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Ruy(O2C(CH,)6CHa3)4 (1) is soluble in both coordinating (THF, GBH, CH;CN) and noncoordinating solvents
(benzene, toluene, cyclohexane, L), allowing its solution properties to be investigated'byand3C NMR
spectroscopy, UV/visible spectroscopy, resonance Raman spectroscopy, and cyclic voltammetry. In noncoordinating
solvents,la exists as an oligomer, presumably by way of axial intermolecular -(--}fR0Q- -),- interactions.

IH NMR studies ofla and [Ry(O2C(CH,)sCHa)4] T[X] ~([1a]T[X] ~), where X= Cl, BF,, or O,C(CH,)¢CHs,

indicate that both dipolar and contact mechanisms contribute to the paramagnetic shifts of the protons. Resonances
for axial and equatorial ligands are shifted upfield and downfield, respectively, by a dipolar mechanism. Aromatic
ligands in the axial sites, e.g. pyridine and pyrazine, experience an enhanced upfield shift by-dekecalization.
Comparison of théH NMR signals for M(O,CR), compounds where M= Ru and QCR = benzoate, toluate,
butyrate, crotonate, and dimethylacrylate with those where=No indicates that the equatorial carboxylate
ligands in the diruthenium species also experiema®ntact shifts. Variable-temperature studies and calculated
estimates of dipolar shifts (using structural parameters taken from solid-state structures) indicate a significant
zero-field splitting contribution to the dipolar shift. The arrangements of the toluate rings{@#&1p-tolyl) 4-

(THF)2, Rw(O,C-p-tolyl) 4(CH3CN),, and [Ru(O.C-p-tolyl) 4(THF),] T[BF4]~ deviate by 15(1), 2.3(2), and 7,3
respectively, from alignment with the RURu axis. The Ru-Ru distances for the two neutral and the cationic
complexes are 2.27(1) A, i.e. not significantly affected by the nature of the axial ligand (THF versGNLTst

by chargen+ (n=0, 1). The cell parameters for RO,C-p-tolyl)4(THF),:2THF at—154°C area = 10.730(5)

A, b=12.335(6) A,c = 9.193(4) A o = 105.15(2), B = 109.35(2), y = 77.98(2}, Z = 2 (asymmetric unit

is RuG4H3006), deaca = 1.559 g/cm, and space groupl. The cell parameters for R(D.C-p-tolyl) 4(CHz-
CN),*3CH:CN at—169°C area = 27.058(3) Ab = 10.049(1) Ac = 17.956(2) A8 = 120.89(1}, Z = 4, dcaicd

= 1.465 g/cm, and space grou@2/c. The cell parameters for [R(D.C-p-tolyl) 4(THF),] T[BF4]~ at —172°C

area = 13.056(4) Ab = 21.358(6) A,c = 9.199(2) A, = 111.28(13, Z = 2, deaica = 1.350 g/cr, and space

groupC2/m.

Introduction

Dimetal tetracarboxylates, NO,CR), represent an important
class of transition metal complexes. ForCr,! Mo,2 W,3
Ru/® Rh/ and Cu® a paddle-wheel or lantern-like structure
is adopted in the solid state and each metal is further coordinated
along the M-M axis either by a neutral ligand or via
intermolecular interactions with its neighbdms shown inl.
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Within this series of compounds, the-N interactions vary
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weak antiferromagnetic coupling (M Cu). For My(O.CR),
complexes with 4-foldD4, symmetry, the d-orbital splitting
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pattern yields the well-known arrangement of M molecular
orbitald® shown in Il. This simple pictorial description is
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for these carboxylates are now generally accepted to be
024020 * 2+ 2 54.17.18gnd o240 20* L7+ 2,19.20 35 shown inll |, the
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ordering of thed* and z* orbitals is not as intuitively obvious

pedagogically pleasing but not necessarily accurate since itas the d-orbital splitting pattern shown Ih would suggest.

ignores the mixing of other orbital interactions. For example,
for Mox(O,CR), and Wy(O,CR), compounds, the MM o
orbital is not unique because tind2 orbital mixes with both
the filled (core)np, orbital and the valencen{1)s orbital.
Moreover, the M-M 7z andéd orbitals can mix with the oxygen
p- orbitals of the bridging carboxylate ligands. The energy
separation among, 7, 0, 6*, r*, and o* orbitals will also vary
with M—M distance, and this in turn will be influenced by the

metal, its oxidation state, and the nature of the axial ligands.

For M = Cr, the CkCr distance spans a range of ca. 0.4 A as
a function of axial ligatiori! and the search for an axially free
Cry(O,CR), compound is an interesting story in itself. Certain
workers have argued that fD,CR), compounds do not contain
M—M quadruple bonds on the basis of calculatiéhsyhile
others have argued against such-M bonding on the basis of
the kinetic lability of the C+Cr bond toward rupture in the
presence of strongly donating ligants.

The carboxylates of rutheniufn® Ruy(O,CR),"™ wheren =

Metal-ligand interactions influence their relative energies, and
it is apparent that the orbitals must be very close fop(Rp+
CR),"* wheren = 1 and are likely to be close for= 0. The
usefulness of the simple MM ozd0* w* o* orbital description
becomes more limited for these open-shell configurations
because of spinspin and spir-orbit interactions. Although
the Ry core has been examined with a variety of bridging
ligands in addition to carboxylates to ascertain the effect on
electronic structuré? no studies have involved systematic
variation of the axial ligands of R(O,CR)L, nor has anyone
determined the ground state of the unligated(ReCR),. Even
the besab initio calculationg’that were performed on R{O--
CH), were carried out on a R(0.C), core with metric
parameters taken from R®,CCHg)4(H20),. The effect of the
axial water molecules of ligation was not considered in terms
of its influence on the M-M distance.

In this paper and in the one to follo#,we have examined
the solution behavior of the hydrocarbon-soluble octanoates of

0 or 1, also have an interesting history with respect to assignmentdiruthenium with respect to their binding of axial ligands by

of their electronic structure. The Rd complexes have two
unpaired electrof&5414while those with ReP™ cores have
three#1516 Although the ground state electronic configurations
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the use of paramagnetic NMR spectroscopy and other tech-
nigues. We have gained insight into the nature of-Rigand
interactions and information pertinent to the molecular design
of extended one-dimensional polymers incorporating/*Ru
centers.

Results and Discussion

The Octanoates. (a)'H NMR Studies??2 The 'H NMR
spectra of Rp(O,C(CH;)sCHa)s4, 1a, in noncoordinating sol-
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Figure 1. H NMR spectra ofla in (a) tolueneds and (b) THFég Figure 2. 'H NMR spectra of 1a]*[BF,]~ in (a) tolueneds and (b)
(asterisk= solvent). THF-ds (asterisk= solvent).
vents, such as benzeudg-tolueneds, dichloromethanek,, and carboxylates magnetic susceptibility measurements show the
cyclohexaned;,, consist of relatively broad and unresolved ground state to b@*27*25018 |n the absence of a-donor
signals, as shown in Figure 1a. In contrast #4\MR spectra ligand, the energy of the most stable state arising from electronic
for lain coordinating solvents, such as Thil-methanolel, configurationd*17*3 might be lower than that from*27*2, or

acetonitrileds, and acetonels, show sharp and well-resolved  at |east close enough to be populated to a significant extent at
signals (Figure 1b), more typical of a diamagnetic sample exceptroom temperature. Both states &e= 1 states and therefore
that the resonances are shifted to lower field. Several explana-may not be distinguished by Evans’ method noted above. The
tions were considered to account for the marked difference of glectronic structures of other Rbridge)} compounds have been
the NMR spectral features. studied2® and of these, the triazenido complexes are diamag-
(1) Since compoundla is readily oxidized, we were netic, having the2r*0Zr*4 ground state and an increased-Ru
concerned that some oxidation of the Rucore might have Ry distancé® We would expect that an increased occupation
occurred. This, however, was ruled out on two grounds. First, of the Ry 7* orbital in Rup(O,CR)s would have a marked effect
use of Evans’ method on samples Ia in both coordinating  on the Ru-Ru distance. While we were not able to determine
(THF) and noncoordinating (toluene) solvents indicated the the structure ofla, we were able to study the effect of various
presence of two unpaired electropgq(~ 2.8 us), as expected  cqordinating and noncoordinating solvents on tRu—Ru)
for a Ry®" center. The Ruf" center has three unpaired gpetching frequency by resonance Raman spectroscopy. (See
electrons. Second, thHel NMR spectra of cationic complexes later.) There is, in general, a relationship betweeaMbond
[1a]"[X] ~ in both coordinating and noncoordinating solvents length and the value offM—M). However, we observed very
are similar to each other and are readily distinguished from those i/ change inv(Ru—Ru) as a function of solvent and donor

nor : e
.Of 1a As shown in Figure 2, th%H_NMR signals for La][X] ligand and conclude that the further occupation oftterbital
in both types of solvents are fairly well-resolved and span a ,nq 5 change in electronic ground state are most unlikely.

larger range £50 to +20 ppm) than those fata. . . - .
(2) The possibility that the spectra like those shown in Figure (4)_ Fmally,_ we con5|de_red_ the possibility ‘.*“?'Was N f"’.lCt
1a result from the axial ligation of benzene or toluene, which &" °"99m.er in noncoordmatmg solvents, existing as a piece of
has been seen for certain,@#23 and Rh-containing® tetra- the chainlike structure typically found for unligated:(@,CR),
|comp0unds in the solid state. (See pictorial description shown

carboxylates, is ruled out by the fact that the same spectra . . S .
features were observed in dichloromethahend cyclohexane- inl.) Cryoscopic molecular weight determinations were carried
out in benzene, and they supported this view. Indeed at ca. 5

di2. While dichloromethane is known to bind weakly to,Cr p

(OC(CH)NR)4 complexeg® complexation of cyclohexane is % lO‘_ _M' compound_la showe_d an average degrt_ae ‘_Jf

unprecedented in these systems. association corresponding to a trimer of dinuclear units, i.e.
(3) A change in the electronic ground state could have [RUAO2C(CH)sCHz)ss. The'H NMR spectra were recorded

occurred. For RiO,CR)s complexes where the axial site is ©n more concentrated solutions, which most likely involved an

occupied with an oxygen atom from either water or neighboring ven greater degree of oligomerization. These spectra also
showed temperature dependence, the broad signals sharpening

(23) Cotton, F. A.; Daniels, L. M.; Kibala, P. Anorg. Chem 1992 31, with increasing temperature, indicative of dynamic exchange.
1865. ; ;

(24) Moodley, K. G.; Chisholm, M. H. Unpublished results. For comparison, We. ex?‘m'“'.ad thed NMR spectra of

(25) Cotton, F. A.; lisley, W. H.; Kaim, WJ. Am Chem Soc 198Q 102, Rh(O2C(CH,)6CHs)s, Which is a diamagnetic molecule. It too

3475. showed somewhat broad and ill-resohvétl NMR signals in
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Table 1. H NMR Assignments Based ofy, Values forla and [la]*[X] ~

[18]*[O2C(CHy)6CHg] + ©
la? [1a]"[BF4]~ 2 equatorial axial
ppm T1 (ms) ppm T1 (ms) ppm T, (ms) ppm T1 (ms)
CHy(2) 3.2 198+ 1 —42.4 5.5+ 0.7 —42 11.1+0.3 -27
CHx(3) 7.4 275t 5 16.5 10.2+ 0.2 11.6 184 0.1 —24 7+1
CHy(4) 7.6 344+ 3 11.8 14.8+ 0.3 7.3 317408 —-11.6 194+ 1
CH(5) 4.3 702t 5 6.3 457+ 0.2 3.9 76.0+ 1.0 —-4.5 454+ 2
CHy(6) 34 958+ 7 4.7 73.9+ 0.3 3.2 123.6t 1.0 -1.4 87+ 5
CH(7) 2.6 1420+ 20 3.6 122.6£ 1.0 2.6 173.6t 1.0 0.3 154+ 5
CH5(8) 1.6 1870+ 10 2.0 223.0: 1.0 1.9 236.Gt 1.0 0.8 251+ 6
ajn THF-dg. P In tolueneds.
tolueneds, which sharpened upon heating. Cryoscopy also o, 8
indicated that the Ritomplex was not monomeric in benzene, o /F T CHa~CHa~CHa~CHa~CH,=CH~CHy

.. . 6 7 8
and an averaga for association was estimated to be 2. For 2 8 405

both M= Ru and Rh, it is likely that the degree of association a4
decreases with increasing temperature and the rate of formation MO
and rupture of oligomers by -(- -[MF -O- -)o- interactions R aRaaanate R
increases_ PPM 7.0 6.0 5.0 4.0 3.0 2.0 PPM
Our conclusion is that the dramatic difference in the appear-
ance of theM NMR spectra ofla in coordinating and ] ‘. @ @
2
©®© @

noncoordinating solvents is due to the strong desire of®x
CR), molecules to have their axial sites occupied. In coordinat-
ing solvents,1a(L), molecules are present, where L represents 1]

an axial ligand provided by the solvent. In noncoordinating 1o
solvents, oligomers 1], form via axial -(- -[Mp]- -O- -)q- ®
interactions. UV/visible, resonance Raman, and cyclic volta-
mmetric data follain various solvents are consistent with this
explanation.

