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We have prepared a series of dinuclear compleiby (O)(Tp*)Cl} (u-O0)], where ‘00" represents one of
the series of diphenolate bridging ligands [1,4-eH9),0]?~ (n = 1—4; complexed—4, respectively), [O(GHz
2-Me)0]?~ (complex5), or [1,3-OGH40O]%~ (complex6) [Tp* = tris(3,5-dimethylpyrazolyl)hydroborate]. The
complexes therefore contain two paramagnetly, (@dox-active metal centers. For complegest the metat-
metal separation increases due to the increasing number of phenyl spacers in the bridge. Gamgilexiar

to 2 with the exception that for steric reasons there is a larger dihedral twist between the halves of the complex.

Complex6 is similar to1, but with ametasubstitution pattern at the bridging ligand insteaghafa. Complexes
1 and6 were characterized by X-ray crystallography. E&ELO: CysHegB2CloM02N1,06; orthorhombicPnnm

a = 24.566(11),b = 8.085(4),c = 14.172(4) A;Z = 2. For6-3CH,Cly: CzgHs4B-ClgM0,N1,0,4; monoclinic,
P2,/n; a = 15.984(3),0 = 16.934(3),c = 20.931(3) A8 = 105.33(1}; Z = 4. Due to the cocrystallization of

the two diastereoisomers of the complexes (the Mo centers are chiral), disorder is present in both cases between
the oxo and chloride ligands which could be completely resolve@ bt not forl. Electrochemical measurements

showed that each Mo(V) center undergoes a one-electron oxidation [to Mo(VI)] and a one-electron reduction [to
Mo(IV)]. Electrochemical interactions across the bridge result in very large splittings between the two oxidations
(e.g. 990 mV forl) and smaller but still significant splittings between the reductions (e.g. 250 m¥)fofhe

much stronger interaction between the oxidation processes is due to the fact that they are partly delocalized onto
the bridging ligand, whereas the reduction processes are almost completely metal-localized. EPR spectra of the
complexes showed the presence of magnetic exchange between the paramagnetic centers, with several features
characteristic of magnetic exchange: the hyperfine pattern, line broadening, and the presence of a haffifield (

= 2) transition. The magnitudes of the electrochemical interactions and of the magnetic interactions could be

related to the structures (length, substitution pattern, dihedral twist) of the bridging ligands.

Introduction are coordinated to the binding sites (pyridyl, phenolate, amide)
of various multinucleating bridging ligands Such complexes
show exceptionally strong electrochemical and magnetic inter-
actions between the molybdenum end groups: for example, in
[{Mo(NO)(Tp*)Cl} 2(u-4,4-bipy)] (bipy = bipyridine) the two
(formally metal-centered) one-electron reductions are separated
by 765 mV#¢ and there is an antiferromagnetic exchange
interaction with]J = —33 cnT 1.4 The unusually high magnitude

of the interactions between ti®o(NO)(Tp*)CI} end groups

has allowed us to prepare complexes with a variety of bridging

A major goal of coordination chemistry is to prepare
multinuclear complexes in which the interactions between
component parts lead to novel or useful properties. Electro-
chemical photochemicat,and magnetitinteractions between
remote metal centers all ultimately depend on either transfer of
one electron or interaction between two or more electrons,
between the interacting centers. Usually this interaction is
mediated by a bridging ligand, so it is of fundamental
;:npo_rtance to u_nderstand the ro'Ie of th_e bridging Ilgand and ligands and to relate the magnitudes of the electrochemical and

ow it can modify or control the interactions across it. o .

In recent papers we described the electrochemical, spectro-m""gne'[IC mteracuqns. betyveen the remote metal centers to

. . X .~ features of the bridging ligands such as length, degree of
scopic, and magnetic properties of polynuclear complexes in

. " conjugation, dihedral twists between aromatic rings, substitution
which two or more paramagnetji¢1o(NO)(Tp*)CI} fragments pattern, and symmetry.

However for computational purposes, such as molecular
orbital calculations, th¢ Mo(NO)(Tp*)CI} fragment presents
problems because of the noninnocence of the nitrosyl ligand
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, Mo(Tp*)(O)CI
Mo(Tp*)(0)C = J
P d Cl(O)(Tp*)Mo/o O °
Cl(O)(Tp*)Mo . s
1,n=1
2,n=2
P CI(O)(Tp')Mo\O/Q\O,Moﬁp*)(O)CI

6
Figure 1. Structural formulas of the complexes described in this paper.

and the resulting difficulty in specifying exactly the oxidation standard procedure used for other aryl haltleafter extraction of
state and electron configuration of the metal. For this reason the reaction mixture with C¥Cl, the crude material was purified by
we have now started to use thdloY(O)(Tp*)CI}* fragment. flash chromatography on silica using @:/hexane (4:1) as eluent
This was first investigated by Enemark, who prepared a series (Y/€/d: 25%). o _

of mononuclear complexes [Mo(O)(Tp*)CIX] (where X is a (b) 4,4'-Dimethoxy-1,1:4',1"-terphenyl. A thf solution of the

L ; . . Grignard reagent 4-MeQ8.MgBr [derived from 4-bromoanisole (4.40
monodentate anionic ligand) and determined their electrocheml-g’ 23.5 mmol) and Mg turnings (0.68 g, 28 mmol) in thf (3034

cal anq spectroscopic propertks‘[hlg qornplex frag.ment WaS  \as added at 6C to a stirred suspension of 1,4-dibromobenzene (2.36
of particular appeal to us because (i) it is electronically simple ¢ 10 mmol) and Ni(dppe)&(0.32 g, 0.6 mmol) in thf (40 cf). The
(dY, (ii) it is both redox-active and paramagnetic, ane-tke resulting dark brown mixture was stirred overnight at room temperature
the {Mo(NO)(Tp*)CI} fragment-will lend itself to the study and was then quenched by addition of ethanol (1% @md concentrated

of electrochemical and magnetic interactions across bridging HCI (1 cn¥). The resulting precipitate was collected by filtration,
ligands, (iii) it is synthetically easy to use, and (iv) the Wwashed with ethanol, and dried (yield: 60%).

coordination chemistry and bioinorganic chemistry of oxo-  (€) 4.4"-Dimethoxy-1,1:4',1":4",1"-quaterphenyl. A thf solution
molybdenum(V) complexes in general have been extensivly of the Grignard reagent 4-MeQB4,MgBr [derived from 4-bromoani-

; ; ; : ; sole (7.47 g, 40 mmol) and Mg turnings (1.22 g, 50 mmol) in thf (30
lsjtr:“l(;jel?st’of)%thelr spectroscopic properties are fairly thoroughly cm?)] was added at OC to a stirred suspension of 4dibromobiphenyl

. . (3.12 g, 10 mmol) and Ni(dppe)£(0.32 g, 0.6 mmol) in thf (40 c#).
Accordingly we have prepared a series of complexes of the The reaction mixture was worked up as above to give a white

type [MoY(O)(Tp*)Cl}2(u-O0}], where ‘OO” denotes a precipitate, which was washed with ethanol and dried (yield: 50%).
bridging ligand with two anionic phenolate-type donors; these  (d) 2,2-Dimethyl-4,4-dihydroxybiphenyl, 4,4"-Dihydroxy-1,1":
range from ligands with one aromatic ring, such as 1,3- and 4,1"-terphenyl, and 4,4"-Dihydroxy-1,1":4',1":4",1""-quaterphenyl.
1,4-dihydroxybenzene, to 4,4dihydroxyquaterphenyl with four These were prepared by demethylation of the appropriate dimethoxy
paradinked aromatic rings in the bridge. The structural compounds (above) with molten pyridinium chloride at 2@for 2 h
formulas of the complexes are summarized in Figure 1. In this under N.° In each case, after the mixture was allowed to cool, addition
paper we describe their synthesis and characterization, the crystaf’ 2 1arge excess of water dissolved the pyridinium chloride and afforded
structures of two of the complexes, and their electrochemical an off-white precipitate of the diphenol ligand, which was collected

d EPR ¢ ; i dn th by filtration, washed with water, and dried. Yields: 780%. The
an SPEeCtroscopic properties an ow these vary as aproducts were obtained suffiently pure for use in the complexation

function of the bridging ligand. reactions, but samples could be recrystallized from MeOH/water if
. ) required.
Experimental Section Characterization data for the ligands are summarized in Table 1.

