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Isomer Effect on the Structure and Chemical Reactivity of Diruthenium Complexes.
Synthesis and Characterization of the (4,0), (3,1), and (2,2) Trans Isomers of R&sap)4Cl
and Ruy(Fsap)4(C=CCg¢Hs), Where Fsap Is the 2-(2,3,4,5,6-Pentafluoroanilino)pyridinate
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The syntheses and characterization of the (4,0), (3,1), and (2,2) trans isomergfaRKCl and Ruy(Fsap)-
(C=CGCH5), are reported wheresgp is the 2-(2,3,4,5,6-pentafluoroanilino)pyridinate anion. The (4,0), (3,1),
and (2,2) trans isomers of R&sapuCl were separated on a silica gel column following the reaction between
Ru(CH3COO)Cl and molten Heap under argon. The (4,0), (3,1), and (2,2) trans isomers ofFsapy-
(C=CGCsH5s), were obtained by reaction of their respective isomer of(RiapkCl with LIC=CCsHs in THF at

room temperature. The three isomers obReap)Cl and Ru(Fsapy(C=CCsHs), were characterized A+ and

19 NMR, ESR, and IR spectroscopy, mass spectrometry and electrochemistry. E&ult'Rsomer of Ru(Fs-

apuCl is paramagnetic and undergoes two oxidations and one reduction 461£1.1 M TBAP while each

Ru'", isomer of Ry(Fsaph(C=CGCsHs), is diamagnetic and undergoes one oxidation and two reductions under
the same solution conditions. All of the redox processes are reversible and involve metal-centered one-electron
transfers. The singly reduced products of the (4,0), (3,1), and (2,2) trans isomers(BfaRY(C=CCsHs),

were electrogenerated and display ESR signals consistent with the presence of a single unpaired electron. Molecular
structures of the three isomers of JResapy(C=CCsHs), were also determined. The (4,0) isomer crystallizes in

the monoclinic space grougRs/c with a = 23.436(6) A b = 20.640(6) A.c = 23.504(6) A8 = 105.82(23, and

Z = 8, while the (3,1) isomer crystallizes in the monoclinic space g@ggn with a = 15.621(3) A,b =
16.427(3) Ac = 21.166(5) AS = 93.91(2}, andZ = 4. The (2,2) trans isomer crystallizes in the triclinic space
groupP1 with a = 12.819(5) A,b = 13.390(4) A,c = 17.827(5) A,a. = 85.04(2), B = 72.66(2}, y = 68.47-

(2)°, andZ = 2. The average RuRu bond distances in the (4,0), (3,1), and (2,2) trans isomers sfF&yp)-
(C=CGCgHs) are 2.450(1), 2.475(1), and 2.473(1) A, respectively.

Introduction sulfate, to strongly basi2?in the case of 2-anilinopyridinate

Several dimetal complexes bridged by four identical equato- andN,N'.-diphenylformamidinate and can be CI"’.‘SSiﬁEd into two
P g y a categories, symmetricaft®1420 and unsymmetricail—13.2+-29

rial ligands have been synthesized and characterized over theD_ tal | bridaed by f trical ligand
last two decadek:?® The bridging ligands in these complexes Imetal complexes bridged by four Symmetrical figands are
represented by a single structural formula, but four different

vary from slightly basiéd; ! in the case of carboxylates and o ! . =
geometric isomers are possible for dimetal complexes containing
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Chart 1 IH NMR spectra were recorded on a QE-300 FT NMR spectrometer
° ° ° o while %F NMR str))ectradwere obtained W(ijthla N/T-ZOO spectrometer. IR
spectra were obtained on an IBM Model IR/32 FTIR spectrometer.
’—NL. '_NLO O—NLO .—NLO ESR spectra were recorded with an IBM ER 100D spectrometer. The
/' /‘ ‘ o ‘ g values were calculated with respect to the diphenylpicrylhydrazyl
o—M_o6 o—M o o—M o oM o radical (DPPH) which has a signalgt= 2.0036+ 0.0003*° Magnetic
o/ c/ c/ (/ susceptibility measurements were carried out at room temperature with
a Johnson Matthey Model MSG-1 magnetic susceptibility balance which
4,0) 3,1) (2,2) trans (2,2) cis was calibrated with Hg[Co(NC$])

Cyclic voltammograms were obtained with an IBM Model EC 225
| voltammetric analyzer. The working electrode was a platinum button

The isomer with four ivalen nor ms on hm :
€ 1some th four equivalent donor atoms on eac eta with a surface area of 0.19 nfmand a homemade saturated calomel

atom is designated as the (4,0) |som¢r Whl.le that with three lectrode (SCE) was used as the reference electrode. The counter
_eqUIvaIent donor atom_s on each metal is deS|gnatec_I as the (3’lilectrode was a platinum wire. Controlled-potential electrolysis was
isomer2®~28 The notations of (2,2) trans and (2,2) cis indicate carried out with a BAS Model SP-2 potentiostat. An “H” type cell
that these geometrical isomers have two equivalent donor atomsyas used for bulk electrolysis. Two cylindrically shaped platinum
on each metal in trans and cis arrangements, respecfirafy. gauze electrodes, separated by a fine-fritted disk, served as the working
The energy and ordering of the metal-centered molecular and counter electrodes, respectively.
orbitals of diruthenium complexes are highly dependent on the ~ HFsap. A 0.25 mL (ca. 2.5 mmol) portion of 2-bromopyridine was
donor/acceptor properties of the bridging and axial ligands. For added to 5.0 equiv of sodium 2-methyl-2-propanoxide in 100 mL of
this reason, a large number of diruthenium complexes ContainingTHF under an argon atmosphere. The solution was refluxed overnight,

bridaing and axial ligands which varv sianificantly in their after which 10.0 g (ca. 54.6 mmol) of 2,3,4,5,6-pentafluoroaniline was
ging g y Si9 y added and the solution refluxed for another 10 h. The mixture was