(b) Assignment of the 'H NMR Signals of la and s
[1a]*[X]~. Owing to the paramagnetic nature df and
[1a]*[X] ~, their NMR resonances are shifted from the values
seen for the analogous diamagnetic dimolybdenum tetraoc- 6 -
tanoate Mg(O,C(CH,)sCH3)s. The shift caused by the unpaired
electrons is referred to as the isotropic shift (eq 1)and results .

0

o Q
[OR%
®

observed— 6diamagnetic+ 6isotropic (1)

) 0 +0

T T T L

7 6 5 4
contact 2 ) PeM

Figure 3. 2-D COSY spectrum fofla in THF-ds.

©w
N

isotropic = dipolar

from the distribution of unpaired spin density via dipolar
(through-space) and contact (through-bond) mechanisms (e
2)26-28 Assignment of théH NMR signals and comparison
of their isotropic shifts indicate that both dipolar and contact
mechanisms occur within the diruthenium tetracarboxylates. . h . .

Since heH R sgns forlan THh el a narow S50 STl aonemd emeal i parerisvs
range, 2-D NMR experiments were used to make assignments.th i tp ic shifts of torial ligand pp ina d field
The COSY spectrum is shown in Figure 3. The initial - c 'SOTOPIC SNITLS Of equatonial Igands, one causing downtie
assignment of CK8) was made on the basis of the relative and the other causing upfield ShlftS: More'detalled examlnathns
intensity, simple triplet pattern, and chemical shift of the signal (see below) show tha’g the dOWf‘Iern|9 shiits for the equatonal
at 1.6 ppm. This signal was not significantly different from carboxylate protons in R(O,CR)™ are due to dipolar

through-space) mechanisms and that the upfield shifts, most
that of Ri(O,C(CH,)sCHs)4, as would be expected for protons ( : .

far away from paramagnetic centers. Cross-peaks correlated(()tl?]\r/(')(:]uShi())gr:r(;()e ncw:g:i)aﬁirsor;osns’ may be atiributed to contact
the CH protons. The basic pattern was an increasing shift in Th gn-t | ligands of di th. um tet b It ¢
the downfield direction, the protons closer to the metals being € axial ligands ot diruthenium tetracarboxyailes seem 1o
more affected. This trend diminished for @B), whose signal experience both dipolar and contact mechanisms as well. As

) 1 _
did not shift as far downfield as might be expected, and reversed S€EN 1N the'H N.MR spect_rum of 131+[OZC(CH2)6CH.3]
for CHy(2), whose signal was shifted back in the upfield (Figure 4), the axially-coordinated carboxylate gives rise to a

direction. Ty measurements (Table 1) confirmed the COSY
assignments, the protons with the shorfgstalues being closest

%o the metat-metal bond. T; measurements were also used to
assign'H NMR resonances forlfg] '[X] ~ systems (Figures 2
and 4, Table 1), which possess a third unpaired electron and

(29) The chemical shift of CK2) is dependent on the axial ligand. For
[1a]*[BF4] -, an upfield signal at-41 ppm was seen in methanij-
For [1a]*[CI]*, in methanold,, which does not completely replace

(26) Satterlee, J. DConcepts MagnReson 199Q 2, 69. axially-coordinated Cl1,%° two signals were seen upfield at39 and
(27) Drago, R. SPhysical Methods in ChemistryV. B. Saunders Co.: —41 ppm. Addition of NaCl increased the concentration of axially-

Philadephia, 1977; Chapter 12. coordinated Cli, indicated by the increased intensity of the signal at
(28) Drago, R. S.; Zink, J. I.; Richman, R. M.; Perry, W. I.Chem —39 ppm.

Educ 1974 51, 371, 464. (30) Drago, R. S.; Cosmano, R.; TelserJnabrg. Chem 1984 23, 4514.
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» Table 2. H NMR Resonances (pprhjor Axial Ligands of1a and
[1a]*
L la(l)2 [1a(L)2]*[BF4]~

pyrazine o-H -51 -90

2,6-dimethylpyrazine  o-H -1.3 -16

m-CHjs —49 —83

pyridine o-H —47 -89

m-H -1.7 -16

p-H -33 —45

4-picoline o-H —47 -7

m-H -1.8 —o

- i p-CHs 17 20

T T T T e e e THF 2-H -19 -29

10 0 -10 -20 -30 —40 PPM 3-H -15 —22
Figure 4. *H NMR spectra of La]*[0,C(CH,)sCHs]~ in benzeneds 2-MeTHF 2-CH —-17.8 —32.0
(asterisk= solvent). 2-H —16.8 —33.2
3/4-H —-14.4 —24.6
distinct set of signals. Compared to the signals for the equatorial :1‘5“25 :gg'i
ligands, these signals show a reversed pattern, with signals _155 —20.6
appearing increasingly upfield for protons closer to the metal 5-H —18.4 —27.3

center. The CK2) resonance was not shifted as far upfield as
might be expected, once again suggesting the occurrence o
competing contact mechanisms. Studies on various bis-ligated
laand [La]t[X] ~ species (see below) show that the upfield shifts Any axial ligands lie inside the cone, where the geometric factor
for the axial ligands of RO,CR)"" are due to dipolar is negative. Thus, the dipolar shifts will be in opposite directions
mechanisms (and-contact mechanisms with aromatic ligands), for the equatorial and axial ligands.
while the downfield shifts are caused bycontact mechanisms. Dipolar shifts can be calculated when baghvalues and
(c) Dipolar Shifts. The predominantly downfield shift for ~ structural information are available. Neither are available for
the equatorial ligands and the shift in the opposite direction for the diruthenium tetraoctanoates, but usingghalues for other
axial ligands suggest that these shifts may be dipolar. Considerderivatives, the signs of the dipolar shifts can be determined.
the simplified equation for an axially symmetric syst&m’ For Ry(OCR),, where R= (CH)sCHs, magnetic susceptibility
given in eq 3! The final term, the geometric factor, shows Mmeasurements gavg = 1.93 andgn = 2.22'8 For [Ry-
(OCRY]"[CI] ~, where R= (CH,),CHs, EPR spectra gavg,
—B?S(S+ 1) 2 A(1—3 cos 6) = 1.947 andgn = 2.200%% Thus, both neutral and cationic
dipolar = okT @ —9) 3 (3) diruthenium tetracarboxylate species have negatiye«{ g-?)
) ) . values. For axial ligands, whetkis less than 5477 a negative
the distance and angular dependence of the dipolar sbiting dipolar (upfield) shift is expected, and for equatorial ligands, a
the dlstar_1ce from the paramagnetic center to the NMR ”UCle“Spositive (downfield) shift is expected. Since the isotropic
and 6 being the angle relative to theaxis of the molecule.  ghitis seen forla correspond to this, the dipolar mechanism
The expression (+ 3 co$ 0) defines a cone{ = 54.7°) that appears to be a major contributor. THeé NMR signals for
is aligned along the axis of the molecule as shown V. the axial ligands (Table 2) are all seen upfield, while the majority
of the protons on the equatorial octanoate ligands are shifted
downfield. The exception is CiR), whose isotropic shift has
significant contact shift contributions.
(d) Contact Shifts. The contact shift depends on bonding
interactions, which influence the sign and magnitudedgf,
the hyperfine coupling contant for a nucleus and an unpaired

f a At —58 °C except where noted. At —38 °C. ¢ Tentative assign-
ments.

v electron (eq 458 The effect of an unpaired electron is transmit
Acoi@PS(S+ 1)
6contact= W (4)

With monomeric axially-symmetric systems, the center of the ted through molecular orbitals. The transfer may occur via
cone is placed on the paramagnetic metal center. In dinucleardirect delocalization, where unpaired electron density is trans-
systems where the metal centers are bound directly to each otherferred from the metal orbitals containing the unpaired electrons
the electron density is distributed over the-Ml bond and the directly into empty ligand orbitals, or via indirect spin polariza-
origin of the cone may be placed in the center of the M tion, where unpaired spin density is transferred to fully-occupied
bond, asinV. Studies on Rgt" bis(porphyrin) systenihave metal orbitals and then to ligand orbitals, or both. Both the
shown this approach to be more valid than placing a cone atdelocalization and polarization mechanisms may occur through
each metal center. The location of a nucleus with respect to o and sz orbitals. In the Ri(O,CR}" species studied here,
the cone will influence its dipolar shift. At the surface of the s-contributions to the contact shift were expected to dominate
cone, the geometric factor goes to zero. The equatorial ligandssince the unpaired electrons occupy(and 6*, in the case of
of Ru(02CR), lie outside the cone, where the factor is positive. [1a]*[X] ~) orbitals. Ther-type mechanisms were investigated
using aromatic and unsaturated carboxylatesarahdo-axial
(31) As reported in ref 26, the equation predicts the incorrect sign for ligands, as discussed below. Contributions freipolarization
Fe(lll) porphyrin systems (see Supporting Information). The omission ' mechanisms could occur as well. For the equatorial ligands,
of the minus sign has been corrected in the equation reported here. I I . - .
(32) Colman, J. P.; Barmes, C. E.; Swepston, P. N.; Ibers, J. Am such contributions are insignificant. The isotropic shifts of the
Chem Soc 1984 106, 3500. octanoate!®C NMR signals (Table 3) did not show the




3648 Inorganic Chemistry, Vol. 35, No. 12, 1996

Table 3. 3C NMR AssignmentsBased oriT; Values forla

THF-dg tolueneds
60bs (5iso 60bs 6iso
(ppm)  (ppm) T1(s) (ppm)  (ppm) T1(s)

c(1) -9 =277

C -7 -110

C(3) 13.0 —14.7 1.05-0.06 11.3 -—-16.0 0.37+0.04
C(4) 300 —-0.1 1.64+0.03 273 —2.4 0.66£0.06
C(5) 30.3 0.3 2.8H0.06 295 -0.1 1.23+:0.02
C(6) 324 —0.4 4.144+0.08 324 0.0 1.8&-0.07
C(7) 227 —0.8 5.284+:0.14 233 0.2 3.0&:0.08
C(8) 1311 -1.2 6.3+:0.2 14.4 0.2 4.1&0.07

aAt 61 °C. P Tentative assignments.

alternating pattern typically caused &ypolarization’3 Analysis

of the chemical shifts for axial ligands (see below) indicates
thato-contact mechanisms are occurring, althoagtontribu-
tions are larger.

(e) 1IT Dependence and Zero-Field Splitting Contributions
to the Dipolar Shift. Equations 3 and 4 both predict that the
1/T dependence of the chemical shift will be linear and that the
observed chemical shift will approach the diamagnetic value
as 1m approaches zero. However, deviation from Curie
behavior is seen when low-lying states are populatettie
hyperfine coupling is temperature depend®nty large zero-
field splitting occurs®® Of these, the last should be most
significant for the diruthenium systems described here.

