760 Inorg. Chem.1996, 35, 760774

Mono- and Bimetallic Bipyridyl Polyene Complexes Containing 17-Electron Molybdenum
Mononitrosyl Centers: Electrochemical, Spectroscopic, and Magnetic Studies

Sean L. W. McWhinnie,* James A. Thomas|, Thomas A. Hamor," Christopher J. Jones,**
Jon A. McCleverty,*:8 David Collison)' Frank E. Mabbs," Charlie J. Harding,"
Lesley J. Yellowlees, and Michael G. Hutchings?

School of Chemistry, The University of Birmingham, Edgbaston, Birmingham B15 2TT, U.K,,
School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, U.K., Department of
Chemistry, University of Manchester, Manchester M13 9PL, U.K., Department of Chemistry,

The Open University, Walton Hall, Milton Keynes MK7 6AA, U.K., Department of Chemistry,

The University of Edinburgh, Kings Buildings, West Mains Road, Edinburgh EH9 3JJ, U.K., and
Zeneca Specialties Research Centre, Blackley, Manchester M9 8ZS, U.K.

Receied March 24, 1998

The monometallic bipyridyl complexes [MoTp*(NO)X(L-L)] [Tp%x HB(3,5-M&CsHN)3; L-L = 3,3-bipyridine,
4,4-bipyridine, 1,2-bis(4-pyridyl)ethane and X Cl; L-L = 4,4-NCsH4(CH=CH)H,CsN,n=0, 1, 2, 3, 4 (all
trans) and X= Cl, 1] and their bimetallic counterpart§ (NO)MoTp*X}»(L-L)] have been synthesized, together
with [MoTp*(NO)CI{4-NCsH,CH=CHC(Me}=CHCH=}],. The single crystal X-ray structure of jloTp*-
(NO)CI} o 4,4-NCsH4(CH=CH)4H4CsN}] confirms that the polyene chain is in the &ifns configuration and
exhibits normal bond length alternation with-Lc—rc—c] = 0.092 A. The Me-Mo distance is 20.764(3) A, and
the Mo—N(pyridyl) bond distance of 2.196(6) A indicates a much lower degree of@bligand = bonding
than that found in related amide complexes where-Ngamide) distances are typically some 0.3 A shorter.

Cyclic voltammograms of the monometallic complexes contain a single one-electron reduction process, whereas
those of the bimetallic complexes contain two one-electron processes. The separation between the two reduction

potentials varies almost linearly with polyene chain length from the statistical limit of 36 mV in the bipyridyl
dimethyldecapentene derivative to 765 mV in the'-bipyridyl derivative. The isovalent bimetallic complexes
exhibit EPR signals (300 K) which show hyperfine coupling to two equivalent metal centerd witA and are

consistent with the unpaired electrons occupying orbitals which are predominantly metal in character. Magnetic

measurements indicate the presence of an antiferromagnetic interactigMaT*(NO)CI}»{4,4-NCsHs-
(CH=CH)4H4CsN}] with a coupling—2J estimated to bea. 80 cnt! over a distance ofa. 2 nm.

Introduction finding that dopedrans-polyacetylene exhibits substantial third-
order nonlinear optic propertiésuggests the possibility that
combining redox active transition metal centers with polyene-
containing ligands might lead to new molecular materials with
enhanced NLO properti€s.This possibility prompted us to
investigate a series of complexes in which two redox active
metal centers are linked by a bridging ligand containing a
polyene link. The ability of polyenes to support metaietal
interactions has been demonstrated previously in bimetallic
complexes containing pentammine ruthenium termini linked by

The search for new molecular materials with potential
applications in molecular electronic or electrooptic devices has
aroused renewed interest in studies of transition metal com-
plexes! In particular, heterobimetallic and mixed valefée
complexes are proving to be a rich source of new meteganic
materials which exhibit important bulk properties such as
nonlinear opticdl (NLO) phenomena or ferrimagnetismin
many cases an important feature of the molecular design is the
use of redox active metal centers as potential electron donor or
acceptor sites within a polarizable molecular framework. The
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Bipyridyl Polyene Complexes

o,w-bipyridyl polyene bridging ligand%. Here we report our
findings on complexes containing 17-electron molybdenum
mononitrosyl centers.

In homobimetallic complexes containing entirely metal-based
redox centers, an estimate of the metaletal interaction may

be obtained from the value of the comproportionation constant,

K¢, for the comproportionation equilibrium (1)

[MAL-LM 2]+ [IMH(LLM ©] =
2[ML-LM 91 (@)
where [M*(L-L)M*] @ represents a mixed valence bimetallic

complex containing two metal centers M* separated by a
bridging ligand L-L and having an overall charge

In principle electrochemical measurements provide a simple

means of determininlf., since an oxidized isovalent bimetallic

complex should exhibit two one-electron reduction processes

at potential€q(1) andE;(2) separated by a potential difference,
AE;, which is related td. by the expression lof. = AE:/59
mV.® However, the relatively low resolution of electrochemical
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techniques such as cyclic voltammetry means that accurate

determinations oK. values less thawga. 500 (corresponding
with a AE; value ofca. 160 mV) are difficult!® In many of
the complexes studied so faf; values of less than 500 are
involved. TheK; values of the bimetallic pentammine ruthe-
nium complexes containing,w-bipyridyl polyene bridging
ligands, for example, were found to be in the range2@ and
were determined using electronic spectroscbpyhe use of
transition metal based couples other th&u(NHz)s} 23+ can
give compounds which exhibit much larger electrochemical
effects!? Thus, while the isovalent complekRRu(NHs)s} 2(4,4 -
NCsH4CsH4N)]#™ exhibits two oxidation waves separated by
75 mV 2 a AE; value of 765 mV has been obtained from the
corresponding molybdenum mononitrosyl derivatif@lpTp*-
(NO)CI} 2(4,4-NCsH4CsHsN)].22  In principle this largeAE;
value might provide a basis for determining the variatioin
with increasing polyene chain length through a series of
bipyridyl polyene bridged bimetallic complexes. Accordingly
we have synthesized the compounfsTp*(NO)X} x(L-L)]
{L-L = 4,4-NCsH4(CH=CH),CsH4N (n =0, 1, 2, 3, 4), X=

Cl, I, x =1, 2; L-L = { NCsH4-4-CH=CHC(Me)=CHCH=} ,,

X Cl, x 2} Figures 1 and 2) and examined their
electrochemical propertié4. The related complexes with %
Cland L-L= 3,3-NCsH4CsH4N (3,3-bpy) or 4,4-NCsH4CH,-
CH,CsH4N (bpa) were also synthesized to determine the

3,3'-bpy
Figure 1. Structural formulas of the ligands used in this work.

Experimental Section

General Details. All chemicals obtained from commercial sources
were used without further purification unless otherwise stated. [MoTp*-
(NO)X;] (X is Cl or 1)!® and the bipyridyl polyenes bpbd, bpht, bpot,
and dmbpdp were synthesized using published metfiddsAll
reaction solvents were dried and further purified where necessary,
according to standard literature methods. When used with Schlenk
apparatus, solvents were vacuum degassed before reactants were
introduced. All reactions were carried out under nitrogen using Schlenk
apparatus unless otherwise stated. Column chromatography was carried
out in glass columns fitted with no. 2 or no. 3 glass sinters with silica
gel as the stationary phase. Thin layer chromatography was carried
out on Merck aluminum sheets coated with silica get@00 mesh to
a thickness of 0.2 mm. Products were initially identified as mono- or
bimetallic complexes from their mass spectra ddvalues. Mi-
croanalyses for carbon, hydrogen, and nitrogen were provided by the
Microanalytical Service of the School of Chemistry at Birmingham

consequences of removing any mesomeric interactions betweertniversity.

the pyridyl nitrogen donor sites. The X-ray crystal structure
of [{MoTp*(NO)CI} »(4,4-NCsH4(CH=CH),CsH4N)] was also
obtained to determine the MdMVo distance, the degree of bond
alternation in the polyene chain, and the torsion angles within
it.
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obtained using a Varian E112 spectrometer. Frozen solution spectra
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Samples were dissolved in a dichloromethane/toluene mixture as the
solvent. Magnetic susceptibility measurements were made with an
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constants. Cyclic voltammetry was carried out using a PAR 360
potentiostat with built-in wave form generator and the Condecon 310
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Figure 2. Structural formulas of the new complexes prepared in this work.

system, which allows data collection and processing to be computer was identified as{{MoTp*(NO)CI} »(u-4,4-bpy)] (53.5 mg, 30%) and
assisted. Measurements were made usirgl® 2 mol dm 3 solutions the fourth cherry red fraction as [MoTp*(NO)CI(4;8py)] (11.2 mg,

in dry solvents under a nitrogen atmosphere, with 0.2 moi*dBu,N]- 5%).

[BF,] as the supporting electrolyte. A platinum bead electrode was  (b) Preparation of [MoTp*(NO)Cl(bpe)] (3) and [{ MoTp*(NO)-

used in all cases, and potentials were measured vs a saturated calometl},(u-bpe)] (4). [EtsNH][MoTp*(NO)CI;] (290 mg, 0.49 mmol) and
reference electrode with ferrocene added as an internal standard.l,2-bis(4-pyridyl)ethylene (41 mg, 0.22 mmol) were heated under reflux
Ultraviolet—visible spectra were obtained using a Shimadzu UV-240 in toluene (15 cr#) for 2 h. The solution was cooled, filtered, and
spectrometer. Samples were recorded using a matched cell containingevaporated to dryness. Column chromatography was carried out as
solvent in order to correct for background effects. Spectroelectro- for 1 and2; the first red and second gray fractions were discarded, but
chemical measurements were made using a Perkin-Elmer Lambda Sthe green third fraction was identified agMoTp*(NO)CI}»(u-bpe)]
spectrometer while samples were electrolyzed in an OTTLE cell using (53.3 mg, 29%) and the red fourth fraction as [MoTp*(NO)Cl(bpe)]

a Metrohm potentiostat. (24.0 mg, 11%).