General Details. Instrumentation used for spectroscopic (NMR, Complex Syntheses.The dinuclear molybdenum complexes were
UV/vis, EPR, FAB-MS, IR) and electrochemical studies was described 2/l Prepared using a method based on that of Enernarkeach case,
earliera EPR spectra (X-band) were recorded at microwave frequen- & Mixture of [Mo(O)(Tp*)CH], ligand HL (0.5 equiv), and dry EN
cies of ca. 9.7 GHz (solution spectra) and 9.4 GHz (frozen-glass (0-5 €N, excess) was heated with stirring under iN dry toluene.
spectra), such that the field centers for the signals occurred in the region! N réactions could be followed by tic (silica, @). The minimum
of 3600 G (solution spectra) and 3500 G (frozen-glass spectra). Samplel€MPerature necessary wes 90 °C; in some cases, it was necessary

concentrations were typically 1®mol dn3; spectra were recorded to heat thi mixture to reflux to mmatg the reaction. After all of the
with a microwave power of 20 mW and a modulation amplitude of 2 [MO(O)(TP*)Clz] was consumed, the mixture was evaporated to dryness

G. Multiple scans were recorded and averaged to improve the signal- 2nd the residue chromatographed on silica withCl# The dinuclear
to-noise ratio: for solution spectra, 25 scans were generally sufficient; COMPlexes were the obvious intensely-colored major fractions. Char-

for examining very wealhm, = 2 signals, several hundred scans were actisation data, colors, and yields are summarized in Table 2.
necessary. Crystallographic Studies. Complexesl and 6 afforded crystals

All organic starting materials were obtained from the usual com- suitable for X-ray diffraction by recrystallization from GEl./ether

mercial sources (Aldrich, Lancaster, Avocado) and used as received.(V"leor diffusion). Crystals of-2E¢O lost solvent very fast, so they

5 5 ; - were mounted in a sealed capillary tube with a drop of the mother
I[itlvtle(:gt)u)r(;%)e(t:#(])d:nd Ni(dppe)GI' were prepared according to the liquor present and were examined at room temperature; crystéts of

Ligand Syntheses. (a) 2/2Dimethyl-4,4-dimethoxy-1,-biphen- 3CH.Cl, were transferred directly from the mother liquor to the

yl. This was prepared by homocoupling of 3-methyl-4-bromoanisole diffractometer under a cold stream of K-100°C).

: . . . Data were collected using a Siemens SMART three-circle diffrac-
with a Ni(PPR)2Bra/Zn catalyst in thf at 50C exactly according to a tometer with a CCD area detector (graphite-monochromatized Mo K

(5) Cleland, W. E.. Jr.. Barhhart, K. M.. ¥ K Cofl 5 X-radiation,. = 0.710 73 A). Forl-(Et,0); (crystal size 0.25¢ 0.25
eland, W. E., Jr.; Barnhart, K. V., yamanouchi, i.; Lollison, U.; . 9,05 mnd) 10 153 data were collected t@2.x = 46.5 which gave
Mabbs, F. E.; Ortega, R. B.; Enemark, J. IHorg. Chem 1987, 26, after merging 2119 independent daRn(= 0.099); for6-(CH,Cl,)s

1017.
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Table 1. Characterization Data for the New Ligands and Their Methylated Precursors

m/zfor M+
molecule 1H NMR data, ppmJ, Hz) (300 MHz) (EIMS)
2,2 -dimethyl-4,4-dimethoxy-1,1-biphenyt 7.01(2H,dJ=8.2;H),6.81 (2 H, dJ=2.6; H), 242
6.76 (2 H, ddJ = 8.2, 2.6; H), 3.83 (6 H, s; OMe), 2.04 (6 H, s; Me)
2,2 -dimethyl-4,4-dihydroxy-1,1-biphenyp 9.24 (2H,s;OH),6.81 (2H, d=8.2; H), 6.67 (2H, dJ = 2.4; 1), 214
6.61 (2 H, ddJ = 8.2, 2.6; H), 1.91 (6 H, s; Me)
4,4'-dimethoxy-1,1:4',1"-terphenyt 7.62 (4 H, s; H3/58) 7,59 (4 H, dJ = 8.6; H¥/°%75"),6.99 (4 H, d, 290
J=8.6; H/62/6") "3.85 (6 H, 5; OMe)
4,4'-dihydroxy-1,1:4',1"-terpheny! 7.58 (4 H, s; H3/518) 7.48 (4 H,dJ = 8.7; H¥/5%75"), 6.86 (4 H, d, 262
J=28.6; |_F/6/2'/6”)
4,4"-dimethoxy-1,14',1":4",1""-quaterphenyl 7.70 (12 H, m; H/5/8"5"1213151612'13'1516") 7 04 (4 H, d, 366
J=8.8; H/62'6") 3.81 (6 H, s; OMe)
4,4"-dihydroxy-1,1:4',1":4",1""-quaterphenyl 9.62 (2 H, s; OH), 7.71 (8 H, m; ¥#/5/6/2'/3'5°16") 7 56 (4 H, d, 338

aRecorded in CDGl ® Recorded in DMSQ#. ¢ Recorded in CBCl,. ¢ Recorded in CROD: the hydroxyl protons are not seen due to H/D
exchange with the solvent.

Table 2. Characterization Data fdt—6

anal.2 % FAB-MS datad IR data, cm?

color yleld, % C H N m/zfor M+ VB—H VMo=0 dmo—Mo» Ab
1 green 15 426 (43.2)  4.9(4.8) 16.9 (16.9) 997 (998) 2547 949 9.08 (8.74)
2 green 20 47.1(47.0)  4.8(4.9) 15.6 (15.7) 1074 (1074) 2543 951 12.98
3 green 20 50.1(50.1)  5.3(4.9) 14.4 (14.6) 1150 (1150) 2546 950 16.57
4  green 20 52.5(52.9)  5.1(4.9)  13.3(13.7) 1226 (1226) 2545 950 21.25
5  blue/purple 54 48.3(48.0) 55(5.1) 15.5 (15.3) 1103 (1104) 2544 947 12.98
6 purple/black 50 43.2 (43.4) 5.2 (4.9) 17.1 (16.9) 996 (998) 2548 949 7.59 (7.57)

a Calculated values in parenthese€alculated from a molecular mechanics energy-minimized structure. Values derived from crystal structures
for 1 and6 are in parentheses.