The effects of zero-field splitting on dipolar shifts are not
accounted for in eq 3. In botha and [La]*[X] ~, zero-field
splitting (ZFS) causes very larde values of ca. 290 cni for
1al® and ca. 75 cm! for [1a][X] ~.*® (For mononuclear
complexesD values are usually less than 5thi’) The effect
of ZFS on the dipolar shift is included in eq 5 (f6r= 1) and
eq 6 (for S = 3,). The additional terms introduce aT#/

5. = 26%(9° — 9:") 3cod 0 — 1[1 _ 9’ + .95 D (5)
w» 9T r’ |. 39— gD KT
Ogip =
56°(9° — 9') 3 cod 6 — 1[ _ 4@° + 1,95 D ()
1T r? |. 50— g.) KT

dependence that may be large enough to be seen at lowe
temperatures if the dipolar contribution dominates the isotropic
shift. Since thed? — go?) term is negative for R(O,CR),"*,

the ZFS contribution will enhance the dipolar shift; i.e., the
downfield dipolar shifts seen for the equatorial ligands should
be shifted even further downfield at lower temperatures.

The VT 'H NMR data forla, [1a] T[BF4]~, and [La] T[O.C-
(CH)6CHg]~ in the range—75 to +40 °C were plotted vs I7
(Figures 5-7). For most signals, the temperature dependence
is linear in the measured temperature range. However, for som

(33) Morishima, I.; Okada, K.; Yonezawa, T.; Goto, KAm Chem Soc
1971, 93, 3922.

(34) (a) La Mar, G. N.; Eaton, G. R.; Holm, R. H.; Walker, F. A.Am
Chem Soc 1973 95, 63. (b) Bertini, I.; Luchinat, C.; Messori, L.;
Vasak, M. J. Am Chem Soc 1989 111, 7300. (c) Banci, L.; Bertini,
I.; Briganti, F.; Luchinat, CNew J Chem 1991 15, 467.

(35) (a) Withrich, K. Struct Bonding197Q 8, 53. (b) Horrocks, W. DeW.,
Jr.; Greenberg, E. SVol. Phys 1974 27, 993.

(36) (a) Chmielewski, P. J.; Latos-Gsdmrki, L. Inorg. Chem 1992 31,
5231. (b) Latos-Grazski, L. Inorg. Chem 1985 24, 1681. (c)
Reference 34a. (d) Behere, D. V.; Birdy, R.; Mitra,ISorg. Chem
1982 21, 386.

(37) Kurland, R. J.; McGarvey, B. R. Magn Reson197Q 2, 286. Please
note that the signs of the equations taken from this article have been
switched to correspond to the convention used here.
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Figure 5. 1/T dependence ofH NMR signals forlain THF-ds.
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Figure 6. 1/T dependence dH NMR signals for [La] '[BF4]~ in THF-
s.

signals, extrapolation of the data tal’# 0, where both dipolar
and contact contributions should become negligible, does not
give the chemical shifts one would expect for the diamagnetic
species. The protons most affected are the ones closest to the
metak-metal bond: CH(2), CH,(3), CHy(4) for 1a (Figure 5);
CHyx(3), CHy(4) for [1a]"[BF4]~ (Figure 6) (note that Ck{2)

is dominated by contact shift and thus not affected by ZFS);
and CH(2), CHy(3), CHy(4) for both equatorial and axial
carboxylates in 1a]T[O,C(CH,)¢CHs]~ (Figure 7). Closer
examination of some of the data shows nonlinear behavior that
can be attributed to T? dependence. Figure 8 shows the data
for CHy(2) of 1a. Although these protons have a large contact
contribution (which causes the resonance to be shifted upfield
relative to the others), the dipolar contribution is also expected
to be strong due to the proximity of the protons to the metal
metal bond. In contrast, fodf]*[BF4]~ the CH(2) data are
linear. Here, the presence of an extra unpaired electron is
expected to increase both dipolar and contact contributions due
to the (S + 1) factor in eqs 3 and 4. However, the cationic
species have lowdD values, which should decrease the dipolar
contribution due to ZFS, and shorter RO bonds, which should
increase the through-bond contact interaction. Thus(2Hs
dominated by contact shift, causing linearity inTland an
intercept at IF = 0, which corresponds to diamagnetic values.
For CHx(3) and CH(4), the relative dipolar contribution is
larger, causing nonlinear behavior (Figure 9) and a negative
chemical shift value at I/= 0. For [La]T[O2C(CH,)sCHz]~,
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Figure 8. Non-Curie behavior of Ck{?2) of la.

the curvature of the lines is not as apparent, but only six data
points were taken over a smaller temperature range.

(f) Axial Ligands. Addition of axial ligands tdlain toluene-
ds results in an equilibrium betweets(L), and [La], (eq 7).

[1a], + 2L = 1a(l), ()

For L = pyridine and pyrazine, which coordinate more strongly
than nitriles and THF, the equilibrium lies to the right, as
indicated by room-temperatufél NMR spectra which show
the resolved signals of an axially-coordinated species. For L
= THF and benzonitrile, resolved signals are seen only at low
temperature. At room temperature, the broad signals indicative
of [1a], are seen.
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Figure 9. Non-Curie behavior of Ck{3) and CH(4) of [1a]*[BF4] .
IH NMR signals of CH(2) vary linearly with 1T, presumably due to
large contact contributions.

Axial ligand exchange also occurs when more than 2 equiv
is present, preventing signals for the axially-coordinated ligands
from being detected at room temperature. When the sample
was cooled, the exchange process was slowed. The appearance
of free and axially-coordinated ligands was generally seen by
—18°C, except for THF and benzonitrile, which needed to be
cooled to—45 and—65 °C, respectively, suggesting that these
ligands are not as strongly bound as the nitrogen heterocycles.

Consistent with our earlier analysis, all thiél NMR
resonances for axial ligands b&(L), and [La(L)2] "[X] ~ (Table
2) are shifted upfield due to the dipolar contributions expected
for protons in close proximity to paramagnetic centers. A closer
look at the overall shift patterns indicates thatcontact
contributions are also occurring. The shifts for the ligands
containingr-systems (pyrazines and pyridines) are significantly
further upfield than for those without (THEj. The effect seen
for methyl substitution in the ligands with-systems, where
the CH; resonance is paramagnetically shifted in the direction
opposite to the H it replaced, also indicates that the contact
contribution is due toz-interactions’ Substitution of the
2-position in THF with a methyl group showed no such shifts
for 1aand only slightly upfield shifts forfJa] "[X] ~, confirming
that no majorz-contribution is occurring via a polarization
mechanism.

Further examination of the shift patterns indicates that direct
mt-delocalization of the unpaired electrons occupying the-Ru
Ru s* orbital into the aromaticz-system of the axial pyrazine
and pyridine ligands is occurring. A nonattenuating upfield,
downfield, upfield shift pattern for thertho-, meta andpara
positions on an aromatic ring is indicativesofdelocalizatior?®
If the upfield dipolar shifts for the axial ligands pyrazine and
pyridine are disregarded, such a pattern is seen. On the basis
of similar chemical shift valuess-delocalizations are occurring
to the same degree in both ligands.

(9) *H NMR Spectra of [1a],. In regard to the above
discussion, the broad signals seen f@rin noncoordinating
solvents can be explained. Half of the carboxylate ligands in
the oligomeric species are involved with intermolecular
-(- -[M]- -O- -)p- interactions. These ligands are axial to one
Ruw* unit, as well as equatorial to another, resulting in the
upfield axial shifts being counteracted by the downfield equato-
rial shifts. Since the oligomer is dynamic, breaking and re-
forming M--O bonds either by rotation or by complete
dissociation and association, exchange of the carboxylates in

(38) Horrocks, W. DeW., Jr. InNMR of Paramagnetic Molecules:
Principles and ApplicationsLa Mar, G. N., Horrocks, W. DeW.,
Holm, R. H., Eds.; Academic Press: New York, 1973; Chapter 4.
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Table 4. Solvent Dependence of Electronic Spectralaf

solvent Amax (NM)  Amax(cm™) e (M~1cm™?)

toluene 460 21740 1100

benzene 462 21650 1200

dichloromethane 454 22030 710

acetonitrile 458 21840 830 -

1:2 benzene/pyrazine 475 21060 3000 > |(a)

1:2 benzene/pyridine 442 (sh) 22 620 1490 § *
406 24 630 1800 9 |

THF 438 22 840 970 £ (b)

methanol 438 22 840 720

the axial site results in only one set of broadened signals. The

butyrate derivative shows a very similar spectrum in noncoor-

dinating solvents. Thus the broad signat-dt0 ppm is assigned N\,\__i_‘/\

to CHy(2), while the signals for the remaining equatorial protons

fall between—1 and+2 ppm. 200 2;0 3:)0 3;0 4:110 4150
(h) UV—Visible Spectroscopic Studies. The solvent-de- wavenumber (cm-1)

pend_ent e_IectroniC absorption data hr_in the ViSi.bIe region Figure 10. Solution resonance Raman spectrdathowing the Ru

are given in Table 4. The character_|st|c absorption seen at ca.g,; stretch in (a) benzene, (b) THF, (c) acetonitrile, and (d) benzene

460 nm € ~ 1100-1200 M™* cm™) in benzene and toluene  ith 2 equiv of pyridine (asterisk: solvent).

solutions shifts to slightly higher energy with a change to

oxygen-donor solvents, e.g. 438 nm in methanol and THE ( Table 5. Solvent Dependence of the RRu Stretch ofla in the

720 and 970 M! cmrl, respectively). In the presence of Resonance Raman Spectra

1
500

pyrazine, there is a small but distinct red shift to 475 nm and, v(Ru—Ru) v(Ru—Ru)
perhaps more significantly, the molar absorptivity increases to _ solvent (cm™) solvent (cm™)

€~ 3000 Mt cmt. With pyridine (2 equiv) the axially-ligated benzene 348 acetonitrile 335
complexla(py), shows a splitting of this absorption, namely ~ THF 347 1:2 benzene/pyridine 332
Amaxat 406 nm ¢ ~ 1800 M~! cm™?) and a shoulder at 442 nm  and acetonitrile are of correct symmetry to interact with the
(e ~ 1490 M~ cm™). Ru—Ru z* HOMO, lowering thesr* orbital in energy, resulting

An unequivocal assignment of this band has never been maden a lower energyr — 7* transition, and increasing the ligand
for Ru** tetracarboxylates. The molar absorptivity is consistent character of ther* orbtial, resulting in a more allowed transition.
with a primarily M—M d-based electronic transition. In the This effect is most promiment fdta(pz),. Extended Hukel
symmetry point groufsn, assuming théA,g ground state of  molecular orbital calculations show that the pyrazine LUMO,
0*21*2, the Ry*" = — 7* (ey — &) transition is allowed in which is less than 1 eV higher in energy, does stabilize the
the z direction. We believe the band observed at ca. 460 nm Ru—Rus* orbital, 2! supporting this conclusion. Although the
corresponds to this transition. Single-crystal polarization studies filled p orbitals of halides have been shown to interact with
in the UV/visible region showed that the— z* transition for Ru—Ru orbitals, increasing their energies and also decreasing
the cationic RyP™ species Ry(O;CCH;)4Cl occurs at 460 nm  the energies of ther—x* transitions for [Ru(OC(CHy)x-

(¢ 21000 Mt cm2),*%in good agreement with our assumption.  CHjz),] *[X] ~,° the ligands investigated here are not expected
Other possible assignments for the band seem unlikely. Of theto have any significant interactions with the -RRu s orbital.