Synthetic procedures. (a) Preparation of [MoTp*(NO)CI(4,4- (c) Preparation of [MoTp*(NO)ClI(bpbd)] (5) and [ { MoTp*(NO)-
bpy)] (1) and [{MoTp*(NO)CI } »(u-4,4-bpy)] (2). A mixture of [Et- Cl} 2(u-bpbd)] (6). Triethylamine (0.5 crf) was added to toluene (50
NH][MoTp*(NO)CI;] (200 mg, 0.34 mmol) and 4bipyridyl (23.4 cn?) containing bipyridyl butadiene (104 mg, 0.5 mmol) and [MoTp*-
mg, 0.15 mmol) was heated under reflux in toluene (18)dior 2 h (NO)Cl] (494 mg, 1 mmol); the mixture was heated under reflux for

during which time the solution became dark blue in color. The mixture 15 h and filtered, and both the residue and filtrate were retained. The
was cooled, filtered, and evaporated to dryness. The reaction productsresidue was dissolved in dichloromethane, and column chromatography
in the residue were separated by column chromatography (3@m, with 99/1 CHCI,/THF as the eluent afforded a purple fraction which
silica gel, eluent 98.5/1.5 CEI,/THF for the first three fractions, 98/2  was collected and identified agNloTp*(NO)CI} »(«-bpbd)] (274 mg,
CH.CI/THF thereafter). Four fractions were obtained; the first yellow 49%). The filtrate was evaporated to dryné@ssacua The brown

and second green fraction were discarded. The dark blue third fractionsolid obtained was redissolved in dichloromethane, and column



Bipyridyl Polyene Complexes

chromatography with a 95/5 GBI,/THF eluent afforded a red/brown
fraction identified as [MoTp*(NO)ClI(bpbd)] (60 mg, 18% with respect
to the bpbd ligand).

(d) Preparation of [MoTp*(NO)Cl(bpht)] (7) and [ {MoTp*(NO)-

Cl} o(u-bpht)] (8). [MoTp*(NO)C1,] was reacted with bpht (117 mg,
0.5 mmol) following the procedure used to synthe&izmd6, yielding
[{MoTp*(NO)CI} z(u-bpht)] (205 mg, 36%) and [MoTp*(NO)ClI(bpht)]
(64 mg, 18%).

(e) Preparation of [MoTp*(NO)Cl(bpot)] (9) and [ { MoTp*(NO)-

Cl} 2(u-bpot)] (10). [MoTp*(NO)C1,] was reacted with bpot (130 mg,
0.5 mmol) following the procedure used to synthe&izmd®6, yielding
[{MoTp*(NO)CI} o(u-bpot)] (217 mg, 37%) and [MoTp*(NO)Cl(bpot)]
(95 mg, 26%).

(f) Preparation of [{ MoTp*(NO)CI } »(u-dmbpdp)] (11). Trieth-
ylamine (0.5 crf) was added to toluene (60 éntontaining bipyridyl
dimethyldecapentene (158 mg, 0.5 mmol) and [MoTp*(NQ)(194
mg, 1 mmol). The mixture was heated under reflux for 15 h after
which time the solvent was removed by evaporationnacua The
solid obtained was dissolved in dichloromethane, and column chro-
matography with a 98/2 Ci€I,/THF eluent afforded a major orange/
brown fraction identified as{MoTp*(NO)CI} 2(u-dmbpdp)]{97 mg,
25.0% with respect to [(NO)MoTp*G]}.

(g) Preparation of [MoTp*(NO)CI(3,3'-bpy)] (12) and [ MoTp*-
(NO)Cl} 2(u-3,3-bpy)] (13). [EtsNH][MoTp*(NO)CI;] (0.5 g, 0.84
mmol) was heated under reflux together with'&Byridyl (70 mg,
0.45 mmol) in toluene (40 cfpfor 4.5 h. The dark red solution was

Inorganic Chemistry, Vol. 35, No. 3, 199663

Table 1. Crystallographic Data fot0
[{ MO(NO)Tp*Cl} 2NC5H4(CH2=CH2)4C5H4N] '2CHQC|2'0.5C5H14

formula C48H50B2C|2M02N1602'2CH2C|2'0.5C6H14
fw 1390.5
a=18.630(9) A
b=9.569(6) A
c=138.574(15) A

B = 98.98(6Y

V=6792

Z=4

pcalc= 1.360 g cn®
space group2/a (No. 15)
T=20°C

2 =0.71069 A

u(Mo Ka) = 6.40 cn1?
R(Fo)2 = 0.0648

Ry(Fo)? = 0.0939

AR(Fo) = Y|IFol — IFell/X|Fol. ® Ru(Fo) = [ZW(Fo — Fo)¥ Y WFA Y2

give {(NO)MoTp*1}(u-bpot)] (297 mg, 45%) and [(NO)MoTp*I-
(bpot)] (22 mg, 6%).

Crystal Structure Determination. An irregularly shaped, dark
purple crystal ofL0, grown from dichloromethane/hexane, approximate
size 0.3x 0.3 x 0.5 mm, was used in the analysis. Cell dimensions
and intensity data were measured on an Enraf-Nonius CAD-4 diffrac-

cooled, filtered, and evaporated to dryness. The residue was purifiedtometer (293 K, Mo Kt X-radiation, graphite monochromatot,=

by column chromatography using a 99/1 LH/THF eluent. The first
four fractions were discarded, but the fifth and sixth fractions, which
were both red-brown, were collected and identified as, respectively,
[{MoTp*(NO)CI} 2(u-3,3-bpy)] (72.5 mg, 16%) and [MoTp*(NO)CI-
(3,3-bpy)] (84.8 mg, 16%).

(h) Preparation of [MoTp*(NO)Cl(bpa)] (14) and [ { MoTp*(NO)-
Cl}o(u-bpa)] (15). [EtsNH][MoTp*(NO)CI] (0.50 g, 0.84 mmol) and

0.71069 A) withw/20 scans and scan range)(= (1.1 + 0.35 tan

0)°. A total of 4335 unique reflections were scanned in the rahge
2-25° [(h, k, I) = (=20, 0, 0) to (20, 10, 42)]. Three standard
reflections remeasured eye2 h showed a slightc@. 7%) diminution

of intensity during the period of data collection, and appropriate scaling
factors were applied. A total of 3339 structure amplitudes rith

50(F) were considered observed and used in the analysis. Crystal-

1,2-bis(4-pyridyl)ethane (75 mg, 41 mmol) were heated together under lographic data are given in Table 1. The structure was determined by

reflux in toluene (30 cr) for 2 h. The greenish solution was cooled,

Patterson and Fourier methods and refined by least squares, waights

filtered, and evaporated to dryness. The residue was purified by column= 1/[¢2(F) + 0.00032], using anisotropic thermal parameters for the

chromatography using a 99/1 @El,/THF eluent. The first four
fractions were discarded, but the yellow-green fifth and sixth fractions
were collected and identified, respectively, §MpTp*(NO)CI} o(u-
bpe)] (75.0 mg, 16%) and [MoTp*(NO)Cl(bpe)] (66.7 mg, 12%).

(i) Preparation of [MoTp*(NO)I(4,4 '-bpy)] (16) and [{ MoTp*-
(NO)I}o(u-4,4-bpy)] (17). A mixture of triethylamine (0.5 c#), 4,4-
bipyridine (78 mg, 0.5 mmol), and [MoTp*(NOJI(677 mg, 1 mmol)
in toluene (50 crf) was heated under refluxfé h and was filtered,

and the collected residue and filtrate both were retained. The residue
was dissolved in dichloromethane, and column chromatography of the

solution using a 99/1 C}€I,/THF eluent afforded a major blue fraction
identified as {MoTp*(NO)I} »(u-4,4-bpy)] (170 mg, 27%). The filtrate
was reduced in volume by evaporation vacuo until a brown

precipitate was produced. This solid was collected and redissolved in

the minimum amount of dichloromethane. Column chromatography
of this solution using a 95/5 Gi&l,/THF eluent afforded a major red
fraction identified as [MoTp*(NO)I(bpy)] (22 mg, 6% based on bpy).

(i) Preparation of [MoTp*(NO)l(bpe)] (18) and [ { MoTp*(NO)I } -
(bpe)] (19). [MoTp*(NO)I ;] was reacted with bpe (91 mg, 0.5 mmol)
using the procedure described aboveX¥6rand17 to give { MoTp*-
(NO)I} 2(u-bpe)] (288 mg, 45%) and [MoTp*(NO)I(bpe)] (16 mg,
4.5%).

(k) Preparation of [MoTp*(NO)I(bpbd)] (20) and [ {MoTp*-
(NO)I}2(bpbd)] (21). [MoTp*(NO)I,] was reacted with bpbd (104 mg,
0.5 mmol) using the procedure described abovelfband17 to give
[{MoTp*(NO)I} 2(u-bpbd)] (308 mg, 47%) and [MoTp*(NO)I(bpbd)]
(44 mg, 13%).

() Preparation of [MoTp*(NO)I(bpht)] (22) and [ {MoTp*(NO)-
1})2(u-bpht)] (23). [MoTp*(NO)I,] was reacted with bpht (117 mg,
0.5 mmol) using the procedure described abovelband17 to give
[{MoTp*(NO)I} »(u-bpht)] (351 mg, 53%) and [MoTp*(NO)I(bpht)]
(18 mg, 5%).

(m) Preparation of [MoTp*(NO)I(bpot)] (24) and [ { MoTp*(NO)-
1}2(u-bpot)] (25). [MoTp*(NO)I;] was reacted with bpot (130 mg,
0.5 mmol) using the procedure described above ¥érand 17 to

non-hydrogen atoms. The carbon atoms of rather ill-defined molecules
of dichloromethane and hexane were refined isotropically. The
dichloromethane is partially disordered. Hydrogen atoms for the
complex were placed in calculated positions riding on their respective
bonded atoms with fixetlis, = 0.1 A2 Convergence was achieved
with all shift/error ratios<0.1, and residual electron density in a final
difference map within—0.91 to+0.89 e A3 No corrections were
made for absorption.

Some difficulty was experienced in locating the positions of the
atoms of the nitrosyl group; this was due to a degree of disorder
involving the nitrosyl and chloro substituents. Refinement of site
occupancies shows that 69(2)% of the molecules have the structure
depicted in Figure 3 and 31(2)% have the CI and NO groups
interchanged. The other atoms of the complex exhibit normal vibration
parameters and are apparently not affected significantly by the disorder.
The minor contributors, CI1 N1, and O1, were included in the
calculations with fixed coordinates, and only their site occupancies and
Uiso Values were refined.