Table 3. Crystallographic Data fot-2EtO and6:3CH,Cl. Table 4. Atomic Coordinates %10*) and Equivalent Isotropic
1-2EL0 6-3CH.Cl, iigglt:\(gement Parameters¥A 10%) for the Complex Molecule of
empirical formula G4HesB2CIoMOoN1:0s CagHs54BoClsM02N 1504
fw 11455 1252.0 X y z Ueq)

space group Pnnm(No. 58) P2:/n (No. 14) Mo(1) 1592(1) 7418(1) 0 71(1)
a A 24.566(11) 15.984(3) cl(1) 1152(4) 8742(11) 1056(6) 91(2)
b, A 8.085(4) 16.934(3) 0o(1) 1337(7) 8462(27) 1105(16) 67(6)
c, A 14.172(4) 20.931(3) B(1) 2932(6) 6803(18) 0 60(4)
B, deg 90 105.33(1) N(11) 2802(4) 8640(11) 0 53(2)
v, A3 2815(2) 5464(2) N(12) 2270(3) 9162(10) 0 54(2)
z 2 4 C(13) 2291(6) 10845(13) 0 68(3)
Peale g CNT 3 1.352 1.522 C(14) 2809(5) 11374(16) 0 73(4)
wu, mnrt 0.593 0.899 C(15) 3125(5) 9997(16) 0 64(3)
T, K 293(2) 173(2) C(16) 1746(7) 11923(18) 0 110(6)
A 0.71073 0.71073 Cc(17) 3743(5) 9841(18) 0 84(4)
Ry, WR,2P 0.083, 0.220 0.048,0.129 N(21) 2682(3) 5995(8) 876(4) 57(2)
a Structure was refined df,? using all data; the value &t is given ’égg; gé%gg)) 2(1)%((1)1) 11%1122((%)) 5752((%))
for comparison with older refinements based Bnwith a typical C(24) 2521(5) 4649(13) 2195(7) 87(3)
threshold ofF = 40(F). ° WR, = [3[W(Fs? — FA)?3/ I W(F2)?]¥2 where C(25) 2915(4) 5143(11) 1599(7) 72(3)
wl= [O’Z(Foz) + (aP)2 + bP] andP = [max(FOZ,O) + 2FCZ]/3 For C(26) 1458(4) 4961(14) 2183(8) 103(4)
1-2EO, a = 0.074,b = 7.9693; for6-3CH.Cl,, a = 0.0525,b= c(27) 3525(4) 4882(14) 1635(8) 106(4)
16.6281. 0(30) 1112(3) 5541(9) 0 68(2)
C(31) 567(5) 5300(14) 0 61(3)

(crystal size 0.5¢< 0.5 x 0.3 mn¥) 24 997 data were collected t@ 2« C(32) 357(5) 3769(17) 0 89(5)

= 50° which after merging gave 9536 independent d&a € 0.035). C(33) —194(4) 3455(14) 0 97(5)

Data were corrected for Lorentz and polarization effects and for
absorption effects by an empirical method based on multiple measure-refined separately, with a similarity restraint (SIMU) applied to the
ments of equivalent data. Details of the crystal parameters and displacement parameters. The Cl atom was refined with anisotropic
refinement are in Table 3. The structures were solved by conventional displacement parameters, but the O atom could only be refined
direct methods (SHELXTL) and were refined by the full-matrix least- isotropically. Attempts to apply restraints (DFIX) to the M® and
squares method on al? data (SHELX93) using Silicon Graphics = Mo—Cl bond lengths were unsuccessful, so these bond lengths were
Indigo R4000 and Indy computets. All non-hydrogen atoms were allowed to refine unrestrained; the resulting values are highly distorted
refined anisotropically (with one exception; see below); hydrogen atoms by the disorder and should not be taken at face value. There is half a
were included in calculated positions and refined with isotropic thermal molecule of ether in each asymmetric unit which lies astride a mirror
parameters. Atomic coordinates are given in Tables 4 and 6, and plane, with the oxygen atom in the plane. The carbon and oxygen
selected bond lengths and angles, in Tables 5 and 7. atoms were refined anisotropically; the hydrogen atoms were included
Complex 1 is centrosymmetric, and the O and Cl atoms are in calculated positions with their coordinates allowed to ride on those
disordered (50:50) between the two coordination sites. The atoms wereof the parent carbon atoms and were given fixed isotropic thermal
parameters.
(10) SHELXTL PLUS and SHELX93 program systems from Siemens In 6, where the two metals are crystallographically independent, the
Analytical X-Ray Instruments, Madison, WI. O and Cl atoms are ordered at one site but disordered (55:45) at the
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Table 5. Selected Bond Lengths (A) and Angles (deg) fe2EtO Table 6. Atomic Coordinates %x10% and Equivalent Isotropic
Mo(1)—O(30) 1.921(7) Mo(1)N(12) 2.183(8) gi;glf;glment Parameters3A 10%) for the Complex Molecule of
Mo(1)—0(1) 1.89(2) Mo(1)—N(22) 2.243(6) 2
Mo(1)—CI(1) 2.134(8% Mo(1)—N(22) 2.243(6) X y z Ueq)

O(1)-Mo(1)—-CI(I')  100.9(5) O(1}Mo(1)—0(30) 98.6(7) Mo(1) —539(1) 12516(1) 4073(1) 33(1)

O(1)-Mo(1)—N(12) 88.0(6) O(1}Mo(1)—N(22) 83.5(6) Mo(2) 661(1) 9504(1) 1797(1) 30(1)

O(1)-Mo(1)-N(22)  161.6(6) CI(1)~Mo(1)—O(30)  94.9(3) 0(1) —152(2) 11696(2) 3572(1)  36(1)

Cl(1)—Mo(1)-N(12)  93.6(3) CI()—Mo(1)—N(22) 174.3(2) O(2A) 219(12) 12281(13) 4858(9) 44(4)

CI(I')—Mo(1)-N(22) 95.6(3) O(30yMo(1)—N(12) 168.1(3) 0O(2B) —1502(5) 12125(6) 4169(3) 36(2)

O(301-Mo(1)—N(22) 88.0(2) O(30yMo(1)—N(22) 88.0(2) CI(1A) —1718(2) 11788(3) 4167(2) 41(1)

N(12)-Mo(1)-N(22)  82.9(2) N(12}Mo(1)-N(22) 82.9(2) CI(1B) 434(4) 12223(3) 5047(3) 38(1)

N(22)-Mo(1)-N(22) 79.5(3) Mo(1}-O(30)-C(31) 136.1(7) 5(2)1 —122(1)(3) igggg(g) gggg(%) 3%(1)
aQO/Cl disorder renders these distances highly inaccurate. NEZZ; _130722; 13007&; 3107E23 308

other. There are three molecules of £ in the asymmetric unit. ggig _%gggg; iggﬁg% %igg% ﬂEB

One of these is disordered and was best modeled with the carbon atom C(25) —1931(3) 13958(2) 2413(2) 34(1)

fixed in one position with two alternative arrangements for the chlorine  C(26) —2152(3) 14773(3) 2142(2) 46(1)

and hydrogen atoms. These disordered atoms were grouped and the C(27) —1958(3) 11783(3) 2516(3) 54(1)

site occupancies allowed to refine, with the total being fixed to 1. The  N(31) —923(2) 14319(2) 4167(2) 29(1)

resulting fractional site occupancies were 0.55 and 0.45, the same as ’C\ligg —12%((%)) igggi((é)) égigg)) gé&))

the O/CI disorder. -
C(34) —1288(3) 14542(3) 5095(2) 37(1)