and n dpnor/acceptor properties ha\{e been synthesized andipen, extracted by using GBI, and HO. The organic layer was
studied in recent yeals.1%16.1822.27.29 Djrythenium complexes collected, and anhydrous Ca@®las added. The solution was filtered,
with unsymmetrical ligands such as anilinopyridine (ap) and and the crude product was recovered after removal of the solvent. Pure
2-(2,3,4,5,6-pentafluoroanilino)pyridinates@p) have been syn-  2-(2,3,4,5,6-pentafluoroanilino)pyridine, ki#p, was obtained by sub-
thesized, but little is known on how the bonding orientations limation at 110°C under a pressure of & 102 Torr. The yield of
of these ligands would affect the reactivity and stucture of these the product was extremely variable and ranged between 5 and 70%
complexes. For this reason, the synthesis and characterizatiorflespite what appeared to be constant reaction conditions. This problem
of geometric isomers containing the diruthenium unit i, lc\)/ll‘varlable Itlg?r:jd i’;fl!d '? not unotl)ersztggdsa?ggtll}ynﬂﬁ;Q\éesttlg_atlon.
o : ass spectral datar(e, fragment): .5, pI* ata in
+5, or +4 oxidation state are Of.'m?reSt' _ ) CD:Cl, (6, ppm): 8.14 (d, 1H), 7.58 (t, 1H), 6.85 (t, 1H), 6.66 (d,
_ Each Ru(F5ap)4(§,ECC6H5)2 derivative can theoretlcally exist 1H), 6.20 (s, b, 1H), (== singlet; d= doublet; t= triplet; b= broad).
in four geometric isomer forms due to the unsymmetrigalg- (4,0), (3,1), and (2,2) Trans Isomers of RiFsap).Cl.3* Ru(CHs-
bridging ligand (see Chart 1). The synthesis and preliminary coo)Cl (0.18 g, ca. 0.4 mmol) and molten k& (4.00 g, ca. 15.4
characterization of the (4,0) isomer have been repéftead mmol) were stirred under an argon atmosphere at°Qir 20 min.
we now describe the syntheses and characterization of the (3,1)Excess Heap ligand was sublimed off under vacuum at Tfand
and (2,2) trans isomers of REsapu(C=CCsHs).. A more the residue twice chromatographed on a silica gel column, using CH
detailed description of the synthetic procedure and characteriza-Clz and then acetonehexane (1:9) as eluent. Three bands, which
tion of the (4,0) isomer is also presented in this paper in addition Were yellow, brown, and green were collected, and these corresponded
to new data on the (4,0), (3,1), and (2,2) trans isomers eff3u to the (4,0), (3,1), and (2,2) trans isomers ob®sap)Cl, respectlv_ely.
. : . The crude products were washed using methanol and recrystallized three
gp)4CI, the starting compounds used in synthesis of the three times using acetonehexane (2:8). Only the (4,0) isomer of R
isolated isomers of R(Fsaph(C=CCeHs)2. ap)Cl was characterized in detail, and the data are as follows. Infrared
Both series of diruthenium compounds were characterized spectrum (Csl pellet), cmd: 1660.9 (w), 1558.7 (m), 1460.3 (s), 1420.2
by H and F NMR, ESR, and IR spectroscopy, mass (s), 1380.4 (s), 1288.6 (m), 1230.8 (m), 1124.6 (m), 1080.4 (w), 1003.7
spectrometry and electrochemistry. Molecular structures of the (s), 972.2 (s), 854.6 (m), 780.4 (m), 742.7 (m), 718.6 (m), 682.9 (w),
(4,0), (3,1), and (2,2) trans isomers of Resapy(C=CCsHs), 634.7 (w), 588.4 (w), 511.2 (w) (s strong; m= medium; w= weak).
were also determined by single-crystal X-ray diffraction. Mass spectral datar(e, fragment): 1275.0, [Rif=sap),Cl]*; 1240.0,
[(Rux(Fsap)]; 1016.2, [Ru(FsapxCl]*; 980.4, [(Ru(Fsap)]*. Anal.
Calcd for GaH1eNsF20RWCl: C, 41.46; H, 1.26; N, 8.80; F, 29.84.
Found: C, 41.55; H, 1.14; N, 8.77; F, 27.49.
Chemicals and Reagents.Deuterated dichloromethane (GTl,) (4,0) Isomers of Ruy(Fsap)s(C=CCeHs) and Rux(Fsap)s(C=C-
and chloroform (CDG) were purchased from Aldrich Chemical Co.  CeHs)2. A 4.0 mL (ca. 4.0 mmol) sample of LEECGsHs was added
and used as received. @B, was obtained as HPLC grade from Fisher t0 0.10 g (ca. 0.08 mmol) of R(Fsap)Cl in 100 mL of deaerated
Scientific Co. and distilled over phosphorus pentoxidm Spec- THF. The solution was stirred OVernight at room temperature as its
troscopic grade THF, purchased from Aldrich Chemical Co., was color changed from yellow-brown to red. The reaction mixture was
purified by distillation under Ar from sodium/benzophenone just prior then exposed to air and the solvent evaporated under vacuum. The
to use. Analytical grade-hexane (Mallinckrodt Chemical Co.) was  residue was purified on a silica gel column using:Ch/n-hexane (1:
used without further purification. Tetrabutylammonium perchlorate ~ 9) as eluent. A red and a blue band were observed on the column.
(TBAP, Fluka Chemical Co.) was twice recrystallized from absolute The red band was collected and the solvent evaporated under vacuum.
ethanol and dried in the oven at 4GC. Sodium 2-methyl-2- The solid was then recrystallized from @El/n-hexane (2:8), and
propanoxide, 2-bromopyridine, 2,3,4,5,6-pentafluoroaniline, lithium Ru(Fsapk(C=CC¢Hs) was recovered in an isolated yield of 40%.
phenylacetylide, RUGI3H;0, and 1,4-phenylene diisocyanide, pur-  Crystals suitable for X-ray single-crystal analysis were obtained by slow
chased from Aldrich Chemical CO., were used as received. diffusion of n-hexane into a THF solution of the (4,0) isomer of
Physical Measurements.Mass spectra were obtained from a high- - - -
resolution hybrid tandem VG Analytical Model 70-SEQ (EEQQ (30) PDr:ﬁggé Eiasbihylsg:%l' M%tggds in ChemistryV. B. Saunders:
geometry) mass spectro_mete_r. A standard fast atom bompar_d ment(31) The (2,2) ci’s isémer df ?&(Fsap)@l was apparently present in the
(FAB) source was used witin-nitrobenzyl alcohol (NBA) as the liquid reaction mixture, but we could not isolate an adequate amount of
matrix. Elemental analyses were carried out by Galbraith Laboratories, product to further characterize this compound. The low yield for the
Inc., Knoxville, TN. (2,2) cis isomer of Ry(Fsap)Cl is not yet understood.