Complex neutral-atom-scattering factors were taken from ref 17.
Computations were carried out at the University of Birmingham and
Manchester computing centers with the SHELXS8GHELX761°
and ORTEP® programs. Fractional atomic coordinates are listed in
Table 2. Full listings of H atom coordinates, bond distances and angles,
and anisotropic thermal parameters have been deposited with the
Cambridge Crystallographic Data Centre, University Chemical Labora-
tory, Lensfield Road, Cambridge CB2 1EW, U.K.

(17) International Tables for X-ray Crystallographitynoch Press: Bir-
mingham, England, 1974; Vol. 4.

(18) Sheldrick, G. MActa Crystallogr.199Q A46, 467—473.

(19) Sheldrick, G. M. SHELX76. Program for Crystal Structure Determi-
nation. University of Cambridge, England, 1978.

(20) Motherwell, W. D. S.; Clegg, W. PLUTO. Program for Plotting
Molecular and Crystal Structures, Cambridge Structural Database
System, Users Manual, Part Il. Cambridge, England, 1988.
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Table 2. Fractional Atomic Coordinates<(L0%) with Esd’s
in Parentheses and Equivalent Isotropic Temperature factors

(A% x 10%)
X y z WU
Mo(1) 6854(1) 6096(1) 6398(1) 45
Cl(1) 6647(2) 4318(5) 5949(1) 83
N(1) 5986(10) 5655(12)  6573(3) 54
N(2) 7852(4) 6727(7) 6196(2) 52
N(3) 8468(4) 7006(8) 6441(2) 55
N(4) 7181(3) 7681(6) 6800(2) 46
N(5) 7895(4) 7744(6) 6953(2) 47
N(6) 7551(4) 4752(6) 6750(2) 54
N(7) 8235(3) 5219(6) 6888(2) 47
N(8) 6287(3) 7723(7) 6059(2) 47
B(1) 8461(5) 6733(10)  6826(3) 51
o(1) 5460(11) 5540(15)  6661(4) 110
c() 7498(7) 6837(16)  5541(3) 100
c() 8032(6) 7039(11)  5878(3) 71
c@d) 8743(6) 7498(13)  5919(3) 88
C(4) 9006(5) 7468(10)  6270(3) 73
c(5) 9746(5) 7862(15)  6470(4) 103
c(6) 6034(5) 8882(10)  6864(3) 75
c(@) 6819(5) 8626(8) 6962(2) 50
c(8) 7311(5) 9274(8) 7220(2) 58
c(9) 7971(5) 8705(8) 7206(2) 57
C(10) 8682(6) 9044(10)  7432(3) 78
C(11) 6834(7) 2614(11) 6771(4) 117
c(12) 7490(5) 3456(8) 6861(3) 64
2y Cc(13) 8137(6) 3072(9) 7063(3) 71
Figure 3. Structure of10 showing the atom labeling. gggg ggggggg ?1%2?2&1))2) ;%gg)) g‘;[
, ) C(16) 5637(4) 7484(9) 5867(2) 54
Results and Discussion c(17) 5260(5) 8478(9) 5663(2) 56
Synthetic Studies. The recently reporteéd isolation of gggg ggg;g 13%2(2)((83 ggﬁg)) gg
[MoTp*(NO)ClI,]~ and the finding that its reaction with pyridine C(20) 6562(5) 9006(9) 6040(2) 55
results in the substitution of only one chloride ligand to give  C(21) 5129(5) 10865(9) 5423(2) 55
[MoTp*(NO)Cl(py)] together offer a synthetic route to bimetal- ggg igggggg gggggg gigg% gg
lic complexes, {MoTp*(NO)CI}4(L-L)], incorporating the
bipyridyl bridging ligands (L-L) shown in Figure 1. Generally gl((214)) 5572521(5) 1;14%815(9) 65613114(2) 96122’8)
the reactions between [MoTp*(NO)&t and L-L afford a N(L) 6700 4769 6063 69(11)
mixture of bi- and monometallic complexes which can be 0O(1) 6602 3920 5849 129(22)
separated by column chromatography. Initially these com- CI(2) 8789(4) 1199(8) 767(3) 287
pounds were prepared by the reaction between L-L ang [Et g'((;g) %513;71((3)1) 31685:%((%)) 11%‘;%((3;)1) 307;(11)
NH][MoTp*(NO)CI], separately _pre_pared by reduction of C(258) 8974(18) 1513(30) 1212(9) 52¢7)
[MoTp*(NO)Cl2]. However, the bipyridyl polyene complexes  c(o5g)  8499(22) 1940(41)  1176(11) 91(10)
were prepared in a single step from [MoTp*(NO)[CAnd the C(26) 6849(12) 4670(24) —39(6) 70(6%
appropriate ligand, L-L, in the presence of BEThe numbering C(27) 6849(19) 3933(36) —12(10) 121(19
scheme used to identify the complexes and their structures is C(28) 7188(18) 2242(35) 101(10)  137(11)

presented in Figure 2. The reactions with the bipyridyl ligands  ay_, = 1/; (trace of the orthogonalized; tensor).> Site occupancy
generally proceeded much more quickly than that with pyridine. 0.69(2).c Site occupancy 0.31(2Y.Site occupancy 0.33.Site oc-
However, the yield of [MoTp*(NO)CI(py)] was higher than that cupancy 0.5.

of any of the bipyridyl complexes.

In the syntheses of the bipyridyl polyene complexes it was  In earlier studies of the reaction between pyridine and the
found that, even with a 1:1 reactant stoichiometry, more bi- diiodo complex [MoTp*(NO)}] only the bis-substituted product
than monometallic complex was formed and, in the case of [MoTp*(NO)(py)2]™ could be isolated? although the mono-
dmbpdp, only a bimetallic product could be isolated. The substituted derivatives [MoTp*(NO)I(NHiz)] (n = 4, 5)
monometallic derivatives were more polar and more soluble than were isolated with saturated cyclic amirfésMore recently we
their bimetallic counterparts but were less stable, decomposinghave show#f that monosubstitution of [MoTp*(NOj)] by
over a period of months, whereas the bimetallic complexes could unsaturated nitrogen heterocycles occurs in the presence gf NEt
be stored in air for at least a year without significant decomposi- and a similar procedure was employed to obtain the iodo
tion. For both series of complexes, solubilities decreased with complexes{MoTp*(NO)I}»(L-L)] (L-L = 4,4-bpy, bpe, bpbd,
increasing polyene chain length. Elemental analyses of the bpht, and bpot) and [MoTp*(NO)I(L-L)] for comparison with
bimetallic complexes are in accord with expectation, but three their chloro counterparts.
of the monometallic complexes were found to contain dichlo-
romethane as the solvent of crystallization as also indicated by (22) AlObaidi, N.; Edwards, A. J.; Jones, C. J.; McCleverty, J. A.; Neaves,
the presence of a group of ions betwewnla 84 and 90 in their B. D.; Mabbs, F. E.; Collison, BJ. Chem. Soc., Dalton Tran$989

127-132.
mass spectra. (23) AlObaidi, N.; Hamor, T. A.; Jones, C. J.; McCleverty, J. A.; Paxton,

K.; Howes, A. J.; Hursthouse, M. B.olyhedron1988 7,1931-1938.
(21) McWhinnie, S. L. W.; Jones, C. J.; McCleverty, J. A.; Collison, D.; (24) McQuillan, F. S.; Green, T.; Hamor, T. A.; Jones, C. J.; Maher, J. P;
Mabbs, F. EPolyhedron1992 11, 2639-2643. McCleverty, J. A.J. Chem. Soc., Dalton Tran§995 3243-3250.




Bipyridyl Polyene Complexes

IR Spectra. The IR spectra of the new complexes are very
similar, and all contain absorptions attributable to the Tp* ligand,
including vmay(BH) at ca. 2500 cnt?, vma(CH) at ca. 2920
cm1, andvma(C—CHa) in the range 13651445 cntl. In all
casesyma{NO) is observed ata. 1600 cnT? in accord with
the presence of the reduced 17-electfdioTp*(NO)} cen-
ter?225 |n addition,vma{C=C) is observed ata. 1540 cnt?,

The IR spectra of the iodo complexes were similar to those of
their chloro counterparts. However, in all cases, values for
vmax{NO) were around 1815 cnt?! higher, indicating that the
electron density at the molybdenum center is lower than that in
the chloro complexes.

Mass Spectra. FAB mass spectra of the new compounds

Inorganic Chemistry, Vol. 35, No. 3, 199665

molybdenum nucleus in natural abundance, Within the range
(43—49) x 104 cm™L. Thegs, value was calculated from the
position of the strong central liné & 0), and theAis, value
was calculated from the mean of the separations between the
first two and the last two hyperfine lines. This eliminates any
second-order effect82 A representative example is shown in
Figure 4a. The similarity of the nuclear magnetic moments of
%Mo and®Mo (—0.913 and-0.933un, respectively) and the
broadness of the lines mean that signals from complexes
containing these two nuclei are not resolved. A second signal
is visible in the spectrum of [MoTp*(NO)CI(4'4py)] with giso

= 1.940 and am\g, of ca. 40 x 10~*cm~L. No sign of a second
species is apparent in the cyclic voltammogram of this complex.

contained the expected molecular ions which, because of theA possible explanation for this second signal is the presence of

isotope distributions of the various elements in the complexes,
took the form of a cluster afvzvalues. Theoretical models of

a protonated form of the complexjz. [MoTp*(NO)CI(4,4'-
bpyH)]*. The most likely source of the proton is the dichlo-

these ion clusters were in good agreement with those obtainedromethane used as the solvent since chlorohydrocarbons are

experimentally. lons attributable to the loss of halide ion from
the molecular ion were also present, and in the iodo complexes,
ion clusters atr/z 550 were observed due to the [MoTp*(NO)I]

ion.