Results and Discussion C(35) —1144(2) 14896(2) 4539(2) 33(1)

C(36 —1212(3 15747(3 4348(2 43(1
Ligand Syntheses. Of the bridging ligands we used, 1,3- CES?% 712238 13100%33 551652; 438

and 1,4-dihydroxybenzene and '4ghydroxybiphenyl are com- “83 ig;g; iggig% gggg% 3(2)8

_merC|aIIy available. 2,'2D!methyl 4,4_1 d|hydroxyb|ph_enyl, which c(43) 1267(3) 13195(3) 3782(2) 37(1)

is an analogue of 4 4lihydroxybiphenyl but with a larger C(44) 1554(3) 13851(3) 3508(2) 40(1)

dihedral twist imposed due to the steric e_ffects of the methyl ¢ (45) 868(3) 14382(2) 3358(2) 35(1)

groups, was prepared by a homocouglirgf 3-methyl-4- C(46) 812(3) 15174(3) 3037(2) 45(1)

bromoanisole followed by demethylation of the methoxy  C(47) 1740(3) 12447(3) 4009(3) 52(1)

groups® The more extended bridging ligands Zdihydroxy- 8(3) igé(g) 1%%?3(? igﬁ(? %(i)

terphgnyl and 4,’{1-d|hydroxyquaterphenyl were prepared by CI((Z)) 196821; 100358 24358 468

reaction of 2 equiv of the Gr|gnard. reagent 4-MefPeMgBr B(2) 626(3) 7987(3) 770(2) 33(1)

with 1,4-dibromobenzene and #4dibromobiphenyl, respec- N(51) —297(2) 8212(2) 814(2) 34(1)

tively, using Ni(dppe)G as a coupling catalyst, again followed N(52) —399(2) 8790(2) 1246(2) 32(1)

by demethylation of the methoxy groups. These syntheses are gggig —iggg% ggigg; 1%8(%) 23((3

o e o et of 68 iy e ey

r Ol . C(56) —1182(4) 7214(3) 49(3) 60(1)

metat-metal separation by means of additional aromatic spacers, ¢(57) —-1612(3) 9381(3) 1636(3) 51(1)

(i) increased dihedral twist between aromatic rings in the bridge, N(61) 1055(2) 8724(2) 559(2) 32(1)

and (iii) the change in substitution pattern between 1,3- and ’C\I:Egg ﬁ‘;f;(é)) gggg(é)) gg%((%)) gg&))

1";'3d'hydrqubenzene' . C(64) 1602(3) 9621(3) 24(2)  44(1)
reparation and Characterization of Complexes. The C(65) 1334(3) 8856(3) 10(2) 38(1)

complexes were readily prepared by reaction of 2 equiv of [Mo- ¢ (gg) 1317(4) 8231(3) —502(2) 56(1)

(O)(Tp*)ClIy] with 1 equiv of the appropriate bridging ligand C(67) 1643(4) 10788(3) 831(3) 54(1)

H.L in toluene, with E4N present to deprotonate the pherfols.  N(71) 1147(2) 7726(2) 1461(2) 30(1)

The yields of the reactions are variable (Table 2), and the N(72) 1289(2) 8260(2) 1979(2)  30(1)

reactions p.roduce varying amounts of. byproduct§ which pre- ggig ggg% ;ggg% ggg?g; ‘3128

sumably arise from traces of moisture in the reaction. _In each C(75) 1474(3) 7014(2) 1693(2) 36(1)

case, the desired produ¢Mo(O)(Tp*)Cl} 2(u-L)] is the obvious C(76) 1401(3) 6300(3) 1261(3) 50(1)

major fraction and is the first to elute when the crude mixture  C(77) 1978(4) 8231(3) 3197(2) 51(1)

is chromatographed (silica/GBl,). Impurities which generally C(11) —130(3) 10896(2) 3601(2) 32(1)

follow include the partially-oxidized Mo(V)/Mo(VI) complex ~ S(12) 111(3) 10498(2) 3095(2)  32(1)

" N C(13) 106(3) 9674(2) 3084(2) 32(1)

[{Mo(O)(Tp*)Cl} (u-L){Mo(O)(Tp*)}] (green) and the oxo- C(14) ~123(3) 9247(3) 3579(2) 39(1)

bridged dinuclear speciegNlo(O)(Tp*)Cl}2(u-O)], which is C(15) —357(4) 9652(3) 4077(2) 51(1)

red; these oxidized species presumably arise from residual traces C(16) —362(3) 10471(3) 4099(2) 44(1)

of moisture and/or oxygen in the solvent. Traces of mono-

nuclear complexeqd Mo(O)(Tp*)CI} (HL)], in which only one The metat-metal separations were calculated for all of the

of the two phenol sites has a metal fragment attached, are thecomplexes by molecular mechanics energy minimizations using
last to elute. These byproducts were all identified on the basis MM2 parameterS and are included in Table 2. In addition,
of their FAB mass spectra and IR spectra but not pursued further.the computed structures suggest thaRithe dihedral twist
The formulations of complexebs—6 were confirmed by FAB between the two aromatic rings of the bridging ligand is
mass spectra, IR spectra, and elemental analyses (Table 2). FAB
mass spectrometry was a particularly suitable tool, since, in (11) The calculations were performed on a CAChe workstation (CAChe

addition to molecular ions of the correct mass, the isotopic ~ Scientific, Beaverton, OR, 1994) using the programs supplied.
’ Structures were energy-minimized using the molecular mechanics

patterns of .the peak clusters are qUite characteristic and package with an extended MM2 parameter set. The ZINDO program
consistent with the expected formulations. (written by M. C. Zerner) was run using the INDO/1 parameters.




5294 Inorganic Chemistry, Vol. 35, No. 18, 1996 Ung et al.

Scheme 1. Syntheses of the New Ligands

"Ni(0)" CsHsN.HCI
MeO«O—Br — " MeO O T )—oMe ———= Ho OH
Ni(dppe)Cl,
MeO—@—MgBr Br Br erg-O—OMe —— Meo O O O OMe
n
n

' CsHsN.HCI

Table 7. Selected Bond Lengths (A) and Angles (deg) for
6-3CH.Cl,

Mo(1)—O(2A) 1.81(2% Mo(1)-O(2B) 1.735(10)
Mo(1)—0(1) 1.938(3) Mo(1)-N(32) 2.179(3)
Mo(1)—N(22) 2.229(3) Mo(1}N(42) 2.243(3)
Mo(1)—CI(1A) 2.303(5} Mo(1)—CI(1B) 2.269(53
Mo(2)—0(4) 1.747(3) Mo(2)-0(3) 1.934(3)
Mo(2)—N(52) 2.151(3) Mo(2)-N(62) 2.173(3)
Mo(2)—N(72) 2.321(3) Mo(2)-CI(2) 2.3410(12)

O(2A)-Mo(1)-O(1)  95.8(7) O(4rMo(2)-O(3)  102.90(12)
O(2A)—Mo(1)—N(22) 168.9(7) O(4rMo(2)—N(62) 92.36(13) Figure 2. Crystal structure of the metal complex In(Et,O), (the
O(2A)—Mo(1)—N(42)  90.8(7) O(4yMo(2)—N(72) 169.59(13) O/ClI disorder is not shown).