Experimental Section
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Ru(Fsaph(C=CCsHs). Infrared spectrum (Csl pellet), cth 1660.9 Table 1. Crystal Data and Data Collection and Processing
(w), 1554.8 (w), 1466.1 (s), 1423.6 (s), 1385.1 (m), 1334.9 (w), 1286.7 Parameters of the (4,0), (3,1), and (2,2) Trans Isomers of
(m), 1265.5 (w), 1223.0 (w), 1126.6 (w), 993.5 (s), 970.3 (s), 858.4 Ru(Fsapy(C=CC¢Hs),

(m), 765.8 (m), 740.8 (M), 723.4 (m), 681.0 (w), 588.4 (w), 509.3. @.0) @.1) (2.2) trans
Anal. Calcd for GHxNgF20RW: C, 46.60; H, 1.57; N, 8.36; F, 28.38. ¥ ey P2 e} P (wichin)
Found: C, 46.65: H. 1.65: N, 8.08: F, 28.36. space group 1/c (monoclinic) P2;/n (monoclinic riclinic
The blue band was also collected and thg sol\{ent eyaporateq undergzé gggig% 1223%% iggéggg
vacuum. Pure RyFsapy(C=CCeHs), was obtained in anisolated yield ¢ A 23.504(6) 21.166(5) 17.827(5)
of 40% after elution with CHCl,/n-hexane (2:8) and further purification a, deg 85.04(2)
on an alumina column using pure @El,. Dark-green crystals suitable 3, deg 105.82(2) 93.91(2) 72.66(2)
for X-ray analysis were obtained by recrystallization in a 9:1 mixture 7y, deg 68.47(2)
of CH,Cl, and benzene. Infrared spectrum (Csl pellet); €rm545.2 v, A3 10939 5459 2716
(m), 1454.5 (s), 1367.7 (m), 1325.2 (m), 1115.0 (w), 956.8 (s), 833.4 Molformula  GoHaeNgFooRUz  CooHagNsF20RUz  CeoHaeNsFaoR U
(m), 727.3 (), 665.5 (w), 513.1 (W). Anal. Calcd fordEzsNsFao- fZW &13441-08 41441-08 21441-08
Rup: C,.50.07; H, 1.93; N, 7.63; F, 26.31. Found: C, 50.00; H, 1.81; o, glen? 1.75 1.77 176
N, 7.78; F, 26.39. u, oL 6.55 6.62 6.60
(3,1) and (2,2) Trans Isomers of Ry(Fsap)s(C=CCgHs)z. Both A (MoKa),A 071073 0.71073 0.710 73
isomers were obtained using reaction conditions similar to those data coll range4 < 26 < 50 4<20 <45 4<20 <50
described above for preparation of the (4,0) isomer of(Rap)- (20), deg
(C=CCgHs).. To 0.1 g (0.08 mmol) of the (3,1) or (2,2) trans isomer tsamp' C aggg 65(?31 _05827
of Rux(Fsap)Cl in 100 mL of deaerated THF was added 2.0 mL (2.0 R 0.036 0.024 0.028

mmol) of LiC=CCgHs.
The mixture containing the (3,1) isomer was stirred at room AR =3 ||Fo| — |Fc|l/S|Fol- PRy = [SW(|Fo| — [Fe|)¥3W|FolFY2

temperature fo8 h as thecolor of the solution changed from yellow-

brown to red. The solvent was then removed under vacuum and thea maximum peak of about 0.6, 0.7, or 0.5 &f8r the (4,0), (3,1), or

residue purified on a silica gel column using §3#/n-hexane (3:7)as  (2,2) trans isomer, respectively. All calculations were made using the

eluent. Ared and a blue band were observed on the column. The redNicolet SHELXTL PLUS (1987) series of crystallographic programs.

band was collected and, after evaporation of the solvent under vacuum,  For the (4,0) isomer, all the carbons of th&p ligand were refined

gave the pure (3,1) isomer of REsapy(C=CGCeHs) in a 7% isolated isotropically in order to reduce the number of variables to a manageable

yield. The blue band was also eluted from the column and the solvent yajue. One of the phenyl groups (C(53) to C(60)) was also found to

evaporated under vacuum. The solid residue was further purified on pe disordered over two positions, with this being modeled by using

an alumina column using GBI, as eluent and gave pure Resapy- ideal rigid-body phenyl groups. The variation in the location of C(53)

(C=CGHs): in a 60% isolated yield after evaporation of the solvent. was too small to separate, and therefore it was refined common to both
The (2,2) trans isomer of R{Fsapy(C=CGCsHs), was isolated in a orientations. The occupancy factors refined to 62% for the C(54) to

yield of 85% using a procedure similar to that described above for the C(60) orientation and 38% for C(54to C(60).