0/6* — z* transitions, onlyo* — z* (b1, — &) is allowed by Methanol and THF, whose lone pairs are directed away from
symmetry ky). Given the anticipated proximity of these the metal centers, are primaribydonors. The filledr orbitals
orbitals, the energy of the observed transition (ca. 460 nm) seemsof acetonitrile, pyridine, and pyrazine will lie at energies much
too high for ad* — n* transition. Thed* — z* transition for lower than that of the RuRu z* orbital, precluding strong
the cationic ReP* core has been seen at ca. 1450 nm (6900 interactions. Since the absorbances and molar absorptivities for
M~1cm1) in the near-IR spectrum in single-crystal polarization [14], fall between those seen fdm(L). with z-acceptor and
studies!® For the neutral compountla, we saw no evidence nonvr-acceptor ligands, we conclude that the axial carboxylates
of a near-IR band; however, our data were obtained in solution. are also formingr-interactions with the RetRu z* orbtials,

The m/x* — O.C n* transitions, being MLCT transitions, are  although to a lesser degree.

also unlikely assignments for this absorption of relatively low (i) Resonance Raman SpectroscopyOn the basis of the
intensity. For M(O,CR), compounds where M- Mo and W, evidence for axialz-interactions in the visible spectra, we
the 6 — O,C #* transitions have molar absorptivities of  expected corresponding shifts in the-RRu stretch, a transfer
approximately 13 000 Mt cm™141 Since these absorptions are  of Ru—Ru x7* electrons to ligandr systems strengthening the

at least 10 times as intense as the band seeddowe feel Ru—Ru bond. Although the RuRu stretch seen in resonance
comfortable in suggesting that the band at ca. 460 nm is indeedRaman spectra was affected by solvent (Figure 10, Table 5),
due to ther — z* transition. the stretches forla(L), were lower for L = pyridine and

On the basis of this assignment, the shift in the electronic acetonitrile (332 and 335 crhrespectively) than for I= THF
spectra and changes in molar absorptivity with different axial (347 cnt?). Also [14], in benzene had a RtRu stretch of
ligands must be due ta-interactions either with the RtRu 348 cntl. The similarity of this stretch to that dfa(THF),,

a* or Ru—Ru s orbitals. Ther LUMOs of pyrazine, pyridine,  which has an axial RuO bond, supports the presence of axial
-(- -[M2]- -O- -)p- interactions within 1a],.

(ig) M?S';OWSE?' VIV fraﬁ’! H. Blnorg. CEergll%Sgg, 25;’9137 - The strength of the ReRu bond is apparently affected much
(40) Miskowskd, V. M.; Loehr, T. M.; Gray, H. Blnorg. Chem 198%.26. 1151 by g-interactions thamr-interactions. This corresponds
(41) Chisholm, M. H.; Clark, D. L.; Huffman, J. C.; Van Der Sluys, W. G.;

Kober, E. M.; Lichtenberger, D. L.; Bursten, B. E.Am Chem Soc (42) Ketteringham, A. P.; Oldham, Q. Chem Soc, Dalton Trans 1973

1987, 109, 6796. 1067.
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Table 6. Cyclic Voltammetry of M(O.C(CHy)sCHz)s (M = Ru, whereas the related oxidation of the Rhcenter yields only
Rh, Moy one unpaired electrof?. Thus, the former is stabilized to a
E1(M2*TIM25T) (mV) maximum degree by Hund'’s rule, which favors a ground state
(CH,Cl, — (CH,CN — having th(_a highest spin multiplicity. (3) It is known that, with
CH,Cl, CH4CN) CHCN THF) THF strong axial ligands, the R{O,CR)," has a HOMO with one
> ; . 5
RU o33 (59) Y an 369 unpa!red electro_n in a_MM orbital of ¢ cha_rag:ter‘. _Thl_Js,
Rh 820 (84) 726 the simple d-orbital splitting pattern shown linis beginning
Mo 152 (166) -14 (66) —80 to break down for the &-d” tetracarboxylates of rhodium.

 Electrolyte solutions contained 0.1 MBuNPFs. ® Al Ey values The data in Table 6 also show 'the. influence of solvent. The
referenced to the ferrocene/ferrocenium couple in the appropriate tre_nd THF > CHCN _> CHZCIZ_ _|nd|cates that the ease_(_)f
solvent. oxidation increases with the ability of the solvent to stabilize
the cation. An interesting comparison emerges between the

to Raman studies done on RB,CCHa)s,42 which showed that ~ M2*'/M2°" couples (M= Ru, Mo) in the solvents C}Cl, and

the Rh-Rh stretch is influenced by axial interactions with the CHsCN. The influence of solvent change for# Ru is modest

o* orbital, decreasing with increasing donor strength. Unfor- (59 mV) compared to that for M= Mo (166 mV). This we
tunately, nitrogen ligands were not included in this study, and believe is due to the fact that RD,C(CHy)¢CHs)a is in fact

thus, direct comparisons cannot be made to our results1d&or ~an oligomer in CHCI; (as noted earlier), whereas the ¥to

in oxygen-donor and noncoordinating solvents, where carboxy- carboxylate _blnds aX|a_I ligands much more weakly. (This matter
late oxygens are presumed to occupy the axial site, theFRu has been discussed in terms of the temperature range of the
stretch was 348 cm. In the presence of nitrogen-donors, the Mesophases for the }D,C(CH,)sCHz)4 compounds?)

stretch was lowered to 335 ch Similar behavior was seen The Arenecarboxylates. In the case of MgO.CAr),
for Moy(OC(CHy)sCHs)s (405 cnt® in THF, 397 cnt! in complexes, there is a significant interaction between the\vM
acetonitrile). 0 HOMO and the aromatic ring via the,O & system. This

Contrary to what one might expect, the RRu stretches in interaction occurs due to the favored coplanar arrangement for
the neutral species, with bond orders of 2, were slightly higher ("€ @CR and aromatia systems and manifests itself in a strong

than those previously measured for the cationic species, with '€d Shift in thes — O,C * MLCT absorption®” In the case
bond orders of 2.5. In the solid state, -RBu stretches reported ~ Of Ri(O2CAN)4, charge transfer bands involving the carboxy-

for Ru(O2CRUCI (R = H, CHa, C;Hs, CsH7) range from 326 lates are not seen. Thus, in order to investigate the interactions
to 331 cnTt43 In ethanol, where the axial chlorides are replaced Petween the RiI™ (n = 4, 5) core and the aromatic rings, we

by solvent, Ru(O,CCsHr)s* has a Re-Ru stretch of 341 have carried out certain structural studies along with an
cm-143a The similar stretches of R(O,CR) and Ry(O,CR);*+ investigation of the way in which the paramagnetigRyn =
species support the ground state configurationytr*2 for 4, 5) cores influence thtH NMR signals within the aromatic

the former. They*7*3 state, with increased occupation of the "N . _
7+ orbital, would lead to a lower value far(Ru—Ru). The 'H NMR data for the arenecarboxylates, as discussed

(i) Electrochemical Studies. The effect of the solvent, donor below, indicate that unpaired spin density is being transferred

vs nondonor, on théa/[1a]* redox couple reflects the energy go tthe _aromﬁ_tmhn orlbltalls. Tgisle Stu(;j'?ﬁ wereh_n;]eant ttot
of the HOMO of 1a as a function of axial ligation. It is, of etermine which molecular orbitals and, thus, which contac

course, also a measure of the relative stability of the cationic mechanisms might be responsible for the isotropic shifts of the

species and its solvation. In order to separate these two factorsequ?éqr'al i:arl:oxyl?tesf,. A ?;]ref'edﬁip(‘iahzat;]on mgr;‘:/haglsm
or at least evaluate them in a comparative fashion, we measurecyvou INvolve transter from the™ orbtial as shown Irv. or
the corresponding redox couple for M@,C(CH,)¢CH3)4 in

the same solvents. We also attempted to obtain the data for
Rhy(0O.C(CH,)6CHa)4 and its cation, but due to its high redox L )
potential, we were limited to C4€l, and CHCN as solvents.

The data are collected in Table 6. The first point to note from
the data is that the ease of oxidation of(f,C(CH,)¢CHz)4

compounds follows the order M= Ru > Mo > Rh. Since  the aromaticr system to overlap with the carboxylate orbital,
these are all second-row transition elements, this is a goodthe ring would need to be perpendicular to the plane of the
indication of the M-M HOMO energy. Thus, it is easier to  carboxylate. Az-polarization mechanism would involve the
oxidize the Ry*" complexes with the MM electronic con- planar QC—aromatic ring arrangement seen for N©,CAr)4
figurationo?7*6%0* %+ (where electrons occupy higher energy byt would require that the unpaired electrons be polarizing the
antibonding orbitals) relative to the M4 complexes with the
M—M configurationo?7*92. The large difference between the  (45) Kawamura, T.; Katayama, H.; Nishikawa, H.; Yamabe JTAm
oxidation potentials of the Ruand Rh complexes is most Chem Soc 1989 111, 8156.

L ; ; ok 2 (46) (a) Drago, R. S.; Cosmano, R.; Telseindrg. Chem 1984 23, 3120.
striking, especially since the MM HOMO for each ist** and b) Kawamura, T.; Fukamachi, K.; Sowa, T.; Hayashida, S.; Yonezawa,

a*4, respectively. We suggest that three factors are responsible (T J. Am Chem Soc 1981, 103 364. (c) Kawamura, T.; Fukamachi,
for this: (1) Rh is more electronegative than Ru(2) Oxidation K.; Hayashida, SJ. Chem Soc, Chem Commun 1979 945.
4+ i + Wi i (47) San Filippo, J., Jr.; Sniadoch, H.ldorg. Chem 1976 15, 2209.
of the Ru*" core yields RyP™ with three unpaired electrons (48) () M= Cr, R~ Ph.0 = 6.0 Cotton. F. A Extine. M. W.: Rice,
G. W.Inorg. Chem 1978 17, 176. (b) M= Mo, R= Ph,0 = 7.2°:

\4 VI

(43) (a) Clark, R. J. H.; Franks, M. lJ. Chem Soc, Dalton Trans 1976 Collins, D. M.; Cotton, F. A.; Murillo, C. Alnorg. Chem 1976 15,
1825. (b) Clark, R. J. H.; Ferris, L. T. Hnorg. Chem 1981, 20, 2950. (¢) M= W, R= Ph,00 = 10.7: Cotton, F. A.; Wang, W.
2759. (c) Miskowski, V. M.; Loehr, T. M.; Gray, H. Bnorg. Chem Inorg. Chem 1984 23, 1604. (d) M= Co, R=Ph,00 =5.9: Davies,
1988 27, 4708. J. E.; Rivera, A. V.; Sheldrick, G. MActa Crystallogr 1977, B33

(44) Pauling electronegativities: Rh, 2.28; Ru, 2.2; Mo(ll), 2.16. From: 156. (e) M= Rh, R= Ph,0 = 1.2°: Simmons, C. J.; Clearfield,
Huheey, J. E.; Keiter, E. A.; Keiter, R. LUnorganic Chemistry: A.; Sun, Y.Inorg. Chim Acta1986 121, L3. (f) M = Cu, R= Ph,
Principles of Structure and Reagity, 4th ed.; Harper Collins: New 0 = 4.5°: Speier, G.; Flop, V. J. Chem Soc, Dalton Trans 1989

York, 1993. 2331.
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Table 7. Crystallographic Data fot(THF),-2THF, [Lo(THF);]*[BF4]~, and 1¢(CHsCN),-3CHCN

1(THF)»2THF [1(THF),]) *[BF4] 1(CHsCN)2*3CHsCN

formula RuyCagHe0012 RuUCaoH42010BF4 RuUCaHa3sNsOg
color deep red orange red
crystal dimens (mm) 0.16 0.32x 0.40 0.25x 0.25x 0.35 0.20x 0.36x 0.36
space group P1 C2/m Qlc
T(°C) —154 —172 —169
a(A) 10.730(5) A 13.056(4) A 27.058(3)
b (A) 12.335(6) 21.358(6) 10.049(1)
c(A) 9.193(4) 9.199(2) 17.956(2)
o (deg) 105.15(2)
p (deg) 109.35(2) 111.28(1) 120.89(1)
y (deg) 77.98(2)
Z (molecules/cell) 2 2 4
V (A3) 1098.20 2390.10 4190.04
calcd density (g/ci) 1.559 1.350 1.465
wavelength (A) 0.710 69 0.710 69 0.710 69
mol wt 515.57 971.71 923.95
linear abs coeff (cm') 7.353 6.798 7.588
detector to sample dist (cm) 225 22.5 225
sample to source dist (cm) 235 23.5 23.5
scan speed (deg/min) 4.0 10.0 8.0
scan width (deg- dispersion) 25 2.0 2.0
individual background (s) 6 4 4
26 range (deg) 645 6-45 6-55
tot. no. of reflns collected 5931 2005 6504

no. of unique intensities 2892 1605 4826

no. withF > 0.0 2804 1522 4711

no. withF > 3.00(F) 2657 4535

no. withF > 2.33(F) 1329
R for averaging 0.024 0.013 0.039

R(F) 0.0246 0.0395 0.0698

Ru(F) 0.0255 0.0431 0.0788
goodness of Fit for the last cycle 1.002 1.436 2.520
maxAlo for last cycle 0.001 for non-H 0.11 0.005

0.26 for H

aFor Z = 2, the asymmetric unit contains Rgs300s.