Electronic Spectra The electronic spectra of the complexes
all contain an intense band near the solvent cutoff (230 nm),
which is also present in the spectrum of the Tp* ligand and so
may be assigned to a Tp* ligand— x* transition. Among

potential Brgnsted acids. Also we have previously found that
this solvent can act as a source of chloride ion leading to the
formation of [MoTp*(NO)CI(mentholate)] from [MoTp*(NO)I-
(mentholate)f® The EPR spectrum of [MoTp*(NO)CI(44
bpyMe)[* should be similar to that of [MoTp*(NO)CI(4,4
bpyH)J*, but attempts to synthesize the N-methylated derivative
of [MoTp*(NO)CI(4,4-bpy)], by reacting it with Mel, failed
to provide a pure product. The EPR spectra of frozen solutions

the other bands in the Spectl’a of the chloro Complexes, the ban(bf the monometallic chloro Complexesl at X-band frequency,

atca. 280 nm varies very little in energy among the complexes
and is too intense to be due to ad transition. A band in this
position is also observed in the spectrum of;{#][MoTp*-
(NO)Cly], suggesting that it is due to a charge transfer within
the{MoTp*(NO)CI} moiety. The exact nature of this process
has not been identified, but its energy lies in the appropriate
range for a ligand-to-metal charge transfer (LMCY)Fur-
thermore, there are three ligands in {iMoTp*(NO)CI} center
with filled 7 orbitals (Tp*~, NO™, CI") and the metal possesses
unfilled d orbitals. Another intense band which is found
between 335 and 415 nm can be attributed t& 7* transitions
within the polyene ligands, as it is also observed in the spectra
of the free ligands, L-L. Finally, between 530 and 590 nm
another band is observed which may be assigned to a metal
to-ligand charge transfer (MLCT) process on the basis of
solvatochromism studie’s.

The electronic spectra of the iodo complexes are comparable
with those of their chloro analogues. The Tp* and polyene
transitions described previously are present, as is the LMCT
band. The position of this latter band is not significantly altered

when the halide species present in the complex is changed from

chloride to iodide. This suggests that the donor in this LMCT
transition is not the halide, but either NO or Tp*. The position
of the MLCT band in these complexes (53805 nm) is similar,
but not identical, to that found for their chloro analogues (530
590 nm).

EPR Spectra. The EPR spectra of the monometallic chloro
complexes were obtained at X-band frequency in dichlo-
romethane/toluene mixtures at room temperature and in frozen
solution at 77 K. The spectra of the monometallic complexes
are the same within the errors of measurement and contain

were consistent with axial EPR symmetry. The anisotropic spin-
Hamiltonian parameters, obtained by spectrum simul&fion,
were in the rangeg; 1.925-1.936,g5 2.004-1.997 A, (68—

70) x 104 cm™1, and Ag 33—35 cnT?, and a representative
spectrum is shown in Figure 4b.

The solution EPR spectra of the bimetallic chloro complexes
are again very similar to each other and are characterized by
Oiso Values of 1.97440.001) andAi, in the range (4448) x
10* cm™L A representative spectrum is shown in Figure 4c.
The components expected from a bimetallic system with two
equivalent molybdenum atoms in natural abundance, and each
with formally one unpaired electron, are the following: a strong

I_central line (1 = I, = 0), relative intensity= 1; 6 hyperfine

lines (1 = 0, I, =%, plusl; = %5, I, = 0), each with relative
intensity 0.112; 11 hyperfine lined (= 1, = 5/,), relative
intensities 0.0031, 0.0063, 0.0094, 0.0126, 0.0157, 0.0189,
0.0157, 0.0126, 0.0095, 0.0063, and 0.0831In addition, the
hyperfine splittingobsewedin the experimental spectrum should

be half that for the corresponding monometallic centers. The
experimental spectra are consistent with both of these expecta-
tions. The isotropic EPR spectra of these bimetallic complexes
are characterized by the spin-Hamiltonian paramejes the
range 1.974t 0.001 andAiso, for each metal centein the range
(44—48) x 104cmL. These parameters were obtained directly
from the spectra as described above for the monometallic
complexes. The spectra are also consistent with the exchange
integral, J, vide infra, being large compared to the hyperfine
interaction,Aiso.3° However, this merely places a lower limit

on |J| of about 0.05 cnt! and cannot confirm the much larger

signals withgis, values of 1.974£0.001). The spectra also
exhibit a hyperfine coupling pattern expected from a single

(25) (a) Briggs, T. N.; Colquhoun, H.; El Murr, N.; Jones, C. J.; McCleverty,
J. A.; Neaves, B. D.; Adams, H.; Bailey, N. A. Chem. Soc., Dalton
Trans.|985, 1249—-1254.

(26) Shriver, D. F.; Atkins, P. W.; Langford, C. H. Inorganic Chemistry;
Oxford University Press: Oxford, U.K., 1990; p 446.

(27) Thomas, J. A.; Hutchings, M. G.; Jones, C. J.; McCleverty, J. A.
Unpublished results.

(28) (a) Mabbs, F. E.; Collison, CElectron Paramagnetic Resonance of
d-Transition Metal Compoungglsevier: Amsterdam, 1992; pp 88
94. (b) Ibid. pp 223-273.

(29) Wilodarczyk., A; Kurek, S. S.; Foulon, D.-J.; Hamor, T. A.; McClev-
erty, J. A.J. Chem. Soc., Dalton Tran992 981-987.

(30) (a) Reitz, D. C.; Weissmann, S.J. Chem. Phys196Q 33, 700—
704. (b) Luckhurst, G. RMol. Phys.1966 10, 543-550. (c) Glarum,
S. H.; Marshall, J. HJ. Chem. Phys1967 47, 1374-1378. (d)
Hudson, A.; Luckhurst, G. RChem. Re. 1969 69, 191-225. (e)
Atherton N. M.Electron Spin Resonance, Theory and Applications
Ellis Horwood: Chichester, U.K. 1973; p 182.
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' Figure 5. Variation of ¥ T with temperature for the two complex8s
(¢) and10 (m). The lines are for Curie-law behavid®)(and the fitted
J . Bleaney-Bowers’ equation 10) (see text).
I fﬁ\/
J Vo S This behavior is consistent with the spectra arising from a spin
Gainx 10 triplet state ¢f. the magnetic susceptibilityjide infra) with a

small (x<hv) zero-field splitting.

9 256GHz The lack of any observed hyperfine coupling to ligand nuclei

33576 is indicative of a ground state which is predominantly metal in
C character. Inthe monometallic complexes ¢healues are less
| 506 than the free electron value of 2.0023. This patterg edlues
- Gain x 12.5 is consistent with the admixture into the singly occupied

molecular orbital (SOMO) ground statéa spin—orbit coupling,
of excited states arising from the SOMO to unoccupied
molecular orbital excitation of the single electrénThe EPR
parameters of the monometallic complexes described here are
similar to those of [MoTp*(NO)(py) ™. In this latter complex
a combination of the electronic absorption spectrum and the EPR
parameters was used to assign the systems as tetragonally
distorted octahedra with ayground state orbite® A similar
model was proposed earlier to describe the bonding in the d
chromium nitrosyl complex [Cr(tpp)(NO)] (tppH= tetra-
d Epraald phenylporphyrin), the EPR spectrum of which contained a signal
with giso = 1.99332
l Magnetic Measurements. In order to determine whether
100G the polyene chain in these complexes could support long range
magnetic interactions, the magnetic susceptibilityl6fwas
determined over the temperature range-800 K. At room
temperature the effective magnetic momentlLofis 1.41 usg,
well below the free spin value for &= 1/, system and of the
values for the related monometallic 17-electron complexes
[MoTp*(NO)I(L)] (L = pyridine, 1.8; isoquinoline, 1.7; phenan-
thridine, 2.9ug).2* This value reduces to 1.14 at 80 K, a
behavior that might be expected as a result of strong-spin
Figure 4. Typical examples of EPR spectra of the new complexes: orbit coupling or of antiferromagnetic exchange. As sgonbit
(a) the 300 K solution spectrum d2, modulation amplitude 10 G,  coupling effects are predicted to be important in the second-
microwave power 20 mW, scan range 400 G, receiver gain 50; (b) the ro\y transition seri€® (for Mo' the spin-orbit coupling constant
77 K frozen solution spectrum af2, modulation amplitude 10 G, 2 = 672 cnmY) 2 the magnetic properties of the corresponding

microwave power 20 mW, scan range 800 G, receiver gain 400; (c) tall le® . tigated. Thi | b
the 300 K solution spectrum 0f3, modulation amplitude 10 G, monometallic complex were investigated. IS Complex obeys

microwave power 10 mW, scan range 400 G, receiver gain 100; (d) the Curie law quite closely, as shown in Figure 5, with a
the 77 K frozen solution spectrum @8, modulation amplitude 10 G, ~ magnetic momenté. 1.71ug) that is similar to [MoTp*(NO)I-
microwave power 20 mW, scan range 800 G, receiver gain 800. (L)]?* and mononuclear Mospecies® We conclude that the

Gain x 10 /\/\/A

Gain x 10

interaction |_nd|cated by the magnetic susceptibility measure- (31) Stone, A. IMol. Phys.1964 7, 311—316.

ments,vide infra (32) Wayland, B. B.; Olson, L. W.; Siddiqui, Z. Ul. Am. Chem. Soc.
The frozen solution spectra of the bimetallic complexes, see @3 197l§ib98, 94-98. o . |
i ; 33) Mabbs, F. E.; Machin, D. J. IMagnetism of Transition Metal

Figure 4d for a typical example, were less well resolved ComplexesChapman and Hali: London, 1973; Chapter 7.

compared to those of the monomers, and we have found NO(34) Goodman, B. A.; Raynor, J. Bdv. Inorg. Chem. Radiochert97q

evidence of resonances outside the magnetic field range shown. 13, 135-362.
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low magnetic moments of the dinuclear compleX and its d,2
temperature dependence are the consequences of magnetic
exchange. l

The variation of magnetic susceptibility @D with temper- % P I|
ature is in accord with this conclusion. As Figure 5 shows, the . - bk
data closely obey the BleaneBowers’ equatio?f (eq 2), with == PpzNi—Mo——N )/ i d
the best fit corresponding tg = 1.80 and—2J = 82 cn1. : Npz

pzN

%= (NFug3kT{1+ () exp(-2IKkD} *  (2) a b

2y

This low value ofg accords with the predictions of spitorbit )
effects. If g is forced to take higher values, the exchange ! ; :ﬁr !