(3,1) isomer of Rp(Fsapy(C=CGCsHs).. The only difference was that The Laue symmetry of the (4,0) isomer was determined to g 2/

the mixture was stirred fot h rather tha 8 h as thesolor of the solution and from the systematic absences, the space group was shown to be

changed from green to red. Infrared spectrum for the (3,1) isomer of unambiguouslyp2./c. For the (3,1) and (2,2) trans isomers, the Laue

Rux(Fsapy(C=CCe¢Hs). (Csl pellet), cm™: 2093.0 (w), 1606.9 (m),  symmetries were determined to ber2dnd 1, respectively. From the

1512.4 (s), 1468.0 (s), 1423.6 (m), 1340.7 (w), 1307.9 (w), 1026.3 (S), systematic absences, the space groups were shown to be unambiguously

995.4 (s), 723.2 (w), 756.2 (m), 6932.5 (w). Infrared spectrum for the p2,/nfor the (3,1) isomer and eith&l or P1 for the (2,2) trans isomer.

(2,2) trans isomer of R(Fsapy(C=CGCsHs). (Csl pellet), cm*: 2093.0 Successful refinement iR1 showed it to be the correct setting.

(m), 1608.8 (5),1512.4 (s), 1469.9 (s), 1423.6 (m) 1342.6 (M), 1307.9 o vo o4 biccLasion

Em; %22627(5(;’\' )églzl_gs('\fl)_(w)' 1024.3 (s), 1012.8 (), 9954 (s), 864.2 Synthesis and Reaction.The affinities of the three isomers

X-ray Crystallography of the (4,0), (3,1), and (2,2) Trans Isomers. of Ru?(F5ap)40| forl I_"C=CC6H5 are different undgr the same
Single-crystal X-ray crystallographic studies were performed at the €Xperimental conditions. For example, the formation of the (4,0)
University of Houston X-ray Crystallographic Center. Since the iSomer of Ru(Fsaph(C=CCsHs) or Rux(Fsaph(C=CCsHs),
material was subject to a slow decomposition, the sample was placedfrom the (4,0) isomer of RFsapxClI could be easily controlled
in a stream of dry nitrogen gas a0 °C in a random orientation on by changing the amount of LEECC¢Hs, but this was not the
a Nicolet R3m/V automatic diffractomer. The radiation used was Mo case for the (3,1) or (2,2) trans isomer. The (4,0) isomer of
Ko monochromatized by a _highly or_dered graphite crystal. Fin_al cell Ru(Fsapu(C=CCsHs), was the major product in the presence
constants, as well as ot_her |_nformat|0n pertlngr_n to data collection ar_1d of a large excess of LiECCgHs (> 100 equiv), while the (4,0)
refmement'E arﬁ s_ummar_ltzhed in Tabletl.d Inten(sjmets wetf meaa:regtu_smgsomer of Ru(Fsap(C=CCsHs) was the major product when
anw scan technique, with a scan rate dependent on the count obtaine only 2—5 equiv of LIG=CCeHs was used. On the other hand,

in rapid prescans of each reflection. Two standard reflections were . . } .
monitored after ever2 h or 100data collected, and these showed no when stoichometric amounts (1:1) of IFCCeHs and the (3,1)

significant change, indicating that the crystal does not decompose duringiSomer of Ru(Fsap)Cl were used, the major product isolated
the data collection. During data reduction, Lorentz and polarization Was the (3,1) isomer of R(Fsapy(C=CCsHs). and only 7%
corrections were applied to the intensity data, but because of the smallof the (3,1) isomer of RifFsapi(C=CCsHs) was obtained. No
linear absorption coefficient, absorption corrections were not applied. (2,2) trans isomer of R{Fsapk(C=CGCsHs) could be obtained
The structures were solved by the SHELXTL direct methods program by a reaction between the (2,2) trans isomer of(RsapyCl
which revealed the positions of many of the atoms in the asymmetric and LiC=CC¢Hs. Only the (2,2) trans isomer of R{fFsapy-
unit. Remaining non-hydrogen atoms were found in subsequent (C=CC;zHs), and the parent complex RisapkCl were isolated
difference Fourier syntheses. The usual sequence of isotropic andfqm the reaction mixture. It is not clear at present whether
anisotropic refinement was followed, after which all hydrogens were this is due to kinetic or thermodynamic effects, but the ease of

entered in ideal calculated positions and constrained to riding motion, . S 5
with a single variable isotropic temperature factor for all of them. After adding twoo-bonded axial ligands to the core of Ru(Fs-
)Cl follows the order (4,0)< (3,1) < (2,2) trans.

all shift/esd ratios were less than 0.1, convergence was reached at théP
agreement factors listed in Table 1. No unusually high correlations ~ Molecular Structures of the (4,0), (3,1), and (2,2) Trans
were noted between any of the variables in the last cycle of full-matrix Isomers of Ru(Fsap)s(C=CCg¢Hs),. Selected bond lengths and
least-squares refinement, and the final difference density map showedbond angles for the three isomers of gaph(C=CCsHs).
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Table 2. Selected Bond Lengths (A) for the (4,0), (3,1), and (2,2) Trans Isomers gFRpP)(C=CCsHs),