Table 8. Selected Bond Distances (&) and Bond Angles (deg) for

electron spin density in thé orbital (VI). In the previously 10THF)2THF

structured M(O.CAr), compoundg$849the orientation of the

ring depends on electronics and sterics, the former favoring a Distances

planar and the latter a perpendicular arrangement. ki@Ru Ru(1)-Ru(1) 2.2689(11) O(2¥C(3) 1.266(4)
CAr), complexes however, the molecular orbitalmay shift Ru(1)-0(2) 2.0702(22) O(4C(3) 1.276(4)
the balance toward a perpendicular arrangement, without 538)):88')2) %ggggg% 8&2%&% ggggf{g
introducingortho-substituents. Ru(1)-0(14) 2.0692(22) C(3)CE) 1.489(4)

The X-ray structures reported here show that the aromatic Ru(1)}-0(22) 2.3696(24) C(13)C(15) 1.482(4)
rings are essentially parallel to the carboxylate planes. This
n+

:0;2?,{?50 r\:\(lihse:Z if:_}l (éu;esaigiaiyore%gr;i% fx,(giﬁ_ér)ﬁ _ Ru(1)—Ru(1)-0(2) 90.47(7) Ru(1)-Ru(1)-0(14) 89.55(7)

Y o5 L P-Cela py(1)-Ru(1}-O(4) 88.83(7) Ru(I}Ru(1}-0(22) 173.59(5)
OMe andn = 1,°2suggesting that the solid-state orientation is ry(1—Ru(1)-0(12) 89.75(7)

not significantly affected by the aryl group, the axial ligand, or
charge and that the electronic contributions still favor the parallel Table 9. Selected Bond Distances (A) and Bond Angles (deg) for

Angles

arrangement. [1(THF),]*[BF]~
(a) X-ray Structures of Ruy(O,C-p-CgH4CH3)4(THF) 2 (1c- Distances
(THF)2) and [Ruz(O2C-p-CeH4CHz3)4(THF) ] T[BF4]~ ([1lc- Ru(1)}-Ru(1) 2.2618(16) 0(3rC(3) 1.274(6)
(THF),]*[BF47). Up to this point, comparison of R(O.- Ru(1)-0(2) 2.013(3) O(4rC(3) 1.271(6)
CR)™ (n= 0, 1) species has been limited to species containing RU(1}-O(4) 2.107(4) C(3yC(5) 1.478(8)
Ru(1)-0(12) 2.258(6)

(49) () M= Cr, R= 2-GsHsPh,0 = 45°: Cotton, F. A.; Thompson, J. Angles

L. Inorg. Chem 1981, 20, 1292. (b) M= Mo, R = 2-CsHsPh,00 = _ —_

48°: Cotton, F. A.. Thompson, J. linorg. Chem 1981, 20, 3887. 238)):23%_8% gg:gggﬁg Ru(BRu(1)~0(12) 178.025(16)

(c) M =W, R=2,4,6-MgPh,0 = 42°: ref 48c. (d) M= Rh, R=

2-PhGHs, O = 74°: Cotton, F. A.; Thompson, J. Unorg. Chim

Acta1984 81, 193. (e) M= Cu, R= 2,6-MeO-Ph/[] = 58°: Erre, . . . .

L. S.; Micera, G.; Piu, P.; Cariati, F.; Ciani, Gorg. Chem 1985 not only different charges but also different axial or equatorial
24, 2297. ligands. Here we report the structures of neutral and cationic

(50) As noted in the Experimental Section, the full-matrix least-squares 4: : : : _

calculations of {(THF),]*[BF4] - did not allow the exactlld*[BFa diruthenium tetracgrboxylates which contain th'e same carbpxy
ratio to be determined. However, on the basis of the method of late groups and axial ligands. Crystallographic data are given
preparation and IR and NMR characterization, a 1:1 ratio was assumed. n Table 7, selected bond distances and angles are presented in

Comparison of the structural data with those fofTHF), also gave . -
no indication that both cationic and neutral JRD,CR), units were Tables 8 and 9, and ORTEP drawings are shown in Figures 11

present in the crystal. and 1250
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Table 10. Selected Bond Distances (A) and Bond Angles (deg)
for 1o(CH3;CN),*3CH;CN

Distances
Ru(1)-Ru(1) 2.2757(10) O(4¥C(3) 1.288(7)
Ru(1)-0(2) 2.061(4) 0(12yC(13) 1.270(8)
Ru(1)-0(4) 2.066(4) 0(14¥C(13) 1.280(7)
Ru(1)-0(12) 2.056(4) 0O(14)-C(13) 1.280(7)
Ru(1}-0(14) 2.067(4) N(22)-C(23) 1.144(9)
Ru(1)-N(22) 2.331(5) C(23)yC(24) 1.454(9)
0(2)-C(3) 1.260(7)
Angles

Ru(1)—Ru(1)-0(2) 89.58(12) Ru(1}Ru(1)-N(22) 172.70(15)
Ru(1)—Ru(1)-O(4) 89.63(12) Ru(1yN(22)-C(23) 155.8(5)
Ru(1)—Ru(1)-0(12) 89.08(12) N(22}C(23)-C(24) 179.0(7)
Ru(1)—Ru(1)-O(14) 90.19(11)

ca. 0.015 A longer than the RiRu distance of 2.248(1) A in
Rup(O2CCHa)4(H20)2" 4P and are up to 0.03 A shorter than the
Ru—Ru distances (2.2672.290 A) in the reported R(O,CR);*
species with Ci coordinated in the axial positic¥:i

Both the Ru-O and Ru-O(THF) distances in][c(THF);] *-
[BF4~ (2.015 (average) and 2.258(6) A, respectively) were
shorter than those fdrc(THF), (2.064 (average) and 2.3696(24)

A, respectively). This was attributed to the contraction of the
Ru d orbitals with the increased charge. Similar—Ru
distances are reported for other structurally-characterize{ORu
CR);+ corestohi

The dihedral angles between the carboxylate plane and the
aromatic ring do vary between the neutral and cationic
compounds, but both are essentially planar. it HF),, the
angles are 16.6 and 13.8 For [1(THF),]T[BF4] -, they are
7.3°. This difference can be simply attributed to lattice packing
forces. Recall that the lattice ol §(THF);]*[BF4]~ contains
the BR;~ counterion, while the lattice dfc(THF), contains an
additional 2 equiv of THF.

(b) X-ray Structure of Ru(O,C-p-CgH4CH3)4(CH3CN)»
(1c(CH3CN),). This structure, the first reported for a neutral
diruthenium tetracarboxylate with nitrogen-containing axial
ligands and potentiat-acceptor ligands, contains a Rticore
essentially unaffected by the change in axial ligand. Crystal-
lographic data are given in Table 7, selected bond distances
and angles are presented in Table 10, and an ORTEP drawing
is shown in Figure 13. Comparison to the bis-THF adduct
(Table 8, Figure 11) shows that, despite enhanced axial ligand
interactions, the RuRu distance is insignificantly lengthened
in the acetonitrile adduct. The RN distance (2.331(5) A) is
shorter than the RuO(THF) distance (2.3696(24) A). The
Ru—Ru distance of 2.2757(10) A is still withino3of that in
the THF adduct (2.2689(11) A). This suggests that no
significant sz-interactions occur. The RtRu bond is not
shortened, as would be expected should back-bonding from the
Ru—Ru z* into the acetonitriler* orbitals occur. Nor is the

The primary difference between the two species, the charge N=C distance (1.144(9) A) lengthened from the=Nl distance
of the core, did not affect the RtRu bond distance. A distance seen for the acetonitrile molecules in the lattice (1.142(12) A)
of 2.2689(11) A forlo(THF), with four antibonding electrons ~ The axial acetonitrile ligands are linear{\C—C is 179.0(7))

Figure 12. ORTEP drawing of [Re(O2C-p-CeH4CHa)a(THF )] T [BF 4]~
showing only one set of partially-occupied THF sites.

compared with a distance of 2.2618(16) A fbe[THF),][BF4]~ but not collinear with the Rt#tRu bond (Ru-N—C is 155.8).

with only three antibonding electrons supported the conclusion The angle is much larger than those seen for other end-bound
made by Cotton et & that the additional electron in R@©,- nitriles (168.4-1807).5*

CR), must occupy thé*, rather than ther*, orbital. Increased (c) 'H NMR Spectra of Toluates and Benzoates Although

occupation of ther* orbital, which is more antibonding, to give  the solid state structures suggest thapolarization must be
the electron configuratio*17*3 would have significantly occurring, free rotation of the aromatic rings in the arenecar-
lengthened the RuRu bond. boxylates in solution could still allow direct-delocalization
The identity of the axial ligand in the cationic species does to occur. Therefore, the-contributions to the isotropic shift
affect the Ru-Ru bond, however. The RtRu distance in of the equatorial carboxylates in K®,CAr),"t (Ar = CgHs,
[1(THF),] T[BF4]~ is comparable to the RuRu distance of
2.265(2) A in Ry(0;CCqHs)4(CoHsOH), .41 Both distances are  (51) Storhoff, B. N.; Lewis, H. C., JiCoord Chem Rev. 1977, 23, 1.
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Figure 13. ORTEP drawing of RyO,C-p-CsH4CHs)a(CHsCN)..

Table 11. 'H NMR Data and Isotropic Shiftfor Ru(O,CR)""
Rup(O-CR) Rup(O.CR)*
Oobs (PPM)  Oiso (PPM)  Sobs (PPM)  Jiso (PPM)

b: R=C¢Hs

o-H 16.5 9.1 31.8 24.4

m-H 9.3 1.1 7.5 —-0.7

p-H 10.7 3.3 19.7 12.3
c: R=p-CsHsCH3

o-H 16.4 9.2 31.7 24.5

m-H 9.1 1.3 7.4 —-0.4

p-CHs 2.9 0.6 —-3.3 —5.6
d: R= (CHy):CHs

CHa(2) 2.9 01 -39 —42

CHx(3) 7.4 5.6 15.6 13.8

CHs(4) 6.3 5.4 11.1 10.2
e R=(CH),CH;

CH(2) 7.0 05 -10.9  —17.4

CH(@3) 16.3 9.1 419 34.2

CHg(trans) 1.9 -0.3 -15.0 —17.2
f: R = (CH)C(CH)2

CH(2) 4.7 -1.4 -18.4  -245

CHs(cis) 4.4 2.2 —5.4° -76

CHgs(trans) 2.2 0.2 —-12.8 —-14.7

aCalculated using eq 1 and M@.CR), data.? T; (ms): CH(2),
7.11+ 0.12; CH(3), 7.06t 0.09; CHy(trans), 47+ 1. ¢ T, (ms): CH(2),
6.6 + 0.7; CH(cis), 11+ 1; CH(trans), 44+ 2.
p-CsH4CHs; n = 0, 1), were investigated. The solubility of
these compounds, even in coordinating solvents, was shight.
NMR spectra were taken in metharab)-THF-dg mixtures, and

Chisholm et al.