interaction constant correspondingly becomes increasingly nega- J g Y (]

tive with significantly poorer fit to eq 2:-2J = 98 cnt for g = . 5 6
= 1.88 (the value determined from the high-temperature limiting |-.. - e
slope of the CurieWeiss law plot forl0), and —2J = 115 ) C
cm® for g = 1.97 (the value ofj from the EPR study o10). _

In any case, the magnetic behaviorl@fdisplays a substantial ¥ .
antiferromagnetic exchange, which, if it is intramolecular, i T o
remarkably operates over a distance of more than 2 nm. : ;‘ ,3

)
e

A mechanism for superexchange over such long distances in
these molecules may be proposed on the basis of the crystal )
structure ofl10 (vide infra). This shows that the plane of the "
pyridyl ring of the polyene ligand is inclined at. 45° to the £
rest of the ligands in the metal coordination spheres, as found ¥ : , py
in the {RU'(NH3)s(pyridyl)} unit, where the pyridyl ring also
shows a 45torsion anglé’’ In the model illustrated in Figure
6a, the ¢, and d orbitals would be stabilized by interaction
with thez* orbitals of the NO ligand, leaving,gas the higher
energy SOMO as shown in Figure 6b. In accord with this
model, the EPR spectra of [MoTp*(NO)(p}yj and 9 are dyz = HOMO/LUMO dy, + HOMO/LUMO
consistent with axial symmetry associated with a tetragonally d
distorted octahedral coordination geometry at ¥dviolecular Figure 6. A possible model for the antiferromagnetic exchange
orbital calculations on the free bipyridyl ligands using the AM1 ?:?(Speyrl’\ilgj)l}nln?:oié%)/ .t?g') %fg&ité‘g s;ggge(;?gg: fc(’)fr mng*éNo?ﬁhaus-
MO method of the MOPAC packageindicate that, in the (5o of the HIOMO and LUMO of the bipyridyl polyenes within
region of the Mo termini, the LUMO and HOMO of the free_ the pyridyl moiety; (d) diagrams illustrating the overlap of the filled
ligands have the form shown in Figure 6¢c. Thus overlap is Mo d orbitals with the HOMO or LUMO of the bipyridyl polyene
possible between thgdSOMO and the HOMO of the bridging  ligand.
ligand (Figure 6d), providing a pathway for magnetic exchange.
With an even number of p orbitals linking the pyridyl rings,
the bridging ligand bpot has an extended occupied molecular
orbital suitably aligned to mediate exchange between the
magnetic orbitals of the Mo centers. That no pathway for
magnetic exchange can be recognized between magnetic cente
in different molecules (minimum intermolecular M&1o 8.883
A), and that antiferromagnetic interactions are not apparent in
the related monometallic complexes [MoTp*(NO)I(#)and9,
leads us to conclude that the interaction is indeed intramolecular.

Electrochemistry. Electrochemical measurements were made

using cyclic voltammetry and the Condecon 310 system, which ¢ jeviated from linearity at fast scan rates. This is probably
allows information on the mechanism and kinetics of electrode caused by a combination of slow electron transfer and slight

processes to be obtained through the use of convolutions, kineticdecomposition. Comparison of the reduction potentials of the

convolutions, and deconvolutiofs.Each monometallic chloro 150 ometallic chloro complexes shows that, with the exception
complex displayed a one-electron reduction process and a oneyt yna the reductions of the bipyridyl complexes are all at least
300 mV more anodic than that of the pyridine complex [MoTp*-

electron oxidation process (Table 3). The potentials for the
oxidations were similar for all the complexes, and in selected
examples of the bipyridyl polyene complexes, these were
analyzed using the kinetic convolution facility of the Condecon
tpackage. These studies revealed slightly limited chemical
%versibility, with some decomposition of the oxidation products
taking place. However, electron transfer rates were generally
fast, showing electrochemical reversibility.

In order to establish the electron transfer characteristics of
the reduction process in the monometallic complexes, plots were
made of current against (scan raté) for each wave. All the

(35) Boyd, I. W.; Dance, I. G.; Murray, K. S.; and Wedd, A. Sust. J.

Chem.1978 31, 279-284. (NO)Cl(py)]. The AM1 MO calculations on the fre_e Iigands
(36) Bleaney, B.; Bowers, K. CProc. R. Soc. Londoh952 A214 451— (Table 4) show that the*-acceptor orbitals in the bipyridyls
465. _ _ ) (excepting bpa) are between 0.9 and 1.3 eV lower in energy
@7 ‘\{\E’;Cgte”'er' S.; Launay, J. P.; Joachim,Chem. Phys1989 131 481~ than in pyridine itself84° Thus it appears that thes-acceptor
(38) Dewar, M. J. S.: Zoebisch, E. G.: Healy E. F..d Steward. JAm. ability .of the bipyridyl_ligand has a §ignificant effect on the
Chem. Soc1985 107, 3902-3909. QCPE Program 455 Version 6.0, ~ reduction potential of its monometallic complex.
Department of Chemistry, Indiana University, Bloomington, IN. The bimetallic chloro complexes generally showed two

(39) (a) Bard, A. J.; Faulkner, L. R. IrElectrochemical Methods. . . : .
Fundamentals and Applicationgiley: New York, 1980. (b) Imbeau, reduction processes (Figure 7) along with one oxidation process.

J. C.; Saveant, J. MElectroanal. Intrafacial Chem1973 44, 169
172. (40) Petke, J. D.; Whitten, J. L.; Ryan, J. A.Chem. Physl968 48, 953.
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Table 3. Electrochemical Data

oxidatior? reductiort
kJSil b
Eq(ox)/V kfs1P E:(1)/V E(2)/V {E«(1)} logio
compound (AEY/MV) {Es(ox)} (AEY/MV) (AE/MV) AEi/mVe {E(2)} Kd
[MoTp*(NO)Clpy] +0.043 —2.005
(95) (95)
1 +0.108 —1.695
(90) (90)
2 +0.010 —1.408 —2.173 765 13.0
(85) (80) (85)
3 +0.035 —1.648
(90) (85)
4 +0.083 —1.453 —2.035 582 9.9
(115) (130) (130)
5 +0.026 0.33 —1.640
(90) (110)
6 +0.040 0.16 —1.480 —1.870 390 6.6
(90) (90) (90)
7 +0.025 0.17 —1.650
(85) (110)
8 +0.035 0.15 —1.510 —1.750 240 4.1
(85) (85) (90)
9 +0.025 0.20 —1.635
(85) (90)
10 +0.055 0.18 —1.525 —-1.625 105 1.8
(80) e e
11 +0.045 0.10 —1.060 (40y 4y
(65) (60)
12 +0.100 —1.918
(80) (95)
13 +0.115 —1.850 —2.055 205 35
(120) (120) (100)
14 +0.045 —2.033
(100) (95)
15 +0.080 —2.000 —2.105 105 1.8
(95) e e
16 +0.140 —1.620 0.90
(120) (170)
17 +0.131 -1.375 —2.060 685 0.10 (1) 11.6
(75) (100) (120) 0.12 (2)
18 +0.118 —1.570 0.32
(75) (130)
19 +0.123 —1.380 —1.945 565 <0.1(1) 9.6
(90) (120) (110) <0.1(2)
20 +0.100 —1.585 0.40
(85) (120)
21 +0.120 —1.430 —1.845 415 0.20 (1) 7.0
(110) (130) (150) 0.60 (2)
22 +0.110 —1.595 0.32
(110) (120)
23 +0.110 —1.455 —1.720 265 <0.1(1) 45
(120) (150) (150) <0.1(2)
24 +0.090 —1.585 0.23
(75) (90)
25 +0.110 —1.480 —1.615 1% e 2.3
(80)

a Electrochemical measurements made in a 0.2 MNBF, solution in dichloromethane and are referenced to ferrocene used as an internal
reference at a scan rate of 500 m¥;sunder these conditions the convolution transfdifie of the ferrocene coupleE( = 0.560 V vs SCE)
showed an overlay of forward and reverse sweeps. Estimated errors: formal electrode p&eh&ahV; anodic/cathodic peak separatiat,
+5 mV. P Rate constants for the specified electron transfer determined from the kinetic convolution using the Condecon 310%<Dfffeazace
between the two reduction potentiad; = [E«(1) — E¢(2)]; estimated error iME; £5 mV. 9 Calculated from log, K. = AE/59. ¢ Value not
resolved due to overlap of wavéData obtained by differential pulse voltammetry? Estimated experimental value, not significantly different
from theoretical value for noninteracting metal centers.

Table 4. HOMO and LUMO Energies for Bipyridyl Polyenes and Related Compounds

ligand py bpa 4,4bpy bpe bpbd bpht bpot dmbpdp
LUMO energy (eV) 0.138 0.058 —0.776 —0.901 —1.080 —1.158 —1.210 —-1.167
HOMO energy (eV) —9.932 —10.015 —9.919 —9.377 —8.926 —8.652 —8.456 —8.216

However, in the cases df0 and 25 the two reduction waves  of the chloro complexes is irreversible, the oxidation product
were not fully resolved by cyclic voltammetry, andid only undergoing a chemical decomposition with a rate constant of
a single reduction wave was observed. Studie® o$ing the about 1.0 5. The two reduction waves of the bimetallic chloro

Condecon software package showed that the oxidation wavecomplexes were found to be quasi-reversible, displaying slow
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Figure 8. A plot of the difference between the first and second
reduction potential§ E«(1) — E«(2)} of the bimetallic complexeg, 4,

6, 8, 10, 11, 17, 19, 21, 23, and25 against the number of ethen-diyl
groups,n, in the polyene chain. The chloro complexes are denoted by
open symbols®) and the iodo complexes by close®) Eymbols. The

line is based on the best fit f@ 4, 6, 8, and10and is given by E¢(1)