(4,0) isomet (3,1) isomer (2,2) trans isomer
Ru(1>-Ru(2) 2.441(1) Ru(tyRu(2) 2.475(1) Ru(tyRu(2) 2.473(1)
Ru(1)-N(1) 2.069(6) Ru(1yN(1) 2.003(4) Ru(1yN(1) 2.147(2)
Ru(2)-N(2) 2.030(6) Ru(2yN(2) 2.147(4) Ru(2yN(2) 1.979(3)
Ru(1)-N(3) 2.030(8) Ru(1yN(3) 2.018(5) Ru(1}N(3) 2.159(2)
Ru(2)-N(4) 2.110(7) Ru(2)yN(4) 2.087(4) Ru(2)yN(4) 1.982(2)
Ru(1)-N(5) 2.036(6) Ru(1}N(5) 2.125(4) Ru(1}N(5) 2.012(2)
Ru(2)-N(6) 2.115(6) Ru(2)yN(6) 1.970(4) Ru(2)N(6) 2.120(2)
Ru(1)-N(7) 2.123(7) Ru(2yN(7) 2.054(4) Ru(2yN(7) 2.016(2)
Ru(2)-N(8) 2.032(7) Ru(1)yN(8) 2.085(4) Ru(1)yN(8) 2.120(2)
Ru(1)-C(45) 1.955(12) Ru(:)C(45) 1.987(6) Ru(:yC(45) 1.990(3)
Ru(2)-C(53) 1.951(11) Ru(2)C(53) 1.979(6) Ru(2yC(53) 2.001(3)
C(45)-C(46) 1.212(17) C(45)C(46) 1.208(8) C(45yC(46) 1.201(4)
C(46)-C(47) 1.446(17) C(46)C(47) 1.445(8) C(46)C(47) 1.440(4)
C(53)-C(54) 1.211(28) C(53)C(54) 1.220(8) C(53yC(54) 1.204(4)
C(54)-C(55) 1.451(28) C(54)C(55) 1.425(8) C(54)C(55) 1.446(4)
C(53)-C(54) 1.238(45)

C(54)—C(55) 1.478(44)

aData for molecule 2 of the (4,0) isomer are included in the Supporting Information.

Table 3. Selected Bond Angles (deg) for the (4,0), (3,1), and (2,2) Trans Isomers,(f:Rpl(C=CCsHs).

(4,0) isomet (3,1) isomer (2,2) trans isomer
Ru(2-Ru(1)-N(1) 84.7(2) Ru(2yRu(1)-N(1) 97.5(1) Ru(2yRu(1)-N(1) 80.3(1)
Ru(2-Ru(1)-N(3) 91.0(3) Ru(2}Ru(1)-N(3) 92.7(1) Ru(2}Ru(1)-N(4) 95.9(1)
N(1)—Ru(1)}-N(3) 89.7(3) N(1}Ru(1}-N(3) 90.5(2) N(1}-Ru(1)}-N(4) 88.6(1)
Ru(2)-Ru(1)-N(5) 91.1(3) Ru(2}Ru(1)-N(5) 78.6(1) Ru(2yRu(1)-N(5) 97.2(1)
N(1)—Ru(1)-N(5) 175.9(3) N(1}Ru(1)-N(5) 175.4(2) N(1}Ru(1-N(5) 176.1(1)
N(3)—Ru(1}-N(5) 90.4(3) N(3)-Ru(1}-N(5) 87.4(2) N(4)-Ru(1)}-N(5) 88.6(1)
Ru(2)-Ru(1)-N(7) 83.8(2) Ru(2)Ru(1)-N(8) 81.7(1) Ru(2yRu(1)-N(8) 79.0(2)
N(1)—Ru(1}-N(7) 89.8(3) N(5-Ru(1)-N (8) 90.7(2) N(1)-Ru(1)}>-N (8) 93.7(1)
N(3)—Ru(1}-N(7) 174.8(3) N(3)-Ru(1)-N(8) 174.2(2) N(4)-Ru(1)-N(8) 173.9(1)
N(5)—Ru(1}-N(7) 89.7(3) N(5)-Ru(1)}-N(8) 91.0(2) N(5)-Ru(1)}-N(8) 88.8(1)
Ru(2)-Ru(1)-C(45) 170.6(3) Ru(2yRu(1)-C(45) 163.5(2) Ru(2yRu(1)-C(45) 160.6(1)
N(1)—Ru(1)-C(45) 89.7(4) N(1)Ru(1)y-C(45) 95.9(2) N(1) Ru(1)y-C(45) 87.8(1)
N(3)—Ru(1)-C(45) 96.5(4) N(3)Ru(1)-C(45) 96.8(2) N(4)Ru(1)-C(45) 99.2(1)
N(5)—Ru(1)-C(45) 94.4(3) N(5)-Ru(1)-C(45) 88.4(2) N(5)Ru(1)-C(45) 95.4(1)
N(7)—Ru(1)-C(45) 88.7(4) N(8)Ru(1)-C(45) 88.6(2) N(8)Ru(1)y-C(45) 86.6(1)
Ru(1)-Ru(2)-N(2) 88.3(2) Ru(1)Ru(2)-N(2) 78.3(1) Ru(1)Ru(2)-N(2) 95.1(1)
Ru(1)-Ru(2)-N(4) 82.9(2) Ru(1)yRu(2)-N(4) 81.8(1) Ru(1)Ru(2)-N(3) 79.7(1)
N(2)—Ru(2)-N(4) 90.2(3) N(2)-Ru(2)—N(4) 93.6(2) N(2)-Ru(2)—N(3) 88.6(1)
Ru(1)-Ru(2)-N(6) 82.8(2) Ru(1)yRu(2)-N(6) 95.0(1) Ru(1)yRu(2)-N(6) 79.0(1)
N(2)—Ru(2)—N(6) 171.2(3) N(2)-Ru(2)-N(6) 171.2(2) N(2)-Ru(2)-N(6) 172.0(1)
N(4)—Ru(2)—N(6) 88.6(3) N(4>-Ru(2)—-N(6) 91.3(2) N(3>-Ru(2)-N(6) 95.5(1)
Ru(1)-Ru(2)-N(8) 89.6(2) Ru(1)}Ru(2)-N(7) 93.1(1) Ru(1yRu(2)—N(7) 97.41(1)
N(2)—Ru(2-N(8) 91.6(3) N(2)-Ru(2)-N(7) 88.0(2) N(2-Ru(2)-N(7) 87.4(1)
N(4)—Ru(2)—N(8) 172.3(3) N(4)-Ru(2)-N(7) 174.1(2) N(33Ru(2)-N(7) 174.9(1)
N(6)—Ru(2)—N(8) 88.5(3) N(6>-Ru(2)-N(7) 86.4(2) N(6)-Ru(2)-N(7) 88.1(1)
Ru(1y-Ru(2)-C(53) 172.2(3) Ru(2yRu(1)-C(53) 163.0(1) Ru(2yRu(1)-C(53) 160.9(1)
N(2)—Ru(2)-C(53) 96.6(3) N(2)-Ru(2)-C(53) 87.2(2) N(2)-Ru(2)-C(53) 99.7(2)
N(4)—Ru(2)-C(53) 91.1(4) N(4y-Ru(2)-C(53) 90.4(2) N(3}Ru(2)-C(53) 88.7(1)
N(6)—Ru(2)-C(53) 92.1(3) N(6}-Ru(2)-C(53) 100.3(2) N(6)Ru(2)-C(53) 87.2(1)
N(8)—Ru(2)-C(53) 96.2(4) N(73Ru(2)-C(53) 95.3(2) N(73Ru(2)-C(53) 95.2(1)
Ru(1)-C(45)-C(46) 177.7(9) Ru(1) C(45)-C(46) 171.8(5) Ru(1) C(45)-C(46) 174.6(2)
C(45)-C(46)-C(47) 176.6(11) C(45)C(46)—-C(47) 176.3(7) C(45yC(46)-C(47) 173.2(3)
Ru(2)-C(53)-C(54) 173.6(12) Ru(2)C(53)-C(54) 174.3(5) Ru(2)C(53)-C(54) 172.3(3)
C(53)-C(54)-C(55) 173.4(23) C(53)C(54)-C(55) 178.7(6) C(53)C(54)-C(55) 177.7(4)
Ru(2)-C(53)-C(54) 166.4(23)