Table 12. Estimated Dipolar Shift Contributioagor p-Toluene
Protons inlc and [L" with and without ZFS Terms

ddip (PPM)
without  with

10°r (cm) 6 (deg) ZF® ZFS diso (ppm)
1c o-H 4.813 67.06 2.14 8.56 9.2
m-H 6.921 74.59 1.04 4.16 1.3
p-CHs 8.819 86.08 0.63 2.51 0.6
[1d* oH 4.756 64.20 1.76 8.45 24.5

m-H 7.074 71.92 0.88 423 —0.4

p-CHs 8.734 85.73 0.65 310 -5.6

a Calculated for 296 K Calculated using eq 3.Calculated using
eq 5 forlc and eq 6 for Ic]*.

Table 13. Estimated Dipolar Shifesfor Axial THF Ligands

Odip (PPM)
without  with
10 (cm) 0O (deg) ZFS®  ZFS  diso (ppmy
1 2-H  4.430 2407 —-105 —54.3 -19
3-H 5.655 2772 —455 -235 -15
[ 2-H  4.304 2407 -115 -721 —-29
3-H 5525 2772  —4.87 -30.7 -22

a Calculated for 213 KP Calculated using eq 3.Calculated using
eq 5 for1 and eq 6 for {]*. ¢ From *H NMR spectra ofla and
[1a]"[BF4]~ and THF in tolueneads at —58 °C. € Calculated using the
X-ray data fromlc, assuming a shortening of the RQ distance of
0.115 A and no change if.

para-H should be comparable, which is not the case here
(although the upfield dipolar contribution may diminish such
an effect). Thus, ther-polarization mechanism appears to be
occurring for the equatorial aromatic carboxylates, consistent
with the planar arrangement seen in the solid state.

(d) Estimated Dipolar Shifts. Using the data from the
crystal structures oflo(THF), and [1c(THF);]T[BF4]~, the
dipolar shift contributions for equatorial toluate and axial THF
ligands were estimated. Comparison of the observed and
calculated values, with and without zero-field splitting contribu-
tions, for the equatorial toluate protons (Table 12) should
indicate the relative importance of ZFS effects and the degree
of contact contribution. Fotc, the observed isotropic shift of
the ortho-H, which is closest to the metametal bond, is in
fairly good agreement with the value calculated with ZFS. The
additional downfield shift can be attributed te-contact
contributions. For thenetaH and para-CHjs, the observed
isotropic shifts are actually closer to the value calculated without
ZFS. This, however, is likely an effect of tecontributions,
which should cause upfield shifts at both positions, cancelling
out the downfield dipolar shift.

The calculations for the equatorial toluate protons in
[L(THF),]*[BF4]~ (S= 2/,) indicated that its dipolar contribu-
tions were not significantly increased over thoselofTHF),
(S=1). When calculated using eq 3, which does not take ZFS

the data are given in Table 11. Assignments of the proton into account, the dipolar shift values were actually sl_ightly
signals were based on coupling patterns, relative intensities, andsmaller due to the smallegf — g?) term. The contribution
shifts upon methyl substitution. Isotropic shifts were calculated from the ZFS term for{o(THF),] *[BF4]~ is comparable to that

using the corresponding M@>CR), chemical shifts as the
diamagnetic shifts.
The solution isotropic shifts seen for the benzodte) @nd

for 1(THF),, despite the higheB value, since th® value for
the cationic compound is lower (75 cicompared to 290 crit
for S = 1).1618 The difference between the calculated and

toluate (Lc) systems are not large, especially for the neutral ob:;erved values is again attributedstecontact contributions,
systems, but do show an alternating downfield, upfield, down- Which, as concluded from the VIH NMR data for 1a and

field shift pattern for theortho-, meta, and para-protons,
indicative of a-contact mechanisi{:38 The upfield shift seen
upon substitution of thepara-proton with a methyl group
confirms thez-nature of the contact contributié3® For a
system withzz-delocalization, the shifts for thertho-H and

[1a][X] ~, effectively dominate in th& = 3/, systems.

The X-ray data for the axial THF ligands t(THF), were
used to estimate its dipolar shift at60 °C and compared to
thelH NMR data forlaand [La]*[BF4]~ (Table 13). Here, it
is apparent that ignoring ZFS does not predict sufficiently large
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shifts. Inclusion of the ZFS term gives values significantly
larger than the observed shifts for bdthand [La] "[BF 4]~ (by

~40 ppm for 2-H and 8 ppm for 3-H), suggesting that the proton
resonances for the axial ligands are shifted downfield by a
contact mechanism. This is consistent with the conclusion made
from the IH NMR data for the axial carboxylate irl§]"-
[O2C(CH,)6CH3]~. Since no evidence was seen focontribu-
tions with 2-MeTHF, as-contact mechanism must be occurring.

Inorganic Chemistry, Vol. 35, No. 12, 1998655

gated systems, evidence forcontact shifts is seen, the contact
shift providing a major component of the isotropic shifts of
the cationic species. Temperature dependence studies and
calculations of the dipolar shifts show that zero-field splitting
contributes significantly to the dipolar shift.

The similar'H NMR spectra seen for bis-adductslaf with
o-donors (THF) andr-acceptors (pyrazine) and the similar-Ru
Ru bond distances seen for R0,C-p-tolyl)4L,, where L=

Treating the system as two paramagnetic centers and calculatingrHF and CHCN, suggest that the-acceptor ligands do not

the dipolar shifts using the distance to the closest metal would
only increase the dipolar estimate, confirming that placing the
origin at the center of the metaimetal bond is a better model
for the metat-metal multiply-bonded systems.

The Unsaturated Carboxylates. Ru(O.CR)"™" systems
with C=C bonds in conjugation with the carboxylate group
confirmed thatr-contact contributions occur in the equatorial
ligands. Comparison of théH NMR chemical shifts of
Ruy(O,C(CH),CHs)," (1€) and Ry(O,C(CH)C(CH)2)4" (1),
wheren =0, 1 (Table 11), showed that substitution of the CH-
(3) proton with a methyl group affected all the proton signals,
most likely due to geometry changes. Assignments were made
using a combination of relative chemical shifts, intensity,
coupling,T; measurements and isotropic shifts calculated using
Mo2(O-CR)s chemical shifts. The upfield, downfield, upfield
pattern seen for the crotonates is typicalAscontact contribu-
tions32 Substitution of the CH(3) in RYO,C(CH),CHz)4",
which gave a signal downfield at 41.4 ppm, with a methyl group
shifted the signal upfield to—-5.4 ppm, also indicative of
sr-contributions. Further evidence for a contact mechanism is
seen when the isotropic shifts of the saturated butydatpgnd
unsaturated crotonatd d) are compared. A large shift from
—42 ppm for the sphybridized CH(2) to —17.4 ppm for the
sp-hybridized CH(2) occurs. The change in hybridization
would not affect the dipolar shift significantly but would
influence the hyperfine couplind®{), which determines the
contact shift. Thus, evidence for contact shifts is seen for
equatorial saturated, unsaturated, and arene carboxylates, th
last two supporting ar-contact mechanism and the last, a
mr-polarization mechanism.

Conclusions

IH NMR spectroscopy has proven to be a useful technique
for studying paramagnetic R{©,CR),"" species. Attempts to
obtain a nonligated R{O,CR), species in noncoordinating
solvents were unsuccessfulH NMR, along with UV/visible,
molecular weight, and electrochemical studies, indicated that
laand its diamagnetic Rf" analogue are oligomeric species
with extendedr-systems in noncoordinating solvents.

The axial geometry of the dimetal tetracarboxylate systems
has allowed us to determine the factors contributing to the
isotropic shifts of axial and equatorial ligands. The axial ligands
are affected by both dipolar and contact shifts. Through-space
interactions cause upfield shifts. One contact (through bonds)
mechanism occurring with-type ligands is directr-delocal-
ization, which suggests that R@,CR),"* units could be linked
via their axial sites with bridgingr-type ligands to form
conductive polymers. Our investigation of this will be reported
in a subsequent pap&r. Comparison of the estimated dipolar
shifts for axial THF ligands with observed chemical shifts
suggests that downfield-contact contributions occur as well.
The equatorial carboxylate ligands are also affected by both
dipolar and contact shifts. In the long-alkyl-chain carboxylates
the downfield dipolar shift dominates. In aromatic and conju-

(52) Arafa, I. M.; Goff, H. M.; David, S. S.; Murch, B. P.; Que, L., Jr.
Inorg. Chem 1987, 26, 2779.

change thé*27*2 ground state or significantly lower tfie 17*3

state. The solvent dependences of the electronic and Raman
spectra ofla apparently reflect small electronic differences in
mr- ando-interactions which combined have little effect on the
Ru—Ru bond length.

Experimental Section

All ruthenium and molybdenum compounds were handled under
argon or dinitrogen using Schlenk techniques and gloveboxes. Toluene,
hexanes, THF, and diethyl ether were distilled from sodium or
potassium with benzophenone, dichloromethane was distilled from
calcium hydride under dinitrogen, and all were stored over molecule
sieves. Methanol, acetonitrile, and diglyme were bought anhydrous
from Aldrich and stored over molecular sieve’$d NMR spectra were
recorded on a Varian XL-300 spectrometer, UV/visible spectra on a
HP8452A diode array spectrophotometer with UV/visible operating
software 89531A, and IR spectra on a Nicolet 510P FT-IR spectro-
photometer using KBr disks. Elemental analyses were performed by
Oneida Research Services.

Rp(0;CCHa)s,% Rupy(O2CH)4,%° Rip(O,CCHs)4ClL 52 Rp(O,CCHg)4, 5
and Mg(O.CR)*® were synthesized via literature methods. The
carboxylic acids, pyrazine, 2,6-dimethylpyrazine, pyridine, 4-picoline,
benzonitrile, CrCGl, and Mo(COy were purchased from Aldrich and
used without further purification.

Synthesis of Ry(O,CR)4 (1a—f). Method A. Toluene (206-250
mL) was added to R{O,CCH;z)s or Ru(O-CH), (0.7 mmol) and the
appropriate carboxylic acid (3.5 mmol) in a Schlenk flask equipped
with a distillation arm. The mixture was refluxed for several hours,
€@nd most of the solvent was distilled off, removing the toluene/acetic
acid or toluene/formic acid azeotrope. For=R(CH,)sCHs (1a), the
solution was filtered and the toluene removiadvacua The brown
residue was redissolved in methandla was isolated as a brown
precipitate. Yield: 45% from RiO,CH)s;, 55-80% from Ru(O--
CCHg)s. Anal. Calcd for ReOsCsHeo: C, 49.60; H, 7.80. Found:
C, 49.55; H, 7.96. IR (cmt): 2959 s, 2924 s, 2851 s, 1545 vs, 1522
m, 1468 m, 1454 m, 1435 s, 1412 s, 1317 w, 1180 w, 1111 w, 723 m,
675 m, 478 w. Subsequent batches of precipitate contaibald-[
[0,C(CH,)sCHs]~. Anal. Calcd for RuO:oCacHrs: C, 52.23; H, 8.23.
Found: C, 52.67; H, 8.84. IR (crd): 2957 s, 2924 s, 2853 s, 1523
vs, 1493 s, 1456 vs, 1415 vs, 1317 w, 1107 m, 723 w, 667 m. For R
= (CH,).CHs (1d), the toluene solution was filtered and cooled-20
°C. Precipitation generally yielded batkl and [Ld] T[OC(CH;).CHs] .
For R= CgHs (1b), CsH4CHs (1¢), (CH).CH; (1€), and (CH)C(CH),
(1f), the product, insoluble in toluene, was filtered off and washed with
hexanes. 1b and 1c were recrystallized from THFle and 1f, from
methanol. IR forlb (cm™): 3094 w, 3065 w, 2964 m, 2878 w, 1595
m, 1549's, 1495 w, 1175w, 1157 w, 1070 m, 1042 m, 1028 m, 879 m,
845 m, 712 s, 689 m, 507 m. IR fdrc (cm™): 3065 w, 3034 w,
2968 w, 2922 w, 2875 w, 1613 m, 1587 m, 1539 s, 1448 w, 1406 vs,
1293 w, 1178 m, 1143 w, 1020 m, 851 m, 838 m, 783 m, 754 s, 692
w, 636 m, 472 m. IR folle (cm™%): 3038 w, 2967 w, 2942 w, 2910
w, 2875 w, 2851 w, 1658 s, 1537 vs, 1498 m, 1445 m, 1415 vs, 1402
s, 1375 m, 1300 w, 1263 m, 1103 w, 966 m, 918 w, 841 w, 746 m,
688 w, 611 w, 488 w. IR fodf (cm™): 3034 w, 2970 w, 2930 w,

(53) (a) Marchon, J.-C.; Maldivi, P. Private communication. (b) Mitchell,
R. W.; Spencer, A.; Wilkinson, G.. Chem Soc, Dalton Trans 1973
846.