N(22)-Mo(1)-N(42)  78.66(12) N(62)Mo(2)—N(72) 80.46(11)

N(32)-Mo(1)—CI(1A)  95.84(13) N(52)Mo(2)—Cl(2) 168.25(9) )
O(2A)-Mo(1)-N(32)  91.1(7)  O(4rMo(2)~N(52)  92.12(14)
O(1)-Mo(1)—~N(22) 87.37(12) O(3)Mo(2)~N(62) 163.18(12) ce7,
O(1)-Mo(1)—N(42) 87.49(12) O(3yMo(2)-N(72)  83.45(11)
O(2A)-Mo(1)—CI(1A) 99.9(7)  O(4yMo(2)-Cl(2)  99.47(11)
N(22)-Mo(1)—CI(1A)  90.59(12) N(62)Mo(2)-Cl(2) 92.67(9)
O(1)-Mo(1)-N(32)  167.88(12) O(3)Mo(2)—N(52)  87.43(12)
N(32)-Mo(1)-N(22)  84.06(12) N(52)Mo(2)—N(62) 84.94(12)
N(32)-Mo(1)-N(42)  82.45(12) N(52)Mo(2)-N(72) 79.81(12) ‘\ oD
O(1)-Mo(1)—-CI(1A)  92.79(13) O(3}Mo(2)-Cl(2)  91.78(10) C & / X A
N(42)-Mo(1)—CI(1A) 169.23(12) N(72rMo(2)—Cl(2)  88.45(9) )
C(11}-O(1)-Mo(1)  134.4(2) C(13}O(3)-Mo(2) 136.4(2)

aO/Cl disorder renders these distances highly inaccurate.

cl26)
) 014 _

Ci46}
)

37°—which is typical for a biphenyl-type fragméat-whereas e
in 5 the steric interaction between the methyl substituents forces €37

the rings to be nearly perpendicular {&thedral angle). These  Figure 3. Crystal structure of the metal complex 8(CH.Cl,)s,
values correspond to the lowest computed energies of theshowing the resolved components of the O/CI disorder at Mo(1).

complexes but in fluid solution at room temperature will of (2.13 A) is too short, and the apparent #0 distance (1.89

Cr? urse var;; over I‘T’l W'Se rangeinelsiowever tfhﬁy do suggest thatA) is too long. The other structural parameters however are as

the extent of coupling between thesystems of the two aromatic 50 rate as could be expected from such a small crystal. There

rings in the bridge will be significantly less fd& than for 2. is also a crystallographic plane of symmetry through the
Cr_ystal Structures. Complgxesl and 6 afforded X-ray- molecule, which includes the bridging ligand, the Mo atoms,

quality crystals when recrystallized from @El,/ether mixtures, and the pyrazolyl rings containing atoms N(11)/N(12) and

and the structures of the complex unitslefE,0), and6-(CHz- N(11A)/N(12A). The labelling scheme used in Figure 2 denotes
Cly)s are shown in Figures 2 and 3, respectively (see also Tablesatoms related by the inversion center with a suffix A, such as

4=7). In1-(Et0), the dinuclear complex is centrosymmetric. N(22) and N(22A), and atoms related by the mirror plane with
A particular problem with this structure is the presence of a' (prime), such as N(22) and N(22 The metatmetal
disorder involving the Cl and O atoms. The electron density distance is ,8 74 A

map showed the presence of two peaks of equivalent intensity
and at a distance from the Mo atom intermediate between the
distances expected for Me-Cl and Md=0 bonds ¢a. 2.4

and 1.7 A, respectivel\y. Refinement of the site occupancies
for the Cl and O atoms at these positions converged at values
close to 0.5 and 0.5, so the site occupancies were then fixed a
these values. The resulting M® and Mo-ClI bond lengths
are, as a result, very inaccurate: the apparent-Rdistance

Since there are two possible arrangements for the Cl and O
atoms at each metal center, there are in principle four possible
arrangements in total, but the requirement for a center of
symmetry reduces this to two, of which only one is shown in
Figure 2. A disorder of this type arises because the metal centers
Gre chiral, and a dinuclear complex therefore consists of a
mixture of two diastereoisomers. If they crystallize together,
as they have done here, then a 50:50 mixture of the two
(12) (a) Eaton, V. J.: Steele, O. Chem. Soc., Faraday Trans.1973 components inevitably gives rise to the observed disorder. The

1601. (b) Brock, C. P.; Minton, R. B. Am. Chem. S0d989 111, encapsulating nature of the Tp* ligand partially shields the O
4586. and Cl atoms from intramolecular interactions which make the
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Table 8. Electrochemical and Electronic Spectral Data fer6

electrochemical processés

electronic spectral dafaima/nm (103¢/M~1cm?)

complex oxidations reductions

1 +1.25¢4+0.26 —1.19,—1.44 658 (5.1) 397 (8.1) 266 (17.7)
2 +0.92,4+0.44 -1.13 616 (6.7) 389 (14.5) 272 (33.1)
3 +0.74,4+-0.56 -1.16 592 (5.4) 373 (15.9) 297 (30.6)
4 +0.61 -1.16 587 (5.1) 380 (sh) 311 (33.0)
5 +0.78,+0.55 —1.20 571 (5.9) 364 (14.6) 262 (28.0)
6 +0.58 —1.20,—1.40 544 (3.3) 360 (sh) 266 (19.4)
Mo(Tp*)(O)CI(OPhy +0.68 -1.21 760 (0.1) 520 (1.8) 350 (5.8)

2 All measurements made in GEl,. ® The electrochemical measurements were made at a Pt-bead working electrode containifig @XM
as base electrolyte, using a scan rate of 0.2V All potentials are quoted vs the ferrocene/ferrocenium couple which was used as an internal
standard. All processes are chemically reversible one-electron transfers withpeeddseparations in the range-81R0 mV unless stated otherwise.
¢ This process occurred at the limit of the solvent window in a region of high background current, so its reversibility could not be established; the
peak potential was taken from a square-wave voltammogtdiwo coincident, chemically reversible, one-electron processestally irreversible
process (no return wave)sh = shoulder 9 Measured under the same conditions for comparison purposes.

disorder more likely; we have noted a similar disorder on other (a)
Mo(Tp*) complexes'd It is noteworthy that it was this type of

disorder, between MeO and Mo-ClI groups, that led to the

recent controversy over the possible existence of “bond-stretch

isomers™3

In the structure of comple%, the two metal centers are
crystallographically independent. Again, the two diasteroiso-
mers have cocrystallized, but in this case the resulting O/CI
disorder need only be expressed at one metal center because
the requirement for a centrosymmetric arrangement is removed.

Because of the better quality of the crystal, the disorder could

be resolved rather better than in The two Me=O bond )
lengths at the disordered site were found to be 1.735(10) and
1.81(2) A, with the two Me-Cl bond lengths being 2.269(5)
and 2.303(5) A. These may be compared with the (more
trustworthy) values of 1.747(3) and 2.341(1) A, respectively,
for the Mo=O and Mo-CI distances at the ordered site
[Mo(2)]. The metat-metal distance is 7.57 A.