C(53)-C(54)—C(55) 166.4(36)

aData for molecule 2 of the (4,0) isomer are included in the Supporting Information.

are summarized in Tables 2 and 3, and their crystal structuresdistinctly nonlinear, having an average value of 171fdr
are presented in Figures 1 and 2. All intramolecular bond molecule 1 and 167/ or molecule 2. Other crystallographic
lengths and angles as well as other structural data for the (4,0)differences between the two molecules can also be noted. For
isomer of Ru(Fsapy(C=CGCsHs) are given in the Supporting  example, the variations in bond lengths and angles involving
Information. Ru(3) and Ru(4) (molecule 2) are more pronounced than those
The X-ray structure of the (4,0) isomer consists of two involving Ru(1) and Ru(2) (molecule 1). Also, theRu—
independent molecules located in general positions (see FigureRu—N torsion angles show a wider variation in molecule 2 than
1). The geometry of each Ru atom is nearly octahedral, with in molecule 1.
one set of four pyridyl nitrogens (for Ru(1) or Ru(3)), and The coordination of each Ru atom is essentially octahedral
another set of four anilino nitrogens (for Ru(2) or Ru(4)), in both the (3,1) and (2,2) trans isomers of ;fgapy-
forming the equatorial planes. The RRu—C angle is (C=CGCH5)2 (see Figure 2), and only a single molecule of each



Isomer Effect on Diruthenium Complexes Inorganic Chemistry, Vol. 36, No. 24, 1995453

isomer, with values averaging 163.Br the (3,1) and 16038

for the (2,2) trans isomer. The fourNRu—Ru—N individual
torsion angles are quite different from each other in the (3,1)
isomer, ranging from 10.3 to 18.5 The N(1)-Ru—Ru—N(2)

and N(3)-Ru—Ru—N(4) torsion angles average 12.7vhile

the N(5)-Ru—Ru—N(6) and N(7}-Ru—Ru—N(8) values aver-
age 15.8. On the basis of steric hindrance alone, one would
have expected to see theC=CGCsHs axial ligands of the (3,1)
isomer bend closer to the pyridyl groups than the anilino rings,
but the opposite is observed.

In all three isomers, there is a 50:50 mixture of left-handed
and right-handed molecules in the crystal with respect to the
N—Ru—Ru—N torsion angles. Each Ru atom has two long
Ru—N bonds and two short ones. This fact is illustrated by
comparing the R&N, bond lengths (IN= pyridyl nitrogen) to
the Ru-N, bond lengths (= anilino nitrogen) for the four
Fsap equatorial ligands in the (2,2) trans isomer. The-Ry
bond lengths are shorter than the-R\, bond lengths foonly
two of the Fap ligands (see Table 2).

The crystal structures of the three compounds also reveal the
following interesting geometric features:

Molecule 2 (i) Three arrangements of bridging ligands are obtained for
Figure 1. View of the (4,0) isomer of RifFsap)(C=CCeHs), with Rup(Fsapy(C=CGCsHs)2, suggesting that each parent compound
the H and F atoms omitted in molecule 1 and molecule 2 but with 0Of Ru(FsapyCl should also have the corresponding (4,0), (3,1),
both orientations of the disordered axial phenyl ring being shown. or (2,2) trans arrangement.

(i) The Ru—Ru bond distance in the (2,2) trans isomer is
2.473(1) A, which is comparable to the value of 2.475(1) A in
the (3,1) isomer, and both values are slightly longer than the
2.441(1) and 2.460(1) A values in the two molecules of the
(4,0) isomer (see Table 2). These-Rru bond distances are
all significantly shorter than the 2.556(1) A RRu distance
in Ru(dpfs(C=CCsHs).. However, as compared to the Ru
Ru bond distances of several Rty Rw®t, and Ruf" com-
plexes!® these bond distances are still much longer than
expected for a R complex of this structural type.