— Ei(2)} = 749 — 166n; r2 = 0.9946.
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complexes, and while two reduction potentials were again
L | observed, values oAE; were different, being of a lower
16 0.0 0.9 magnit_ude for .the complexes with shorter Iiggnd bridges and
E (V) larger in magnitude for the more extended bridges.
Figure 7. The cyclic volammograms df1, 10, 8, and6: [MoTp*- _These reduction processes qf _the iodo complexes did not
(NO)CI(NCsH,)} 2(BR)], BR = bridging ligand. display complete chemical rever5|b|llty, gnd some of the electrpn
_ _ transfer processes were quasi-reversible. Therefore, detailed
electron transfer. Analysis of selected examples using convolu- analysis of the reductions was carried out using the Condecon
tions indicated that the reduction products were stable With  package. In particular, the monometallic complexes show
= 0l s™. Logarithmic plots showed that each of the two jimited chemical reversibility, and some show quasi-reversible
reductions, where resolved, involved one electron whereas theelectron transfers. The relative anodic shift in the redox
oxidation process involved two electrons. The free bipyridyl chemistry of all the iodo complexes indicates a lowered electron
polyen_e IlganO!s are themselves electroch(_emlcally active, but theydensity in the{ MoTp*(NO)I} metal center as compared to that
show irreversible waves at more cathodic valugs< —2.00 of the chloro complexes. This is in accord with the observed
to —2.36 V vs Fc/F¢) than those observed for these complexes. shifts of thevma{NO) in the IR spectra of the complexes.
They also exhibit a smaller separation between their reduction The separation between the two reduction potentiai,
potennals; the two irreversible reduction waves of the bpbd of the bimetallic complexes was found to vary with polyene
ligand, for example, are separated by 260 ¥htbmpared to  chain length, and a plot afE; against the number gHC=CH}
390 mV in the bimetallic compleX. This suggests that the  units,n, in the polyene chain for the chloro complexes (Figure
reduction waves fo{MoTp*(NO)CI} xNCsH4(CHCH),CsHaN] 8) was linear over the range = 0—4. Each increment in
cannot be attributed to purely ligand-centered redox processespolyene chain length results in an almost monotonic decrease
but rather must contain substantial metal character. in AE; of ca. 166 mV until, for 11, the value ofAE; is
Although the electrochemistry of the iodo complexes was experimentally indistinguishable from the statistical limitf;
similar to that of their chloro counterparts, there were some = 36 mV for two equivalent noninteracting redox centers.
notable differences (Table 3). The oxidation potentials for all Similar behavior is found for the bimetallic iodo complexes.
the iodo complexes showed an anodic shift of about 50 MV The value ofAE; correlates well with the calculat&energies
compared to their chloro analogues and appeared to depend upo(ITable 4) of both the HOMO and LUMO in the bipyridyl
the nature of the ligand. Analysis using convolutions, kinetic polyene bridge, as well as with the HOMQUMO energy gap.
convolutions, and deconvolutions showed that all these oxida- However, since all these quantities correlate well with the

tions involve fast electron transfer, and unlike the case with polyene chain length, it is not surprising that they also correlate
the chloro complexes, they were essentially chemically revers- with AE;.

ible with ks < 0.1 s1. This contrast in properties is particularly Reimers and Hush have propo&edn empirical model (eq
clear in the 4,4bpy complexes. The chloro complexes display 3) to describe the variation in the electrostatic interaction
chemical irreversibility toward oxidation, Withlavalue of about between two metal centers in a bimetallic Comp|ex, as indicated

1.0 s71, while for the iodide complek; is only about 0.05 . by In K¢, with the metat-metal distanceruv. The series of
The reduction potentials of MOTp*(NO)I} { NCsH4(CHCH),-
CsH4N}] also show an anodic shift compared to the chloro K. = 4 exp(1£ry,,KT) 3)

(41) Horner, M.; Hunig, S.; Putter, HElectrochim. Actal982 27, 205. cationic ruthenium bipyridyl polyene complexeq,(NH3)s-
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Figure 9. A plot of In K. against the reciprocal of the estimated metal
metal distancerum. The line is given by Ik, = 613kuv + 24;r? =
0.9763. The chloro complexes are denoted by open symbylar{d
the iodo complexes by close#)(symbols.

Ru} 2NCsH4(CHCH),CsH4N]*" (n = 0—4), gives a linear plot

of In K¢ vs 1kym with an intercept at Ik = In 4 for 1hym =

0 as predicted by the mod#. In contrast, a similar plot for
the molybdenum bipyridyl polyene complexes (Figure 9) falls
steeply to reach IK. = In 4 at Liyy = 0.041 AL (ryy = 24.4

A). Thus, it seems that this electrostatic model does not apply

to the molybdenum mononitrosyl systems described here. This

marked difference in behavior reflects the substantial chemical
differences between these two systems.
ruthenium complexes, the comproportionation equilibrium
involves anodic couples which are essentially metal based an
may be well separated from ligand redox couples. In the neutral

molybdenum complexes, the couples are at cathodic potentials

and would appear to involve significant ligand character as
judged by the difference in potentials between the monometallic
bipyridyl and pyridine complexes described earlier. Further-
more, theK. values for the ruthenium complexes fall in the
range 4-20 while for the molybdenum complexes the range is
from 4 to 133, based on the relationship lég = AE; /59 mV.
However, this relationship is only valid if the standard potentials
of the two redox couples are equal. While this may be the cas
in symmetrical bimetallic compounds where independant metal-

centered redox couples are present, it may not be true of the
molydenum complexes described here. The spectroelectro-

chemical studies:fde infra) suggest that the LUMO of the
oxidized isovalent molybdenum complexes contains significant
bipyridyl polyene character. Thus, the assumption that the

standard potentials of the two redox couples are effectively equal

may not apply, and\E; may not be a good indicator &f.. If
this is so, it could account for the failure of the plot of g
against Iy to agree with the Reimers and Hush model.

When the monometallic and bimetallic species are compared,

it is found that the first reduction of the bimetallic complex is
less cathodic than the reduction of its monometallic counterpart.

This suggests that the electron density of the metal centers in

the bimetallic complex is lower than that in the monometallic
complex, and indeed, similar observations have been made o
other complexes containing tf®oTp*(NO)CI} metal center
and pyridyl-based ligand$:** Further evidence for this conclu-

(42) Ribou, A.-C.; Launay, J.-P.; Takahashi, K.; Takayasu, N.; Tarutani,
S.; Spangler, C. Winorg. Chem.1994 33, 1325-1329.

(43) McWhinnie, S. L. W. Ph.D. Thesis, University of Birmingham, U.K.,
1989.
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Figure 10. A plot of the shift in energy of the MLCT band between
the monometallic complexel 3, 7, 9, 16, 18, 22, and24 and their
bimetallic counterpart?, 4, 8, 10, 17, 19, 23, and 25 against the
corresponding difference in first reduction potentigs(mono) — E;-
(bi)}. The chloro complexes are denoted by open symtijsaqd the
iodo complexes by closed®] symbols. The line is given by shift in
MLCT = 7.674 E(mono) — E¢(bi)} — 490;r? = 0.8305.

sion is found in the IR spectra of the complexes. All the
monometallic species show,a(NO) values which are lower
than the values for the corresponding bimetallic species, again

In the series of cationidndicating a higher electron density at the metal center in the

monometallic complexes. One explanation for these findings

dis that mixing the electron-accepting; LUMO of the polyene

ligand with two metal orbitals produces greater stabilization than
mixing with only one. Thus, the LUMO is relatively lower in
energy in the bimetallic complexes. If this is the case, since
the HOMO of the complexes appears relatively insensitive to
the nature of the bipyridyl ligandvide infra), the electronic
spectra of the bimetallic complexes should show a bathochromic
shift in their MLCT bands compared to those of the corre-
sponding monometallic complexes. In fact, a shift of this kind
is seen in the lowest energy band of the electronic spectra. A

gplot of the difference in energy between the lowest energy

electronic transitions of the mono- and bimetallic complexes
against the difference in their first reduction potentials is shown
in Figure 10. Although subject to some scatter, this plot does
reveal a general correlation between the reduction in energy of
the MLCT and the anodic shift of the first reduction potential
on going from the mono- to the bimetallic system.

The difference between the first reduction potentials of the
mono- and bimetallic complexes may also be correlated with
the magnitude of the separation between the first and second
reduction potentials of the bimetallic complexes. A plot of this
type is shown in Figure 11 and reveals quite a good linear
correlation for the polyenes with= 1—4. However, the points
for the 4,4-bpy complexes did not fall close to this line.
Although the 4,4bpy complexes are considered to be members
of the series of bipyridyl polyene complexes, they differ in one

rimportant respect from the other members of the series. The

torsion angles between the two pyridyl rings in the bridging
ligand will generally be small for the ligands with= 1 or
more, whereas whem= 0 twisting about the pyridytpyridyl
C—C bond can occur, giving rise to significant torsion angles.

(44) Das, A.; Maher, J. P.; McCleverty, J. A.; Navas-Badiola, J. A.; Ward,
M. D. J. Chem. Soc., Dalton Tran$993 681—686.
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Figure 11. A plot of the difference between the first and second
reduction potential§ E:(1) — E:(2)} of the bimetallic complexeg, 4,

6, 8, 10, 17, 19, 21, 23, and25 against the corresponding difference in
first reduction potentialg Es(mono) — Ex(bi)} of these bimetallic
complexes and their monometallic counterpdsitS, 5, 7, 9, 16, 18,

20, 22, and24. The chloro complexes are denoted by open symbols
(O) and the iodo complexes by close@)(symbols. The line is given

by {E«(1) — E«(2)} = 3.8 E(mono)— Ei(bi)} — 244;r? = 0.9262.

Indeed this bond in free 4/py is strongly twisted and a free
rotor in solution®> When bpy is incorporated into a metal

Inorganic Chemistry, Vol. 35, No. 3, 199671

4,4-bpy derivative. These differences may be attributed to the
presence of a much larger torsion angle between the pyridyl
rings resulting from the steric effects of the methyl groups in
3,3-dimethyl-4,4-bipyridine. This will increase the LUMO
energy of the bridging ligand and reduce any bridge-mediated
intermetallic interaction compared to the '4bpy system. In
the cases 014 and 15, where the pyridyl groups are linked by

a saturated bridger—s* coupling effects are not possible, and
this is reflected in the relatively small difference between the
reduction potentials of these two compounds.

