arises from the contributions of all nuclear displacement
coordinates to the ground-state potential energy surface, and it
is presumed to be a composite of the contributions of all the
relevant displacement coordinateReasonable correlations of
the observations are possible fdss with [AvenEpa] Y2 or with
Avcy,22 corresponding to the second and third right-hand-side
terms, respectively, of eq 11. Thus, if we assutey 0 €s =
(Hpa)¥Epa (based on the second rhs term of eq 11), then the
parametersf (Rh) = Av(Rh) = 13 cnt! (obtained in the
preceding section) and(Rh) = 96 cnt! 32 combined withes

(Cr) = 1400 cnt! imply that Av(Cr) = 183 cntl. This is in
good agreement witihv(Cr) = 160 cnt! observed fotrans
Cr([14]aneN)(CNRu(NHs)s).°" (summed over both frequen-
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== b(s) The resulting electronic states are symmetric (ground and
DACT) and antisymmetric (DACY corresponding to partly
filled 1, ¥, andys orbitals, respectively. If we assume that
the stabilization,e; = o;%/E;j, arises from local vibronic
= interactions, then the symmetry-adapted vibronic mixing coef-
ficients, oy, in egs 12 must give rise to stabilization energies of
the form Q(9Ey/0Qx) (from the first-order Taylor's expansion
of the ground-state potential energy around the perturbing
nuclear coordinate). For the symmetrical ground state, the
differential term can be rewrittedEy/0Qs = (0Ey/ari> + &/
drsp), where ther; are the local (CN-stretching) nuclear
coordinates. If each of these local vibronic interactions con-
tributes an amounty/2 (or eRu(ll), in the notation of ref 32)
to the stabilization energy then the net ground state stabilization
is €s. The corresponding treatment of the antisymmetric mode
results indEy/dQa = (0E12/0r1, — 0E32/drap) and the antisym-
) o ) metric mode will not contribute to the ground state stabilization.
e o Sy beaes o e L5 b pvenhasesC!_Course, the total Stabiizaton energy depends on the
indicate symmetric (s) or antisymmetric (a) combinations. interactions of two sets ofrdorbitals at each metal in the trans
complexes, but the symmetry aspects of the argument are not
cies; Table 1). However, this limit of eq 11 requires thia° changed by the generalization (the orbitals corresponding to
= 0. This may not be correct. those in egs 12 would havg,ey, and @ symmetry inDap).
Rather than assuming that one or another term of eq 11 may The cis complexes present a different set of problems. We
be neglected, we have iteratively fitted our observations for the can again use three-center perturbation theory reasoning, but

181
Cr

(Ru'),

S a@)

(NH3)sM(CNRu(NHz)s)*" complexes, M= Cr(Ill) and Rh(llI). several different orbital symmetry species contribute to the
For Aven(Rh) = 7 cn® and Aven(Cr) = 80 cnt?! the ground-state stabilization. I, symmetry the important
contributions of electronic entanglement to the respective shifts, symmetry-adapted species are (a) CN vibrationsa(@ b);

we obtain Hpa® ~ 850 cnt! and ve ~ 180 cnTl An (b) central atom g orbitals (a in the MMM, plane; a and i

assumption implicit in this analysis, and in the correlation in out of plane); and (c) terminal atomrcrbitals (a and b in
Figure 6, is that the Rh(lll)- and Cr(lll)-centered complexes plane; a and h out of plane). The complexes that we have
have similar values ofe andHpa®. A literal interpretation of examined have onlg; symmetry, and this somewhat simplifies
these parameters suggests thatwould be larger for Rh while  the treatment. The symmetric combination of CN vibrations will
Hpa® would be larger for Cr(lll) since the DACT transitions promote nearest-neighbor interactions for three-center combina-
are dr/do and dr/dr, respectively. Such a literal or any more tions of the a-symmetry orbitals;(and a orbitals inCz,). This
detailed interpretation does not seem justified at this time.  will result in contributions o to the ground state stabilization,