Electrochemical and Molecular Orbital Properties. The
mononuclear complex [Mo(O)(Tp*)CI(OPh)] was reported by
Enemarket al.to undergo a chemically reversible one-electron
reduction in MeCN at-0.59 V vs Ag/AgCI® The reduction is
metal centered and is therefore a Mo(V)/Mo(lV) couple. We
reinvestigated this complex, as it is a mononuclear analogue of E/Volts vs. Fe/Fc*
our dinuclear complexed—6. We observed the expected Figure 4. Square-wave voltammograms of (aand (b)3 in CH.Cl..

reduction_, at—1.21 V vs the ferrocene/ferrocenium cc_)uple (V1) state beingca. 107, one of the largest electrochemical
(Fc/Fc’) in CHCl,, but we also observed a chemically jnteractions recordell. The interaction between the centers
reversible (equal cathodic and anodic peak currents;-ppeik when they are reduced is less spectacular but still significant,
separation 90 mV) one-electrooxidation at +0.68 V vs with K¢ = 2 x 10F for the mixed-valence Mo(IV)/Mo(V) species
Fc/Fc™ which was not reported before (Table 8). It seems (i is the comproportionation constant for the mixed-valence
reasonable to assign this to a metal-centered Mo(V)/Mo(V1) giate, i.e. the equilibrium constant for the reaction given in eq

couple; this is supported by the molecular orbital analysis of 1) | the oxidations and reductions were both wholly metal-
the complexesifde infra).

The dinuclear complexes would therefore be expected to have [MoYMo"] + [Mo"'Mo"'] — 2[MoYMo""] 1)
two oxidations, corresponding to stepwise oxidation of the Mo-
(VI)/Mo(VI) species, and two reductions, corresponding to
stepwise reduction to the Mo(IV)/Mo(lV) species. The elec-
trochemical data, summarized in Table 8, confirm this. Rep-
resentative voltammograms are shown in Figure 4. Tdhe
two oxidations are separated by 990 mV and the two reductions
are separated by 250 mV. That the first oxidation is a one-

electron process was confirmed coulometrically, and since the . T
other three waves in the voltammograms are of the same'€Sonance structures [Mo()dihydroxybenzene dianion)

intensity, these too are confirmed as one-electron processes: irﬁAO(VI)] gnd_ [Mo(V)—(p-benzoql_Jinone)M(_)(V)] cou!d both
any event this is the only chemically sensible assigment. The € (_:ontnbutlons to the fully .Ox'd'zed Species. Paf“a! del_ocal-
interaction between the centers being oxidized is therefore ization of the additional positive charges onto the bridging ligand

extremely strong, withK. for the mixed-valence Mo(V)/Mo- ‘_NOUId bring them closer_together and th_ere_by ?ncrease the
interaction between them; in contrast, the bridging ligand cannot

(13) Yoon, K.; Parkin, G.: Rheingold, Al. Am. Chem. Sod.991 113 easily be further reduced, so the electrons added by reduction
1437. reside in metal-localized orbitals.

I 1
-1.7 0 +1.5

localized, then we would expect the interaction between the two
oxidations and the interaction between the two reductions to
be comparable on simple electrostatic grounds. Our results
suggest that the oxidations are partly delocalized onto the
bridging ligands, whereas the reductions are more metal-
localized. This is not unreasonable since the dianion of 1,4-
dihydroxybenzene may be oxidized pebenzoquinone, so the
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Figure 5. Frontier molecular orbital diagram df

O ip oyl - -H

A gualitative MO picture of the frontier orbitals dfis shown

in Figure 5. This is based on a combination of the known

spectroscopic properties of oxomolybdenum(V) complé&xEs
and our observed electrochemical and EPR resuilti (infra)
and is also in agreement with a ZINDO computatténOf the
three dfr) orbitals of the Mo atoms, two interact strongly with
the m-donor p orbitals of the oxo ligand to give M
m-bonding (filled) andz-antibonding (empty) levels; the HO-
MOs [singly occupied, since Mo(V) is'flare the remaining
largely unperturbedd(r) nonbonding orbitals of each Mo atom,

and these are essentially degenerate (the molecular orbitals will
be the sum and difference combinations of these two d orbitals).

The other two d orbitalsof) of each metal will lie above the
Mo=0 (7*) levels and are not shown. If the MeO axis is
taken as the locat axis, then the configuration of the metal
centers is g.

The important feature of the MO picture that makes
significantly different from simple oxomolybdenum(V) com-
plexes is the presence afbonding orbitals of the bridging

ligand; the HOMO of the bridge lies close to, but below, the

singly-occupied metal 4l levels. Given the inaccuracy in

determining absolute energies, it was not clear from the ZINDO
calculation alone whether this orbital lay above or below the
two metal d orbitals. However, that they must lie below the
molybdenum df) levels is quite clear from the EPR spectra
and electronic spectra of the complexes (see later) which confirm
If the bridging

that the unpaired electrons are metal-localized.
ligand HOMO were above the two molybdenumrziiprbitals,
then the complex would be a diamagnetic Mo#\(jjuinone)-

Mo(lV) species, which clearly it is not. Oxidation of the metals
is therefore not very different in energy from oxidation of the

bridging ligand, and the oxidized Mo(M)(p-OCeH42~)—Mo-
(VI) species has some Mo(W(quinone)-Mo(V) character
mixed with it.
which could mix with the Mo(IV)/Mo(IV) species arises from
occupation of the MerO x* levels, which are sufficiently high

in energy for such a contribution to be slight and which in any
case do not involve delocalization across the bridging ligand.
The z* levels of the bridging ligand are far too high in energy

to contribute to the structure of the reduced complex; the

reductions are therefore metal-localized.

As the number of aromatic spacers in the bridge increases

(from complexl to complex4), the electrochemical interactions

(14) Gray, H. B.; Hare, C. Rinorg. Chem.1962 1, 363.

(15) (a) So, H.; Pope, M. Tinorg. Chem.1972 11, 1441. (b) Carducci,
M. D.; Brown, C.; Solomon, E. |.; Enemark, J. B.. Am. Chem. Soc.
1994 116, 11856. (c) Sabel, D. M.; Gewirth, A. Anorg. Chem1994
33, 148.

In contrast, the only alternative reduced structure

Ung et al.

decrease rapidly. The separations between the two oxidation
waves forl—3 are 990, 480, and 180 mV, respectively, and
finally for 4 the two oxidations cannot be resolved and have
merged to give a single wave. For the reductions, the two
processes are unresolvable 8r4. The general behavior that

the separation between the oxidation processes is much greater
than the separation between the reduction processes is main-
tained. It is interesting that this is the reverse of the behavior
observed for electrochemical interactions betwgkto(NO)-
(Tp*)CI} fragments in dinuclear complexes, when it is the
reductions (partially delocalized onto the bridging ligands) that
are split and the metal-localized oxidations that are coincitiéfit.

Comparison ob with 2 shows the effect of using bulky ligand
substitutents to impose a dihedral twist between the two aromatic
rings of the bridge: the separation between the two oxidations
has decreased from 480 mV th(37° dihedral twist) to 230
mV in 5 (87° dihedral twist). This confirms that the oxidations
involve to some degree the bridging ligandrbitals, since if
the oxidations were solely metal-based the resulting through-
space interaction would not change significantly betw2and
5. A comparable result was obtained when'3|Bnethyl-4,4-
bipyridine was used instead of 4Mipyridine as a bridge
between two{Mo(NO)(Tp*)Cl} fragments: the additional
imposed dihedral twist approximately halved the electrochemical
interaction?® Comparison ofl with 6 shows the effect of
changing the substitution pattern of the bridge (from 1,4 to 1,3).
The interaction between the two reductions is slightly reduced,
from 250 to 200 mV, which is in keeping with a variety of
other dinuclear complexes where it has been shown that a 1,3-
substituted bridge is less effective than a 1,4-substituted bridge
at transmitting electronic interactio#%. Also, two reversible
oxidations no longer occur: there is just one totally irreversible
oxidation. This is consistent with the partial ligand-centered
character of the oxidations, since among these dinuclear
complexes the bridging ligand @éfis unique in not being able
to form a quinone-type structure by oxidation.