In contrast to the reduction data, the oxidation data show
much less variation, and the oxidations of the bimetallic
complexes show no detectable splitting. However, there is some
further evidence to support the arguments presented above. All
the monometallic complexes oxidize at a slightly less anodic
potential than their corresponding bimetallic complexes, again
suggesting that the electron density around the metal center in
the former is greater than in the latter. The marked contrast in
the sensitivity of the oxidation and reduction processes to the
nature of the pyridyl ligand can be explained by considering
the contribution of the metal center and the bridging ligand
toward the HOMO and LUMO of the complex. Several groups
have attempted to correlate the redox processes of metal
complexes with charge transfer bands observed in their elec-
tronic spectrd? the HOMO being associated with oxidations
and the LUMO with reductions. In the case of the bipyridyl
complexes, the reduction potentials are dependent on the degree
of saturation of the ligand, ranging from2.033 V for the
monometallic complex based on bipyridyl ethane-tb.635 V
for 9. This would suggest that the LUMO of these complexes

complex, it can be either planar or nonplanar, and this can contains significant ligand character. However, the oxidation

greatly influence the physical properties of its comple¥es.
Work by Woitellieret al. has demonstrated that-z* coupling

potentials are much less sensitive to the nature of the ligand,
suggesting that the HOMO of these complexes is much more

between metal centers is maximized in systems bridged by theeatal based. This offers further evidence that the observed

planar conformer of 4,4py3” Other work has shown that, as
the occupancy of tha* orbital in such ligands increases, the
inter-ring C-C bond takes on more double-bond charatter.

optical CT band must be a MLCT transition.
Leveret al. have derived a relationship between the optical
transition energy of MLCT processes and electrochemical

This forces the ligand to become more planar, and as the yotentials® The energy of an MLCT transition such as

dihedral angle of the two rings is reduced, there is a corre-

sponding lowering in the energy of the orbital. This allows

a better interaction between the metal and bridging ligand, thus
lowering the electron density around the metal center and

increasing the occupancy of thé orbital. In this context it is
noteworthy that in the phenylpyridine complex [MoTp*(NO)-
(NCsH4-4-Ph}] " torsion angles of 30 and 4&re found between
the pyridyl and phenyl ring% while the related complex
[MoTp*(NO)CI(NCsH4-4-Ph-4-OMe)], in which a methoxy
st-donor group is located in the para position on the phenyl ring,
exhibits a torsion angle of only°3® Since the observedE;

{Mn+L} __{M(n+1)+L—} (4)

is estimated by taking the two electrochemical potentials for
metal oxidation, EfM™+D+L}/{M"*L}], and ligand reduction,
E[{M"L}{M™L"} ]
Eoo(MLCT) = EfM™V L} {M™L}] —

E{M™LIAM™ LN + [(% + %0 — Y] (5)

value for2 does not deviate strongly from the line in Figure 8, \yhere M and L represent the metal and ligand involved in the

it seems likely that the torsion angle in the '4bpy ligand is
relatively small. Furthermore, work ofMoTp*(NO)CI}
complexes incorporating the nonplanar '3J8nethyl-4,4-
bipyridine ligand reveals AE; of 350 mV for [ MoTp*(NO)-
Cl} 2(NCsHz-3-Me-4-(GH3N-3'-Me)} ] compared to 765 mV in
24 In addition, the MLCT of the 3/3bpy complex is
hypsochromically shifted by 80 nm (57# 497 nm), indicating

transition, y; and y, are the inner (vibrational) and outer
(solvation) reorganization energies, ani$ a correction factor
required as the MLCT process involve§M™ 1L} /{ MM+ ~}
transition, while it is only possible to measure the"tL}/
{M" L~} couple.

To investigate if such a correlation existed for [MoTp*(NO)-
CI{ NCsH4(CHCH),CsH4N} ], values ofEqy(MLCT) were plotted

(45) Emsley, J. W.; Stephenson, D. S.; Lindon, J. C.; Lunizzi, L.; Pulga,
S.J. Chem. Soc., Perkin Tran$975 2, 1541-1544.

(46) Chen, P.; Curry, M.; Meyer, T. Jnorg. Chem 1989 28, 2271~
2280.

(47) (a) Cooke, B. J.; Palmer, T. Photochemistry1984 26, 149-163.
(b) Fujii, T.; Suzuki, S.; Komatsu, SChem. Phys. Lettl978 57,
175-178.

(48) Das, A.; Jeffrey, J. C.; Maher, J. P.; McCleverty, J. A.; Schatz, E.;
Ward, M. D.; Wollermann, Glnorg. Chem.1993 32, 2145-2155.

(Figure 12). Points were not included for compoubg6, and
20 since the MLCT band was not clearly resolved in their
spectra. In the case @#, the band at 615 nm is insufficiently

(49) (a) Curtis, J. C.; Sullivan, B. P.; Meyer, T.ldorg. Chem 1983 22,
224-229. (b) Lever, A. B. P. Innorganic Electronic Spectroscopy,
2nd ed.; Elsevier: The Netherlands, 1984; pp -7789.

(50) Haga, M.-A.; Dodsworth, E. S.; Lever, A. B. Porg. Chem.1986
25, 447—-453.
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Table 5. Spectroelectrochemistry Results

McWhinnie et al.

Ama{nMP
—1 — 1
complex solvent (e/dm? mol™ cm ™)
[L*Mo(NO)CI(py)] CHCl, 620 467 409
(150) (1250) (1540)
[L*Mo(NO)CI(py)] =  CH.Cl, 804 462 399
(4390) (1500) (2700)
[~ CH.Cl; 811 470 388
(37420)  (12890) (15 650)
[2]- CH.Cl; 880 544 426 359
(31740)  (13430)  (10560) (6110)
2 DMF 558 355
(4460) (6810)
[21- DMF 870 547 432 355
(21320) (10 270) (8260) (6030)
[2]> DMF 1189 547 493 431 353
(24 780) (7140) (8150) (9040) (10 270)
(6]~ CH.Cl, 1086 952 781 699 563 506 270 sh
(57185)  (48775)  (40365) (35880)  (21850) (16 800)
(8]~ CH.Cl, 1212 1020 917 793 724 595 534 277 sh
(97300)  (70000)  (67800)  (48650)  (28000)  (26550) (26 500)
[9 CH,Cl, 1111 909 763 625 571 510
(20050)  (15050)  (18230)  (19150)  (14600) (10 950)
[10~ CH.Cl, 1282 1025 892 806 666 628 588 271 sh
(64700)  (70580)  (64750)  (63750)  (49000)  (57000) (39 300)
@ Spectra obtained in 0.4 M BNBF, solution of the solvent indicated at20 °C.
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Figure 12. A plot of the energy of the MLCT ban@lE,,(MLCT)}
against the difference between the oxidation and reduction potentials
{Et(ox) — Ex(red} for the complexed—4, 7—19, 21—-25,and [MoTp*-
(NO)CI(py)]. The line is given byE,(MLCT) = 6.78( Ef(ox) — E;-

(red} + 6867;r> = 0.8726.

intense to be due to MLCT and the absorption at 482 nm was
taken to be the MLCT band. Taken overall this plot showed a
fair correlation, although there was some scatter in the data.
This result is in accord with the proposal that the HOMOs of

the complexes show a large metal character, while the LUMOs
are more ligand in character.

Spectroelectrochemistry. In an attempt to obtain further
information about the monoreduced form of the bimetallic
complexes, the reductive electrolyses of [MoTp*(NO)Cl(py)],
1, 2, 6, 8,9, and10 were carried out in dichloromethane, and
the results are summarized in Table 5. By reduction of the
bimetallic complexes to compounds which are formally mixed
valence, the extent of metainetal coupling might be assessed
by analyzing any IVCT band present in the near-IR region of
the electronic spectrum. The reduction bfappeared to be
reversible at—20 °C as demonstrated by reversing the elec-

Absorbance

250 1000

A (nm)

Figure 13. Examples of spectroelectrochemical traces for the first
reductions of (a) [MoTp*(NO)Cl(py)] and (b3.

trolysis while still monitoring the electronic spectra. The major
change upon reduction of the 17-electron molybdenum species
is the development of a charge transfer band at around 810 nm.
The spectra of [Tp*Mo(NO)CI(py)] (Figure 13a) andl]~ are

very similar in that they both show three transitions of similar
energy in the region monitored (Table 5). However, the spec-



Bipyridyl Polyene Complexes Inorganic Chemistry, Vol. 35, No. 3, 199673

trum of [1]~ is much more intense than that of [Tp*Mo- Table 6. Selected Geometric Parameters 16r

(NO)CI(py)I~. Reductive electrolysis o was carried out in Bond Lengths (A) with Esd’s in Parentheses
dichloromethane and in dimethylformamide-&20 °C. It was Mo(1)—CI(1) 2.415(6) N(1}-0(1) 1.091(34)
found that the reduction was irreversible if carried out in  Mo(1)—N(1) 1.896(23) C(18yC(21) 1.447(11)
dichloromethane at room temperature but was reversible in both  Mo(1)—N(2) 2.208(7) C(21yC(22) 1.334(12)
solvents at—20 °C. In addition, the second reduction was mo(l)fN(A') 2.186(7) C(22yC(23) 1.426(12)
. S . 0(1)—N(6) 2.153(6) C(23)C(24) 1.356(13)
carried out in dimethylformamide, also-a20°C, but was found Mo(1)—N(8) 2.196(6) C(24)C(24A) 1.449(17)
to be irreversible. As found for the monometallic species ) )
reduction of bimetalli@ leads to the evolution of a low-energy Selected Bond Angles (deg) with Esd's in Parentheses

charge transfer band, which moves to lower energy as the secondg:gg:mggg:mg; gs:igg “Eﬁ;mg%:mggg gg:gg;

electron is added. In an additional experiment, a more highly N(1)-Mo(1)-N(2) 177.0(4) CI(1>Mo(1)-N(@8)  93.7(2)
concentrated solution a@ was electrolyzed and the near-IR  CI(1)-Mo(1)-N(4) 173.1(2) N(1)Mo(1}N(8) 90.6(3)
spectrum was monitored to detect any low-intensity bands. A N(1)—Mo(1)—N(4) 93.5(4) N(2)-Mo(1)—N(8) 87.1(2)
band was seen to evolve under the solvent overtone bands as’(\l:l((zl))_'\’cl%((ll))—’;‘\l((“g) gg-g% mgg;mg%—“g; lf;g-%(ég
the electrolysis proceeded. However, no maximum was ob- & & ' B :
served for this band, although extrapolation indicates that the N(D~Mo@)=N(®) 96.1(4)  Mo(rN@—-o@)  172.3(12)