3. Three-Center Interpretation of the Dependence of the similar to those in the trans complexes discussed above.
Coupled Vibrational Modes on the Complex Geometry.In However, the three-center vibronic coupling argument applied
the present report, we are only interested in the properties ofto the combinations of b orbitals {frbitals in C;,) requires
the ground state. In the vibronic argument, the vibrational modes that the antisymmetric vibrational mode give rise to contributions
which contribute to the mixing of the D/A wavefunctions should Of €5 to the stabilization energy. If all these orbital combinations
be the same modes which contribute to the stabilization of the were equally weighted in the ground-state stabilization, then
ground state and which are as a result shifted to lower energiesone would expect that the symmetric vibrational mode would
We will use a simple Hckel-like molecular orbital approach  be shifted more than the antisymmetric mode {#/1). Such
to explore further thef ; contributions to the ground state. The equal weighting is apparently not the case in most of our systems
discussion of the trans complexes can be developed in terms of(Ru(ll)-centered complexes may be an excepgjion
a set of coplanara orbitals and an idealized linear geometry. )

We assume that the three metals are coupled by means of théonclusions

antibondingz* orbitals of the bridging cyanides, but we will
construct our discussion based on the properly symmetrized sets,
of metal orbitals (the symmetry required for this argument is
C,, with the C, axis perpendicular to the MCN axis). The
resulting combinations of metal orbitals are analogous to the
molecular orbitals in three-center bonding mod€isgs 12 (the
metal centers are numbered sequentially). Figure 7 illustrates

We have found that trimetallic complexes containing Cr(lll)
cceptors CN-bridged to Ru(ll) donors exhibit different patterns
of shifts to lower energy of the CNstretching vibrations
depending on whether the complex geometry is trans (much
larger shift of the symmetric than the antisymmetric mode) or
cis (similar shifts in both modes). The behavior of the trans
complexes was found to be independent of the presence of a
molecular center of symmetry. When referenced to the corre-
sponding Rh(lll)-centered complexes and summed over both

. 1/2 2112 modes, the amplitudes of these shifts are proportional to the
W = [apy(dy + dg) 27 — dm,l/(1 + 0,y (12b) oscillator strengths of the doneacceptor electronic transitions,

— _ 1/2 and they correlate with the behavior of related tri- and bimetallic
e = (dmy — dmy)/2 (12¢) D/A complexes.

A first-order perturbation theory treatment has been used to
separate the opposed effects on the CN stretch of (a) the

(80) Cotton, F. A.Chemical Applications of Group Theorgrd ed.: mechanical coupling between the high frequency CN _Stretch
Wiley: New York, 1990. and the low frequency MN and M—C stretches (the “kine-

Yo = [(dry + dm)l2Y2 + o0, )/(1 + oy, )2 (12a)

the corresponding orbital diagram for a Cr(Ill) centered complex.
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matic” effect),d, and the coupling between the in-phase and This behavior contrasts to the prevailing assumption that
out-of-phase CN stretcheg, from (b) the entanglement of the  electronic coupling is independent of the nuclear coordinates
donor-acceptor electronic coupling with the CN nuclear in electron transfer systems. The conditions under which the
coordinates (“vibronic” coupling),f. Wheny > f in trans bridging ligand nuclear coordinates might be entangled with
complexes, the perturbation theory argument predicts an en-D/A coupling in other bridged electron transfer systems are
hanced splitting of the symmetric and antisymmetric stretches, under investigation.

compared to the parent, without changing their order. This
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antisymmetric vibrations can be reversed, as observed for Cr-Office of Basic Energy Sciences, U.S. Department of Energy.
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previously proposed vibronic (or pseudo-Jafireller) model

in which Hpa = Hpa® + bQcn (for bQey the vibronic coupling Supporting Information Available: Summary of synthesis of
term). This model, which does not take explicit account of ruth'enat_es, a table of elemental analyses, a table of_relative intensiFies
variations of the electronic structure of donor and acceptor, Of vibrational bands, IR spectra, and some perturbation theory details.
implies that|Hpa®| < [bQcn| for the CN-bridged complexes. Th|§ material is available free of charge via the Internet at
The CN-bridged complexes clearly define a limit in which such hitp://pubs.acs.org.

vibronic coupling between donor and acceptor is very important. 19904743