Electronic Spectra. Electronic spectral data are summarized
in Table 8. Simple oxomolybdenum(V) complexes such as
[Mo(O)Cls]?~ can in principle display three-ed transitions in
which the single unpaired electron is promoted from the d
orbital to the (doubly-degenerate) M@ (z*) level or the two
higher d¢*) levels1415 The lower two of these occur at
approximately 710 and 435 nm; the highest is obscured by the
lowest-energy charge-transfer band. The charge-transfer bands
were originally thought to arise from promotion of electrons
from the filled Mo=O() levels to the d orbitals? but on the
basis of more recent work these charge-transfer transitions are
now considered to be Gtj — Mo(dyy).*® In our dinuclear
complexes however there are two types of transition which
complicate this simple picture. The first is the possibility of
phenolate-to-Mo ligand-to-metal charge-transfer (Imct) which,
on the basis of Figure 5, should be the lowest-energy charge-
transfer band; the second is — #* transitions within the
bridging ligands and within the pyrazolyl rings of the Tp* ligand.

The intense lowest energy transitionlin 6 at 540-660 nm
has no counterpart in the spectrum of [Mo(QJ&l, and we
ascribe this to a phenolatéo—Mo(V) Imct band, on the basis
both of the intensity of the peaks and the MO picture described
above for complexX. As the number of aromatic rings in the
bridge increases between complexesand 4, this band is
steadily blue-shifted, indicating a steady lowering of the energy
of the bridging ligandsz orbital as the conjugated network

(16) (a) Wlodarczyk, A.; Maher, J. P.; McCleverty, J. A.; Ward, M.D.
Chem. Soc., Chem. CommutB95 2397. (b) Richardson, D. E.;
Taube, HJ. Am. Chem. Sod.983 105, 40.
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becomes more extended. In complexeand 6, where the (@
dihedral twist (for5) or the metasubstitution pattern (fo6)

makes the bridging ligands more like electronically isolated

monophenols, this Imct band moves to higher enedfytlie

position of the Imct band for mononuclear [Mo(O)(Tp*)(OPh)-

Cl], Table 8)> The transitions at 358400 nm are at positions

consistent with their being the lowest-energys g~ Mo(dyy)

Imct band ¢f. ~370 nm for [Mo(O)C4]27).1416 Finally, the

highest-energy bands appear likely tosbe> 7* transitions in ()
the bridging ligands. These transitions decrease steadily in

energy froml to 4 as the more extended conjugated network

results in a decrease of the HOMO/LUMO gap of the bridging

ligand: the variation in the energies of the— x* transitions

matches that of the phenolate-to-Mo(V) Imct bands across the

series of complexes.

For mononuclear [Mo(O)(Tp*)(OPh)CI] a weak peak at 760
nm was ascribed to the expected metal-centeredl trlansitio
[strictly, it is a transition from the g orbital to the Me=O(z*)
levels]. Similar transitions would also be expectedXei6 at
similar energies, but they are evidently masked by the intense
phenolate-to-Mo(V) Imct bands, which are both more intense
for the dinuclear complexes than for [Mo(O)(Tp*)(OPh)CI] and
are also at lower energy and therefore nearer the expected
position of the lowest ¢d band. The observation that for [Mo- 3420
(O)(Tp*)(OPh)CI] the phenolate-to-Mo(V) Imct band is some- B/ Gauss
what higher in energy than the-dl band is in agreement with ~ Figure 6. Solution EPR spectra of (& (b) 2, and (c)6 in CH.C,
the MO picture in Figure 5, in which the energy of the highest SP°Wing the steadily increasing broadening.
ligand-basedr orbital is slightly below that of the metal-centered
HOMO. - |'|

EPR Spectroscopic Properties.The isotropic solution EPR \
spectrum of the mononuclear model complex [Mo(O)(Tp*)CI- { |
(OPh)] gives the typical “singlet plus sextet” pattern charac- |
teristic of mononuclear Mo complexes (the sextet arises from v ,l
the ca. 25% of Mo nuclei that havé = 55,).4°> We foundgjso T |
to be 1.939(1) and the hyperfine coupliAg, in the sextet to ! e
be 50.4 G (45.7x 104 cm™1), both in good agreement with
Enemark’s result®. The behavior of the dinuclear complexes
1-6 is quite different from that of the mononuclear complex, i
consistent with the presence of magnetic exchange interactions | |
between the unpaired spins. Three features of the spectra i'J

(©)

|
3800

confirm the presence of magnetic exchange interactions: (i) the
more complex hyperfine coupling pattern, (ii) the presence of
line broadening, and (i) the presence &ifns = 2 transitions

1 I
25 3500

B Gaoss

at the half-field position (g~ 3.9). Represe_ntati_ve spectra at Figure 7. Frozen-solution (77 K) EPR spectrum ®in a CHCl./thf
room temperature and at 77 K are shown in Figures 6 and 7, gjass, showing thems = 2 transition.

respectively, and the relevant spectral parameters are sum-
marized in Table 9. meta-metal separation. In summary, the spectra of these
Complexes4 and 3, which have the largest metametal complexes are exactly like those of the many magnetically-
separations, give essentially identical solution spectra which coupled dinuclear molybdenum complexes basefia(NO)-
contain all the components to be expected for coupling of the (Tp*)(Cl} fragments which we examined recently.
unpaired electrons to both nucleg. a singlet (from thd = 0, For complex2 the room-temperature spectrum is noticeably
| = 0 isotopomers), a 1:1:1:1:1:1 sextet (from the 0, | = broadened (Figure 6, middle). The central singlet and the sextet
5/2 isotopomers), and a 1:2:3:4:5:6:5:4:3:2:1 undecet (from the are still apparent, but the broadening has made them less
| =5/2,1 = 5/2 isotopomers). Only the outermost components distinct: the peakpeak separation for the central singlet is now
of the undecet are clearly resolved, but their relative intensities 21 G, compared toa.9 G for both3 and4. The weak outlying
and positions are as expected (Figure 6, top). In addition, the components of the undecet, which were cleardand4, are
separation between signals in the multiplets has halved to 25.1broadened to the extent that they are invisible. The main
G (22.7x 104 cm™1), which is exactly the behavior expected transition of the frozen-solution spectrum is again rather broad
when both electrons are coupled equally to both Mo ndclei. and featureless, but a weakns = 2 transition is now apparent
The positions of the signals are the same as in the mononucleaat g= 3.89 whose relative intensity compared to thes = 1
model complex. The frozen-solution spectra (at 77 K) were transition isca.5 x 1075. For complex5, which has the same
broad and relatively featureless. Although completesd3 metak-metal separation abut a larger twist in the bridging
have two unpaired electrons, noms = 2 transition was ligand, the room-temperature spectrum reverts to the “normal”
observed at the half-field position for either complex, either at behavior of3 and4: the additional broadening that was apparent
room temperature or at 77 K, which we ascribe to the large in the spectrum o2 has disappeared (the pegbeak separation
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Table 9. Summary of the EPR Spectral Properties 1o16

Ung et al.

complex Oisc® peak width, G Awo, cT 1 x 104 (G) g(Ams=2)° intensity of Amg = 2°¢
1 1.94 ~300 not resolved 3.90 510
2 1.939 21 22.8(25.2) 3.89 510°
3 1.939 9.5 22.8(25.1)
4 1.939 8.8 23.0 (25.4)
5 1.938 9.7 23.8(26.3) 3.88 510°
6 1.939 35 not resolved 3.89 5104

aTaken from room-temperature solution spectr@aken from 77 K frozen-glass spectfeRatio of the intensities of thAms = 2 andAms =

1 signals.

for the central singlet is 9.7 G), and the outer components of electron-electron {.e. metal-metal) separation. According to
the hyperfine undecet are again clearly resolved. We can this approximationDg, therefore varies only with the metal
conclude that the interaction responsible for the spectral metal separation and is not dependent on the properties of any

broadening seen f&is transmitted in part through thesystem

of the bridging ligand. The weakms = 2 transition is however
still apparent in the 77 K spectrum &fand has an intensity
comparable to that oR; the intensity of this is therefore
dependent only on metametal separation, and is independent
of the conformation of the bridging ligand.