maximum would be at about 2860 nm. _ complexes [Mo(NO)Tp*I(NGHg)],2®> Mo—N(pyrrolidine) =
The spectroelectrochemistry of the bimetallic polyene com- 1.937(5) A, [ Mo(NO)Tp*Cl} (NC4HgN)], 52 Mo—N(piperazin-
plexes 6, 8, 9, and 10 showed that at—20 °C all the 1,4-diyl) = 1.942(6) A, [Mo(NO)Tp*(NHGHaN),],5% Mo—
monoreduced products could be reversibly generated. Isosbesti(f\l'(amido) = 1.987(3) ’and 1.990(3) A, and [I\/io(NO)Tp*-
points indicated that only two species were present in each (NHBUM)], 53¢ Mo—N(amido)¥ 1_945(15) and 1.935(20) A

rgductio.n process. However, the. seconq reduction of the where the mean deviations are somewhat greater at 5.6, 5.6,
bimetallic complexes proved to be |.rrever5|ble.. 'The MONOre- 7 1 and 7.5, respectively. An alternative electronic rationaliza-
fju_ced forms of all the qomplt_exes displayed similar character- tion for this difference is that the former class of complexes
Istics, Z“. the spe?tkral d'ﬁpla%"ng bandsTbbetwc(jaen 625 ?r;d Emand the present compound are 17-electron complexes, while the
nm, and it seems likely that these are CT bands. Qertamyt €Y |atter are 16-electron complexes. In favor of the steric distinc-
are at approximately the same energy as the MLCT in the neutraltion is the fact that the largest deviations from the ideal
complex.es (Table.5.). . octahedron occur in the complexes contairting short bonds.

A partlpularly striking feature of the§e spectra is the develop- The Mo—N(nitrosyl) bond length of 1.896(23) A is rather
ment of intense _bands at low energies (Table_ 5). an exampleIong. Previous measurements of this bond in Mo(NO)Tp*
being shown in Flgur_e .13b' The structure and intensity of these complexes have generally resulted in significantly shorter
bands are characteristic of polyene chromoph&redowever, lengths, 1.774(6% 1.778(5)%3 1.804(10§%1.751(3)53° 1.748-

these transitions are at lower energy than would normally be 53¢ -
expected. These observations are consistent with the LUMOSflig’ cl(?s?: ttiﬁg(?ié’e 'I;)k]:evl;llugsbc;lf Izeggt?nattht.olﬁégfl)

of the neutral complex having significant ligand character. The ture232953 The abnormal Me-N bond length is presumably

reason for the bathochromic shift of thg transitions is that the an artifact of the NO/CI disorder discussed in the Experimental
separation of the HOMO and the LUMO in the neutral molecule . ; - . .
Section. The usual near linearity of this grouping has, neverthe-

is much larger than the separation of the LUMO and the second o L
. ) ; less, been maintained, angle MN—0O = 172(1f. A similar
Iowest unoccupleo_l .orbl_tal (SLUMG)E' Thus, in the reduced disorder has been observ¢&dh the crystal structure of [Mo-
species, the transition is a relatively lower energy process. If (NO)Tp*CI(NCsH4CeHiOMe)]
the reduced bimetallic complexes are mixed valence, then it is P it ' o o
The pyrazolyl rings are planar to well within the limits of

likely that they should show an IVCT band in the near-IR region. - . .
Unfortunately, this area is dominated by the aforementioned €XPerimental error. The interplanar angles are in the range 116

ligand bands so that no firm conclusions can be drawn on the 123" with the smallest angle between the rings encompassing
nature of the monoreduced species the relatively small nitrosyl ligand. The pyridyl ring is oriented
: o i h a way as to be almost coplanar with titaas pyrazoly!
Structural Studies. Selected geometric parameterslofare In Ssuc )
given in Table 6. The atom numbering scheme used is shown ring (atoms_ NG’_N7’ and CEXC14), interplanar ?”9'6 _7°.Oand
in Figure 3. The molecule is centrosymmetric, the mid-point almost equi-inclined to the other two pyrazolyl rings, mterplanar
of the C24-C24A bond coinciding with the crystallographic angles 61.7 and 58'8 The two symmetry-related pyridine rings

i ; t 1,1 The tw vbd t are_ql_Jite close_ly coplanar with the linking polyene chain,
Isng;a:?gt)gdcl?; 3{)1(72642(3)2)A € two molybaenum atoms are deviations ranging from 0.009 A at the bonded atom, C21, to

0.29 A at C21A, and the two rings are parallel to one another
with interplanar separation of 0.30 A. The polyene chain has
the alltrans conformation with torsion angles (Table 7) deviat-
ing from the requirements of a planar structure by less than 5
The formal double bonds average 1.345 A, and the single bonds
average 1.437 A. Accepted values for pure double and single
bonds in a system of trigonally hybridized carbon atoms are
around 1.335 and 1.48 A, so that some degree of electron
delocalization occurs along the chain. The length of the-€18

The coordination about molybdenum is essentially octahedral,
with a maximum deviation from the ideal octahedral angle of
9.4 [angle N6-Mo—N8 = 170.6] and mean deviation of 39
Similar angular deviations are found in other complexes based
on the {Mo(NO)Tp*} moiety where the other two bonds
completing the octahedron are relatively long. Thus in the
piperidine complex [Mo(NO)Tp*I(NH@H10)],23 Mo—N(pip-
eridine) = 2.241(6) A and the mean angular deviation from
ideal octahedral is 4°3and in the pyridyl complex [Mo(NO)-
Tp*CI(NCsH4CsH1OMe-4,4)],48 Mo—N(pyridyl) = 2.204(5) A

inti ; i i (53) (a) AlObaidi, N.; Hamor, T. A.; Jones, C. J.; McCleverty, J. A.; Paxton,
and the mean deviation is 4.4 However, in the amido K. 3. Chem. Soc.. Dalton Tran987, 26532660, (b) AlObaidi, N.:
Hamor, T. A.; Jones, C. J.; McCleverty, J. A.; Paxton,JKChem.
(51) W. Kemp, W. InOrganic Spectroscopylacmillan: London, 1979; Soc., Dalton Trans1987 1063-1069. (c) AlObaidi, N.; Hamor, T.
p 154. A.; Jones, C. J.; McCleverty, J. A.; Paxton, K.Chem. Soc., Dalton
(52) Kaim, W.Coord. Chem. Re 1987, 76, 187—235. Trans 1986 1525-1530.
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Table 7. Selected Torsion Angles within the Polyene Chain

atoms torsion angle (deq)
C19-C18-C21-C22 0.7
C18-C21-C22-C23 179.2
C21-C22—-C23-C24 —-176.0
C23-C24-C24B-C23B 180.0

aEsd's approximately 15

C21 bond at 1.447(11) A appears to allow the possibility that
the pyridine ring is also involved in conjugation with the polyene
chain.

In more quantitative terms, the “aromaticity constamt;,
defined by Julg and Francéfsas

A=1-K5 (- 1"%nl2

for a system of alternate double and single bonds, wheig

McWhinnie et al.
Conclusions

The series of redox active mono- and bimetallic bipyridyl
polyene complexes described here show quite different behavior
from their counterparts containifdRu(NHs)s} 2+ termini. Their
oxidation potentials are little affected by the nature of the pyridyl
coligand, suggesting that the HOMOs of the new complexes
are largely metal in character. In accord with this, the EPR
data indicate that the electron in each SOMO is largely metal
based. The large differences between the reduction potentials
of the complexes and those of the free bipyridyl ligands suggest
that the LUMOs of the complexes have substantial metal
character. However, although at first sight the electrochemical
data appear to be in accord with the complexes being reduced
to mixed valence compounds with varying degrees of metal
metal interaction, the\E; values for the bimetallic complexes
cannot be converted tK. values which are open to simple

the mean of the bond lengths in the system, calculates to be interpretation in terms of mixed metal valence states. That is,
0.65. For a polyene chain, this value is a measure of the degredne the variation in IrKc with 1iryw, although linear, does not

of electron delocalization and is broadly in agreement with the

follow the model of Hush and Reime#s. Furthermore, the

general conclusion that delocalization does occur to a modestSPectroelectrochemical data do not provide evidence to support

extent. In this calculation we have tak&nto be 297.5, so as
to give an aromaticity (or delocalization) of O for bonds of
lengths 1.316 and 1.47 &.

such a simple mixed metal valence model and suggest that the
LUMO in the complexes also contains significant bridging
ligand character. In the monoreduced complexes the new bands

It has been proposed that the extent of bond length alternation™&Y more appropriately be interpreted as intraligand CT or

in polyene-bridged doneracceptor compounds may be used
as an indicator of their potential nonlinear optical propefifes.
In octatetraer®@ and diphenyloctatetraetfehe average differ-
ence between the alternating single and double carbarbon
bonds of the polyene chair,d-c—rc—d], is 0.11 A compared
to values of 0.020.05 A in some doneracceptor substituted
polyene derivatives and essentially 0 in cyanine dyem 10
avalue of 0.092 A is found forrg—c—rc—c] indicating that, in

MLCT transitions than as metametal CT processes. Thus, a
simple metal-centered two-level model seems inappropriate to
describe the electronic properties of the bimetallic complexes
because of the presence of strong mekaldging ligand
interactions. One notable feature of the bimetallic complexes
is the development of a strong low-energy absorbance in the
monoreduced state. If this absorbance is ligand based and can
be induced by excitation of the MLCT band, the bimetallic

the isovalent ground state complex at least, complexation to COMPplexes could constitute an optical switch whereby excitation

the{MoTp*(NO)CI} moiety is not strongly perturbing bonding
in the polyene chain.

(54) Julg, A.; Francois, PTheor. Chim. Actdl967, 8, 249-259.
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(59) (a) Groth, PActa Chem. Scand. B987, 41, 547-550. (b) Chentli-
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at one wavelength induces a large change in absorbance at
another, longer, wavelength.
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