(54) Rempel, G. A.; Legzdins, P.; Smith, H.; Wilkinson, iBorg. Synth
1972 13, 90.

(55) Brignole, A. B.; Cotton, F. Alnorg. Synth 1972 13, 81.
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2912 w, 2856 w, 1647 s, 1528 vs, 1499 m, 1443 s, 1408 vs, 1369 m,
1313 s, 1186 m, 1076 m, 1023 m, 858 m, 763 m, 603 w, 495 w.
Method B.1* Ru(O,CR)CI (0.63 mmol) was dissolved in a 1:1
MeOH/H,0 solvent mixture (20 mL). An aqueous solution of GrCl
(0.95 mmol in ca. 10 mL) was added. ForR(CH)C(CH), (1f) and
(CH,).CHjz (1d), the product precipitated immediately and was isolated
by filtration. IR for 1d (KBr, cm™%): 2963 s, 2934 m, 2874 m, 1550

vs, 1522 s, 1462 s, 1431 s, 1419 s, 1346 w, 1315 m, 1263 m, 1213 w,

1103 m, 1047 w, 897 w, 870 w, 800 m, 737 m, 652 m, 582 w, 451 m,
435 m.

Method C. A Ru(ll) blue solutior® (2.2 g, 8.4 mmol) in methanol
(20 mL) was added to NafB(CH,)sCHs (5.6 g, 33.7 mmol) in methanol
(50 mL), and the mixture was refluxed for 22 h. The solution turned
from blue to green to brown with the formation of precipitate. After
cooling of the mixture to room temperature, an unidentified black
precipitate was filtered off and washed with methanol. Yield: 1.09 g.
IR (cm™Y): 2957 s, 2924 s, 2855 s, 2811 m, 1936 w, 1732 w, 1522 vs,
1415 s, 1316 m, 1110 w, 1020 m, 551 it NMR (benzeneds, 9):

0—2 ppm (vbr). UV/visible (benzenéna): 342 nm. Upon cooling
of the mixture to 10°C, la precipitated from the mother liquor.
Yield: 1.56 g, 48%.

Synthesis of Ry(O,CR)4Cl ([1a—f] T[Cl] 7). Method A. Ruwy(Ox-
CCHg)4CI (1.6 mmol) was dissolved in hot methanol (40 mL). The
appropriate carboxylic acid (7=2.0 mmol) was added and the solution
stirred at 50°C for several days. The solvent was removed and the
residue checked bYH NMR. If acetate groups were still present, more

Chisholm et al.

Synthesis of RR(O,C(CH2)sCH3)s (3a). Method A. Rhy(O,-
CCH;)4sMeOH, was treated as in method A for R@.CR). The
residue remaining after removal of toluene was redissolved ig- CH
CN. The first batches of blue precipitate contained what is believed
to be RR(O,C(CH,)sCHz3)s. H NMR (benzeneds), 8): 17 (vbr), 4.8
(br), 2.2, 1.4, 0.9.'H NMR (methanold,, 6): 10 (br), 2.9 (br), 0.9,

0.6. IR (KBr, cnt?): 2957 m, 2924 s, 2872 w, 2853 m, 1587 s, 1508
w, 1468 w, 1458 w, 1435 m, 1414 m. The subsequent batches of purple
precipitate contained R{O.C(CH,)sCHz)s(CHsCN),. Dryingin vacuo

at 45°C produced R}{O,C(CH,)sCHs)a. *H NMR (benzeneds, 0):

2.9 (br), 20 (br), 1.39, 0.95H NMR (methanole,, 6): 3.2 (mult,

2H, CH,(2)), 1.96 (t, 2H, CH(3)), 1.32 (quint, 2H, (Ck{4)), 1.1 (mult,

4H, CHy(5), CHy(6)), 1.0 (mult, 2H, CH(7)), 0.77 (t, 3H, CH(8)). IR
(cm™1): 2957 m, 2924 s, 2872 w, 2851 m, 1568 vs, 1522 w, 1468 w,
1433 m, 1414 s, 1313 w, 738 w, 679 m.

Method B. A 25 mL portion of octanoic acid was added tofDp-
CCHg)4(MeOHY), (0.27 g). The reaction mixture was stirred at 1@
overnight. Precipitate formed after standing at room temperature several
days. After filtration and washing with hexane, the product was
recrystallized from acetonitrile.

NMR Experiments. All 'H NMR spectra of the RiO,CR)"™
species were referenced to the protio solvent signal (bendgi7el5;
tolueneds, 2.09; methanoty, 4.78; THFds, 3.58 ppm). Spectra were
accumulated using shortened delay times of 0.8 siferl and 1.0 s
for n = 0. T, times were measured by using the inversion recovery
method and least-squares analysis available on the Varian XL-300. The

carboxylic acid and methanol were added and the solution was stirred available COSY and HETCOR routines were also used. Evans’ method

longer. For R= (CH,)sCHs ([18]*[CI]"), the final residue was
dissolved in toluene. Addition of hexanes caused precipitation of
[1a]*[Cl]~. Yield: 93%. IR (cnml): 2957 s, 2926 s, 2855 s, 1458
vs, 1431 vs, 1318 m, 725 w, 690 m, 679 m. For=R(CH),CHjs
([1g™[CI]7), the final residue was dissolved in THF. Addition of
hexanes caused precipitation @E[*[CI]~. IR (cm™Y): 3047 w, 2969

w, 2942 w, 2913 w, 2855 w, 1653 s, 1416 vs, 1302 w, 1252 m, 1103
w, 1007 w, 965 m, 918 w, 839 w, 745 s, 696 w, 625 w, 509 m.

Method B.5% Ru,(0,CCH;)4Cl (0.33 g) and HGC(CH,).CH; (15
mL) were stirred at 170C. After all the solid had dissolved, the
solution was cooled to 10C. The resulting precipitate was filtered
off and washed with diethyl ether, yieldingd]*[CI] ~ (0.298 g). IR
(cm™1): 2965 m, 2934 w, 2876 w, 1464 s, 1450 s, 1427 vs, 1329 m,
1265 m, 1211 m, 1097 m, 1020 w, 897 w, 808 m, 758 w, 736 w, 677
m, 459 m.

Method C.5 Ru(O,CCH)4Cl (0.075 g, 0.158 mmol) was dissolved
in 20 mL of a 1:1 MeOH/HO mixture. The carboxylic acid (0.95
mmol) dissolved in methanol was added to the,(RUCCHg)4Cl
solution. The reaction mixture was stirred at-9b °C for 2%, h.

The precipitate was filtered off and washed with diethyl ether. IR for
R = CgHs ([1b]*[CI]7) (cm™1): 3068 w, 3054 w, 1601 m, 1497 m,
1466 s, 1408 vs, 1176 w, 1026 m, 845w, 716 m, 691 s, 530 m. IR for
R = CeH4CHs ([1d*[CI] ") (cm™): 3039 w, 3013 w, 2965 w, 2919 w,
1611 m, 1514 w, 1451 m, 1408 vs, 1180 m, 1020 w, 783 w, 758 s,
642 m, 500 m. Yield: 0.090 g, 73%.

Synthesis of Ru(O,CR)/BF, ([1a—f]"[BF4] ™). Method A5 A
solution of AgBR (0.14 mmol) in THF (15 mL) was added to RO»-
CR)CI (0.120 mmol) in THF (30 mL). The reaction mixture was stirred
for 12 h and filtered over Celite. Addition of hexanes to the THF
solution resulted in a precipitate. For R CgHs ([1b]*[BF4]~) and
CsHaCHs ([1d *[BF4] "), cooling the solution te-20 °C resulted in the
formation of crystals. IR forIb]"[BF4]~ (KBr, cm™): 3073 w, 2977
w, 2892 w, 1601 m, 1497 m, 1464 s, 1406 vs, 1181 w, 1143 w, 1057
s, 1024 s, 860 w, 845 w, 720 s, 690 s, 534 m. IR fbt] {[BF4]~
(cm1): 2967 w, 2922 w, 2894 w, 1607 m, 1514 m, 1449 m, 1406 vs,
1182 s, 1145 w, 1057 s, 1020 m, 854 w, 783 w, 758 s, 642 m, 500 m,
480 m, 457 w.

Method B. A solution of AgBF (0.14 mmol) in THF (15 mL)
added to Re(O,CR), (0.10 mmol) and THF (30 mL) was worked up
as in method A.

(56) (a) Rose, D.; Wilkinson, Gl. Chem Soc A 197Q 1791. (b) Gilbert,
J. D.; Rose, D.; Wilkinson, GJ. Chem Soc A 197Q 2765.

(57) Barral, M. C.; Jimeez-Aparicio, R.; Rial, C.; Royer, E.; Saucedo,
M. J.; Urbanos, F. APolyhedron199Q 9, 1723.

experiment® were performed on 16 M samples in 2% v/v tetra-
methylsilane solution. The toluerdg-solutions ofla gaveu.s values
of 2.84, 2.80, and 2.76s. THF-dg solutions gave values of 2.69 and

TheH NMR resonances for axial ligands withsystems (pyrazine,
2,6-dimethylpyrazine, pyridine, 4-picoline) and without (THF and
2-methyltetrahydrofuran) (Table 2) were located by addin® 2quiv
and 10 equiv, respectively, of the ligand 1@ and [La]*[BF4]~ in
tolueneds. To slow any exchange processes and allow comparison of
the temperature-dependent chemical shifts, samples were cool&@to
°C, except for 4-picoline andlLp]*[BF4]~, which gelled at—40 °C.
Interactions of benzonitrile witlla were studied using 6 equiv of
benzonitrile.

The*C NMR resonances for the carbons closest to the diruthenium
core inlain both THFdg and tolueneds were broad and difficult to
locate. Resonances in the-135 ppm range in THF); were assigned
using a 2-D HETCOR experiment}*C NMR T; measurements
confirmed these assignments and were used to assign the signals for
lain tolueneds (Table 3).

1H NMR Data for Mo »(O,CR)s. For R= CgHs (methanolds/THF-

dg, 0): 7.4 (2H,0-H), 8.2 (2H,m-H), 7.4 (1H,p-H). For R= p-CeHa4-
CHs (methanoldy/ THF-ds, 6): 7.2 (2H,0-H), 7.8 (2H,m-H), 2.3 (3H,
p-CH3). For R= (CH,).CHs (methanold,, 6): 2.8 (2H, CH(2)), 1.8
(2H, CHy(3)), 0.9 (3H, CH(4)). For R= (CH),CHs; (methanolds,/
THF-dg, 0): 6.5 (1H, CH(2)), 7.2 (1H, CH(3)), 2.2 (3H, GHrans)).
For R= (CH)C(CH), (methanoldy/ THF-ds, 8): 6.1 (1H, CH(2)), 2.2
(3H, CHg(cis)), 1.9 (3H, CH(trans)).

13C NMR Data for Mo »(02C(CH2)sCHa)s. In tolueneds at 61°C
(9, T1 (s)): 185.4 (C(1), 8.2t 0.3), 37.3 (C(2), 0.66t 0.04), 27.3
(C(3), 1.13+ 0.03), 29.7 (C(4), 1.5t 0.1), 29.6 (C(5), 2.5t 0.1),

32.4 (C(6), 3.4+ 0.1), 23.1 (C(7), 5.4 0.4), 14.2 (C(8), 6.8 0.3).
In THF-dg at 61°C (3, T1 (s)): 184.9 (C(1), 26t 1), 37.6 (C(2), 1.29
=+ 0.03), 27.7 (C(3), 1.6 0.1), 30.1 (C(4), 2.3: 0.1), 30.0 (C(5), 3.3
+ 0.1), 32.8 (C(6), 4.8t 0.1), 23.5 (C(7), 6.6 0.2), 14.3 (C(8), 7.2
+ 0.3).