In complex1, not only is the metatmetal separation even
shorter, but the bridging ligand is necessarily planar. The
solution EPR spectrum df is barely detectable and consists
just of a single very weak, very broad signal with a pepkak
separation ofta. 300 G. No hyperfine coupling is resolved.

bridging group other than its length. This accounts for the
relative intensities of th&kms = 2 transitions for2 and5 and

for 1 and 6. The large error associated with measuring the
intensities of the very weakmy = 2 transitions unfortunately
precludes any quantitative attempt to relate their intensities to
the metat-metal separations.

A note of caution needs to be sounded at this point. In
practice, the magnitude of the dipolar interaction can depend
also on the relative orientations of the local axes of the two
interacting metal centef$,since the unpaired electrons are in
orbitals which are not spherically symmetric (this corresponds

The 77 K spectrum is similarly broad and featureless, but there to a breakdown of the point-charge approximation). Thus for

is aAms = 2 transition aig = 3.91 whose intensity isa. 5 x
104 times that of the main transition and is therefore (very
approximately) 10 times more intense than those @ind 5
relative to the main transition. Finally, for compléxa more
well-defined room-temperature spectrum occurs. The peak
peak separation is 35 G, which is more than +5 but
substantially less than fdr. Shoulders arising from hyperfine

2 and5 the different average dihedral twists of the aromatic
bridging ligands could result in different relative orientations
between the loca axes, i.e. the &Mo---Mo=0 dihedral angle
will be different in each case, which could be responsible for
the fact that the spectrum @fis broader than that & despite
having the same metametal separation. However in fluid
solution there is also the possibility of free rotation about the

coupling to the molybdenum nuclei are just apparent (Figure Mo—O and/or G-C bonds of the phenolate linkage, which

6, bottom). Considering the small metahetal separation in
6, the presence of Ams = 2 transition is expected, and indeed

would remove this problem. A molecular mechanics study of
the model mononuclear complex [Mo(Tp*)(O)CI(OPh)] showed

such a transition is observed with an intensity comparable to that the barrier to rotation of the phenyl group about theCC

that of 1. However the resolution of this transition in the
spectrum of is much better than that dfand an expansion of
the Ams = 2 transition of6 (Figure 7) shows the presence of
hyperfine coupling which that of does not.

bond is onlyca. 20 kJ mof?, which is sufficiently low to
consider that there is effectively free rotation about this bond
at room temperature in fluid solution. We believe therefore
that the difference in the EPR signal width betw@esmnd5 in

Thus, we see two trends in the series of EPR spectra. First,fluid solution is unlikely to arise from noncoincidence of the

a Amg = 2 transition at 77 K becomes apparent and grows in

local axes, as they will be averaged.

intensity as the metal centers approach each other. The presence Broadening of the signal arises from the presence of zero-

of this transition is not related to the extent of communication
through ther system of the bridge, as it does not significantly
change in intensity betwee® and 5 or betweenl and 6.

field splitting, since thans= —1—ms= 0 andms= 0 — mg
= 1 transitions will become slightly different in energy, leading
to two closely-spaced lines rather than one (fine structure), each

Second, the extent of broadening of the room-temperature With its own hyperfine pattern. If these are not resolved, the
spectra also becomes more significant as the bridging ligandsresult will be homogeneous line broadening. Since both the
shorten. However the extent of this is related to the properties dipolar and anisotropic interactions contribute to zero-field

of the r system of the bridging ligand (again, comp&reiith
5 and1 with 6) and not just metatmetal separation.

splitting, either (or both) of them could in principle be
responsible for the broadening we observe in the EPR spectra

When interpreting the EPR spectra of dinuclear paramagneticof 1—6. However the dependence of signal width on the nature
complexes, one needs to consider the effects of both the dipolarof the 7z pathway linking the metals means that it cannot be

and anisotropic interactio$ both of which contribute to the
zero-field splitting. The dipolar interactidbg, is responsible
for the appearance of thm; = 2 transitions. In the “point
charge” approximatiorassuming that the unpaired electrons
are fully metal-localized, which is reasonable hetlee mag-
nitude of the dipolar interaction is given by eq 2, wheis the

Daip = QZ(MB)Z/ r* (2

(17) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems;
Springer-Verlag: Berlin, 1990.

due to the dipolar interaction.

The anisotropic interaction takes account of the mixing of
electronic ground and excited statda spin—orbit coupling.
In a d—d! dinuclear complex with a,gdx, ground state, the
lowest excited state arises from promotion of one electron to a
dy; or d,; orbital [really as* orbital involving a Mo d(r) orbital
and a p orbital of the oxo ligand; Figure 5]. Theorbitals of
the aromatic spacer must therefore play a crucial role in the
anisotropic exchange interaction, since the energy of the excited
state will depend on the extent sfdelocalization between the

(18) Chow, C. D.; Willett, R. DJ. Chem. Phys1973 59, 5903.
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metal centers, and this fact accounts for the observed relationMo(V) contributes to the oxidized species, whereas the reduc-
between the signal width and the properties of the bridging tions are essentially metal-localized. EPR spectra show that
ligand. Delocalization across the bridge will be decreased by magnetic exchange effects are present, resulting in both line
(i) increasing the length of the bridge (complexksd), (ii) broadening in the room-temperature (solution) spectra arising
imposition of a substantial dihedral twist between two aromatic from the anisotropic interaction between the electrons and the
rings within the bridge (compar2 and5), and (iii) changing appearance of half-fieldAms = 2) transitions in the 77 K

the substitution pattern fromara to meta(comparel and6).®  (frozen) spectra arising from the dipolar interaction between
The changes in signal width exactly mirror these characteristicsthe electrons. The electrochemical interactions decrease as the
of the bridging ligands. bridging ligands become longer; similarly, changing the sub-

Clearly it will be desirable to have quantitative magnetic data stitution pattern of the bridge fromarato metaor imposing a
(values ofJ) for the dinuclear complexes, so that the magnitudes sypstantial dihedral twist between phenyl rings of the bridging
of the exchange interactions can be related to the properties ofijgand decreases the electrochemical interactions. The aniso-
the bridging ligands, as we have done for dinucigdp(NO)- tropic interaction responsible for the line broadening in the EPR

(Tp*)CI} complexes with bis(pyridyl) bridging ligands. We spectra is dependent on the nature of thpathway between
are currently pursuing this, along with a more detailed EPR tne metal centers in the same way.

study at various different field strengths, and the results will be
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