(i) For each isomer of Ri{Fsaph(C=CGCsHs),, the smallest
Ru—Ru—N and N-Ru—C bond angles are observed for the
longest Ru-N bond lengths. This is illustrated in the case of
the (3,1) isomer by the following data: The Ru{N(5) bond
length is longer than the Ru(zN(1) bond length (see Table
2), and subsequently the Ru{ZRu(1)-N(5) and the C(45)
Ru(1)-N(5) bond angles are both smaller than their respective
Ru(2)-Ru(1)-N(1) and C(45)-Ru(1)>-N(1) bond angles (see
Table 3).

(iv) The deviation from linearity for the average RRu—C
bond angles in the three geometric isomers follows the order
(2,2) trans, 160.8< (3,1), 163.3 < (4,0), 171.4 (or 167.7)

The three isomers of R(Fsapy(C=CGCsHs), are also ordered

in the same way if one compares the steric hindrance between
the phenyls of the equatorial ligands and the axial ligand and/
or the polarization of the RuRu bond. The fact that the
average Rut-Ru—C bond angle differs from 18Qesults from

(a) 3,1) isomer of Ruy(F5ap)4(C =CCgHs)2

(b) (2,2) trans isomer of Ru,(F5ap)4(C=CCgHs)z
Figure 2. Views of (a) the (3,1) isomer and (b) the (2,2) trans isomer  electronic effects rather than a steric hindrance between the axial

of Rux(Fsapy(C=CC¢Hs), with H and F atoms omitted. and equatorial ligand.

(v) The arrangement of the equatorial ligands in the (4,0),
isomer is present in the crystal. In the (3,1) isomer of(Rs4 (3,1), and (2,2) trans isomers leads to a severe twist in geometry
apu(C=CGCsHs),, (Figure 2a), either three pyridyl and one of the structure, with the averagefRu—Ru—N torsion angles
anilino nitrogens or one pyridyl and three anilino nitrogens form being 19.9 for the (4,0), 14.4 for the (3,1), and 8.35for the
the equatorial planes of each ruthenium while in the (2,2) trans (2,2) trans isomer.
isomer (Figure 2b) these planes are formed by two pyridyl and  (vi) Suprisingly, in the case of the (4,0) isomer, the two axial
two anilino nitrogens in a trans arrangement. Again, the-Ru  phenylacetylide ligands have nearly the same geometries. For
Ru—C units are not linear in either the (3,1) or the (2,2) trans instance, the same distances are seen between C(45) and C(46)



5454 Inorganic Chemistry, Vol. 36, No. 24, 1997 Bear et al.

Table 4. *H and**F NMR Chemical Shiftsd, ppm} of the (4,0), (3,1), and (2,2) Trans Isomers of,fgapu(C=CC¢Hs), in CD,Cl,

1 19

somer H NMR F NMR

(4,0) 9.85 (4H, d) 5.92 (2H, d) 4.85 (2H, d) —134.0 (4F, d) —158.3 (4F, t)
8.18 (4H, 1) 5.66 (1H, 1) 4.54 (4H, d) —143.2 (4F, d) —158.5 (4F, t)
8.10 (2H, 1) 5.12 (1H, 1) 4.11 (4H, 1) —153.8 (4F, 1)
8.03 (2H, 1)

(3.1) 9.83 (1H, d) 7.35 (2H, d) 6.79 (2H, d) —136.3 (2F, q) —155.7 (1F, t)
9.57 (2H, d) 7.29 (2H, 1) 6.66 (2H, 1) —139.2 (2F, q) —157.2 (1F, t)
9.23 (1H, d) 7.27 (2H, d) 6.59 (2H, d) —140.7 (2F, 1) —159.2 (2F, 1)
7.41 (4H, 1) 7.05 (4H, 1) 6.45 (1H, d) —143.9 (2F, t) —160.4 (2F, t)
7.38 (2H, d) 6.85 (1H, 1) 6.35 (1H, 1) —154.8 (2F, 1) —160.8 (4F, q)

2.2) 9.31 (4H, d) 7.09 (2H, 1) 6.65 (4H, d) —145.2 (8F, d) —163.6 (8F, t)
7.34 (8H, m) 6.90 (4H, d) 6.55 (4H, t) —159.1 (4F, )

as = singlet; d= doublet; t= triplet; g = quartet; m= multiplet.
(1.212 A) and between C(53) and C(54) (1.211 A) (Table 2), R
while the Ru(2)-Ru(1)-C(45) and Ru(1} Ru(2)—C(53) units
have almost the same angles (see Table 3). This could also
suggest that electronic effects play an important role in the
structure.

IH and 1°F NMR Characterization. Well-defined'H and ! 3. isomer
19F NMR spectra are obtained for the three isomers o Rt
apu(C=CGCsHs),, indicating that the compounds are all dia-
magnetic. A summary oH and'°F NMR data is presented in
Table 4. Ten distinctH NMR resonances are seen for the (4,0)
isomer of Ry(Fsapy(C=CGCgsHs),. The four occurring at 9.85,
8.18, 4.54, and 4.11 ppm show an integration representative of
four H’s and can be assigned to the four nonequivalent pyridyl
protons of the equatorial ligands. Due to the different electronic
environment created by the totally polar arrangement of the four
equatorial ligands in the (4,0) isomer, chemical shifts of the
protons on each of the phenyl rings in the axial ligand of(Ru
apu(C=CGCgsHs), differ from one another, thus appearing in
pairs. 2