Solution Molecular Weight Measurements. Measurements were
performed under argon in freshly-distilled, degassed benzene using
cryoscopic equipment assembled in-house. Solutions were cooled in
an air-jacketed glass apparatus immersed in an ice bath. Changes in
temperature were monitored using a thermistor which plotted resistivity
on a chart recorder. The system was calibrated by using freshly-
sublimed biphenyl.

(58) Evans, D. FJ. Chem Soc 1959 2003.
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Table 14. Atomic Coordinates and Isotropic Thermal Parameters  Table 15. Atomic Coordinates and Isotropic Thermal Parameters

for RLb(OzC-p-CsH4CH3)4(THF)2‘2THF for RUz(Ozc-p-C6H4CH3)4(NCCH3)2'3CH3CN
atom 10x 10y 10z 10Bis, (A2) atom 10x 10y 10z 10Biso (A2)
Ru(1) 692.9(2) 356.5(2) 1188.8(3) 11 Ru(1) 4817.8(2) 673.1(5) 5310.8(3) 10
0(2) 233(2) —480(2) 454(2) 14 0(2) 4083(2) 9525(4) 4770(3) 9
C@3) 2113(3) —1075(3) —933(4) 14 C@3) 5953(3) 1472(6) 5680(4) 11
0o4) —951(2) 1200(2) 1881(2) 14 O(4) 5555(2) 1820(4) 5833(3) 11
C(5) 3263(3) —1657(3) —1533(4) 14 C(5) 6484(3) 2319(6) 6064(4) 11
C(6) 3077(3) —2473(3) —2914(4) 16 C(6) 6530(3) 3431(7) 6536(4) 14
C(7) 4139(3) —2997(3) —3497(4) 17 C(7) 7020(3) 4239(7) 6894(4) 17
C(8) 5416(3) —2701(3) —2727(4) 16 C(8) 7475(3) 3912(7) 6771(4) 17
C(9) 5587(3) —1875(3) —1352(4) 17 C(9) 7429(3) 2773(6) 6293(4) 15
C(10) 4538(3) —1370(3) —750(4) 16 C(10) 6943(3) 1987(6) 5948(4) 12
C(11) 6558(4) —3271(3) —3360(5) 21 C(11) 8008(3) 4762(7) 7148(5) 19
0(12) 765(2) 1724(2) 344(2) 15 0(12) 5206(2) 9491(4) 6399(3) 11
C(13) 64(3) 1798(3)  —1047(4) 14 C(13) 5489(3) 8474(6) 6412(4) 13
0(14) 645(2) —1048(2) 1993(2) 14 0(14) 4440(2) 1860(4) 4215(3) 10
C(15) 70(3) 2825(3)  —1595(4) 15 C(15) 5767(3) 7635(6) 7208(4) 12
c(16) —911(3) 3127(3) —2910(4) 16 C(16) 5719(3) 7959(6) 7924(4) 14
C(17) —909(3) 4107(3)  —3371(4) 17 C(17)  5957(3) 7177(6) 8644(4) 15
C(18) 75(3) 4808(3) —2564(4) 17 C(18) 6247(3) 6010(7) 8687(4) 16
C(19) 1066(4) 4479(3)  —1273(4) 21 C(19) 6308(3) 5698(6) 7982(4) 16
C(20) 1051(3) 3524(3) —783(4) 19 C(20) 6068(3) 6499(6) 7253(4) 13
C(21) 80(4) 5876(3)  —3047(5) 22 C(21) 6491(3) 5075(7) 9467(5) 20
0(22) 1958(2) 1076(2) 3798(2) 16 N(22) 4463(2) 1826(5) 6065(4) 14
C(23) 3250(3) 438(3) 4345(4) 19 C(23) 4313(3) 1951(6) 6551(4) 14
C(24)  3121(4) —137(3) 5519(5) 25 C(24)  4123(3) 2136(7) 7169(5) 21
C(25)  2196(4) 726(3) 6310(5) 24 C(25)  3111(4) 2240(8) 4109(5) 27
C(26) 1299(4) 1323(4) 5029(4) 22 C(26) 3012(3) 1583(7) 2748(5) 23
0(27) 4138(3) —5561(2) —2353(3) 34 N(27) 2937(4) 1071(9) 5250(6) 40
C(28) 4033(4) —6724(3) —2472(5) 30 C(28) 4912(6) 4900(16) 5323(9) 68(3)
C(29) 5541(4) —5443(3) —1807(5) 28 C(29) 4897(11) 4650(25) 6039(16) 48(5)
C(30) 6270(4) —6511(3) —1267(5) 27
C(31) 5387(14) —7368(3) —2397(5) 26 Table 16. Atomic Coordinates and Isotropic Thermal Parameters
for [Ruz(O2C-p-CsH4CHz)4(TH F)2]+[BF4]7
Cyclic Voltammetry. Cyclic voltammograms were run using an atom 10x 10y 10z 10Bis, (A2)
EG&G Model 273A potentiostat/galvanostat and Model 270 Electro-
chemical Analysis Software 3.00. A platinum disk working electrode, glé)l) 3153?28)) gggg(z) g;ggg; :%?1
a platinum wire auxiliary electrode, and an Ag/AgCl reference electrode c@) 3868(4) 5873(2) 10754(7) 34
were used. Sample solutions were ca 103Min 0.1 M "BusNPF; 0(4) 5260(3) 5670(2) 8200(4) 34
electrolyte. Ey, values were referenced to the ferrocene/ferrocinium  c(5) 3225(5) 6366(2) 11163(7) 38
couple. C(6) 2207(5) 6546(3) 10088(10) 56
Samples of M(O.C(CH,)sCHs)4 scanned at 100 mV/s gave the C(7) 1602(6) 7009(3) 10488(11) 65
following data. In CHCly; M = Ru, E, — E. = 135.5 mV,Ey;, = C(8) 2013(7) 7296(3) 11938(12) 63
192 MV, Exgeon = —233 mV; M= Rh, E, = E; = 250 mV, Eyp = g(% ggig(? ééég(’o;) gggg(g) Zg
1245 MV, Exzeon = 820 MV; M= Mo, E, — Ec = 95.4 mV,Ey, = cgllg 13718 779523; 12370§1)1) -
552 mV,Eypcon= 152 mV. In THF: M= Ru,E; — Ec = 97.5 mV, 0(12) 3185(5) 5000 6270(7) a1
Eue = 177 MV, Euteon = —369 mV; M= Mo, Ea — E. = 99.5 mV, C(13)  2553(14)  4490(7)  5616(17) 70
By = 466 MV, Euocon= —80mV. In CHCN: M =Ru,E, — B = C(14)  2959(11) 5000 3644(15) 39
83.0 mV,E1/2 =94 mV, El/z(cm): —292 mV; M= Rh, Ea - Ec =164 C(l5) 2152(13) 4598(7) 3903(15) 93
mV, By, = 1122 mV, Eyjzcon = 736 mV; M= Mo, E, — E; = 103.5 C(16) 3343(14)  4587(8) 5050(16) 71
mV, By = 372 mV, Eyjaeon = —14 mV. 0o(17) 740(17) 5000 9534(29) 105
Resonance Raman StudiesExcitation was provided by the 514.5 C(18) 0 4447(6) 10000 93
nm line of an Ar ion laser (Spectra Physics Model 2025). To minimize  C(19) 314(16) 5377(10) 8764(26) 90
photodegradation, samples were spun at a rate of 50 rpm and laser B(20) 10000 3601(13) 5000 46
power was kept below 100 mW. Scattered light was focused into a  F(21) 9003(11)  3386(6) 5037(19) 94
Jobin Yvon Mole S3000 triple monochromator (slits set te43cnm™ E(gz) 9702(17) 4154“13) 4%3%3) %46
resolution). Samples were prepared in an inert-atmosphere glovebox FEZ% 13325((2% 323%((1% 2090((36)) 233

and flame-sealed in 5 mm NMR tubes upon removal.

X-ray Structure Determinations. General operating procedures  ihe setting angles for 50 carefully centered reflections havihgalies
and listings of programs used have been previously reptted. between 24 and 32 No correction for absorption was carried out.

summary of the crystallographic data is given in Table 7. Data were pjqsis of four standard reflections measured every 300 reflections showed
collected using a standard moving-crystal, moving-detector technique. significant trends.

Data were corrected for Lorentz and polarization terms, and equivalent  o|iowing the initial refinement, all of the hydrogen atoms were
data were averaged. Structures were solved by direct methods|ocated, The full-matrix least-squares refinement was completed by
(MULTAN78) and Fourier techniques. Atomic coordinates are given sing anisotropic thermal parameters on the non-hydrogen atoms and
in Tables 14-16. isotropic thermal parameters on the hydrogen atoms. The Rl

(8) Rux(O2C-p-CeH4CH3)4(THF) - 2THF. Data were collected at  was 0.0246. All reflections were included. Reflections havineg
—154°C. Due to broad? scans, the scan width was chosen to be 3.05(F) were given zero weight. The total number of variables was
2.5°. Unit cell dimensions were determined by a least-squares fit of 401, including the scale factor and an overall isotropic extinction
parameter. The final difference map was essentially featureless, the
(59) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. @org. largest peak being 0.46 €An the vicinity of the Ru atom and the

Chem 1984 23, 1021. largest hole being-0.35 e/A.
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(b) [Ru2(O2C-p-CeH4CH3)4(THF) ] f[BF4]~. Data were collected Reflections having= < 3.00(F) were given zero weight. The total
at—172°C. Unit cell dimensions were determined using 32 reflections. number of variables was 253, including the scale factor and an overall
The ruthenium atom and toluate ligands were easily located, but the isotropic extinction parameter. The final difference map was essentially
THF and BR moieties were badly disordered. In spite of the disorder, featureless, the largest peak being 1.0%the vicinity of C(28) (in
a difference Fourier map phased on the non-hydrogen atoms clearlya solvent molecule) and the largest hole beiry1 e/,
ocated l yrogen o (excet tose o e THE), and MeseWere  Acknowiedgment. W thank the National Science Founda:
ometry of the sample could not be confirmed on the basis of tion for support of this work. We also. thank Johnson Maithey
crystallographic data, since the full-matrix least-squares refinement did for ,a ,gener,ous loan of ruthenium t.rlchlorlde, L. Zollars for
not rule out partial occupancy of the Bsite. A final difference Fourier ~ @SSisting with the 2-D NMR experiments, Professor D. W.
map was essentially featureless, the largest peak being 0.21 e/A Margerum and L. Schurter for use of their near-IR spectropho-

(©) Ruy(O,C-p-CeH4CH3)s(CH3CN),+3CH:CN. Data were col- tometer at Purdue University, and M. Wemple and H. Eppley
lected at—169°C. Unit cell dimensions were determined by a least- for helpful discussions.
squares fit of the setting angles for 50 carefully_ centered reflqctions Supporting Information Available: Complete listings of bond
having 2 values between 24 and 33No correction for absorption distances and angles, tables of anisotropic thermal parameters, and

W?IS carried ?IUt' F;IOtS of fO.L;.r standar%reflections measured every 300y ERSORT drawings with complete atom number schemes for Ru-
reflections showed no significant trends. (02C-p-CeHaCHa)a(THF)»2THF,  R(O2C-p-CeHaCH)a(CHsCN),»
Following the initial refinement, many of the hydrogen atoms were 3CH,CN, and [Ru(OxC-p-CeHCHs)«(THF),| ¥[BF] - and calculations

.ev]Lder:jt '3 a ?lﬁ%rentli[ Foune:j Thapf. Ill-lydrtogeln at?ms were II"IT%I.'OdUCEdt of dipolar shift sign changes (23 pages). Ordering information is given
in fixed idealized positions and the full-matrix least-squares refinement ,, 5 ¢ rrent masthead page.

was completed by using anisotropic thermal parameters on the non-
hydrogen atoms. The fin&(F) was 0.070 using the full unique data.  1C950860U