The magnitude of the related chemical shifts intHENMR
spectrum of the (3,1) and (2,2) trans isomers is similar to that
found in thelH NMR spectrum of the (4,0) isomer. THel
NMR spectrum of the (3,1) isomer shows nine doublets and
six triplets while that of the (2,2) trans isomer exhibits three
doublets and two triplets. The NMR data clearly indicate that L
the four bridging kap ligands, as well as the twoeC=CCsHs 160 120 080 040 000 040 080 -1.20
axial ligands, are identical in the (2,2) trans isomer, giving four
nonequivalent pyridyl protons and three nonequivalent axial Potential (V vs SCE)
phenyl protons. The two equatorial ligands in the trans position Figure 3. Cyclic voltammograms of each investigated isomer of
of the (3,1) isomer are equivalent but the other two equatorial Ru(FsapxCl and Ru(Fsapy(C=CGCsHs). in CH,Cl, containing 0.1 M
ligands and the two axial ligands are not equivalent in this TBAP. Scan rate= 0.1 V/s.

compound. cores can be accomplished by the redox reactions shown-in (1)
The three isomers of R(Fsapk(C=CCsHs), were also ().

characterized b}?F NMR. Thel%F NMR spectrum of the (4,0)

4,0 isomer

2,2 trans isomer

Rug(CwCCeHg)p

(] 4,0 isomer

1 3,1 isomer

2,2 trans isomer

isomer shows five peaks at134.0,—143.2,—153.8,—158.3, Ru’" +e=Ru,"" 1)
and —158.5 ppm. This implies that the fluorine atoms of the
pentafluorophenyl ring are nonequivalent due to restricted Ru26+ +e= Ru25+ )

rotation, which is also observed in the X-ray structure. As
illustrated in Table 4, th&®F NMR spectrum of the (3,1) isomer
shows more resonances than the spectrum of the (4,0) or (2,2)
trans isomer. Also, thé®F NMR spectrum of the (2,2) trans
isomer displays only three peaks with a ratio of 1:2:2, which
indicates that there is a free rotation of the pentafluorophenyl

Ry, +e=Ruy’™" ©))

Cyclic voltammograms of the three isomers of,;fgap)Cl
and Ru(Fsapu(C=CCsHs), in CH,CI, are shown in Figure 3,
. - . and a summary of half-wave potentials for each electrode
rings, thus making the two ortho and two meta fluorines reaction is given in Table 5. Each complex undergoes three
equivalent. reversible reactions. The three isomers of(Rsap)Cl undergo
Electrochemistry. Four oxidation states are possible for each two one-electron oxidations (reactions 2 and 3) and a single
of the six investigated compounds. A stepwise interconversion one-electron reduction (reaction 1) while the three isomers of
between the compounds with R, Rw", Rw?®", or Ryp*" Rw(Fsapy(C=CGCsHs), undergo a single one-electron oxidation
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Table 5. Half-Wave Potentials of Investigated Compounds in,Ckl 0.1 M TBAP

Eip, V vs SCE
R /RUS* RUST/RUS* RuSH/RW*
compd isomer (reaction 3) (reaction 2) (reaction 1)
R (Fsap)Cl (4,0 1.68 0.95 —0.35
(3,1) 1.61 0.78 —0.35
(2,2) trans 1.59 0.63 —0.45
Ruy(Fsapu(C=CCsHs), (4,0) 0.90 —0.05 —1.18
(3,1) 1.00 —0.14 —1.20
(2,2) trans 1.04 —-0.18 -1.21
R (Fsapy(C=CCsHs) (4,0 0.80 —0.53
a See Figure 3 for labeling of reactions-3.
gy =2156 {4,0) isomer of [Ru(F5ap) 4(C =CCgHz)ol in CHACly
a4 = 2.156

(4,0) isomer gz =2.132

x2

110G
L
03 =1882 (A=471x10° cm)
gy =2109
(3,1) isomer m‘:m =471x 103 cm1)
x4 |1_1_(?__(_;|

l—]._l.‘.l._l_l _
g3 =1892 (A=537 x 103 ¢m) 94 =2100
g1 = 2103 +

T

3
93 =1904 (A=268x 103 cm'?)

Figure 4. ESR spectra (77 K) in Cil,, 0.2 M TBAP of the i1y

electrogenerated (4,0), (3,1), and (2,2) trans isomers of _ . 3 -
— = 93 =1915 (A=454x10°cm™)

[RUz(Fsap)a(C—CCeHs)z] .

(2,2) trans isomer

o = 2082 ©

) ) ) (4,0) isomer of Rup(Fgap)4(C =CCgHg) in CH.Cly
(reaction 3) and two one-electron reductions (reactions 2 and containing excess 1,4-phenylene diisocyanide

1) under the same SOIUI!OH conditions. Figure 5. ESR spectra (77 K) of the electrogenerated (4,0) isomer of
By comparing the cyclic voltammograms of the monochloro (g, (F.ap)y(C=CC:He)s]~ in CHoCly, 0.1 M TBAP and Re(Fsap)-

and bis(phenylacetylide) compounds, one can illustrate how the (c=CCHs) in CH,Cl, containing excess 1,4-phenylene diisocyanide.

metal-centered molecular orbitals (HOMO and LUMO) are

sensitive to the donor/acceptor properties and number of axial (see Table 5). A small isomer effect &y, is also seen for all

ligands. The average differenceksy, between the monochloro  three electrode reactions of bsapy(C=CCsHs), (seeEy,

and the corresponding bis(phenylacetylide) compound is 0.65values in Table 5).

V for reaction 3, 0.91 V for reaction 2, and 0.81 V for reaction ESR of Electrogenerated [Ruy(Fsap)s(C=CCeH5s),] .

1. Thus, the Rpf"/Ru°>" process has the largest variation in - Ru(FsapyCl contains three unpaired electrons as evidenced by

half-wave potentials while the Rt/Rw’" process has the the fact that the solid compound has a room-temperature

smallest. magnetic moment of 3.94g. This result is consistent with a
TheE;, of a given electrode reaction is also dependent upon ground state electronic configuration ofz*92(0*7*)3. The

the type of isomer with the largest variation being seen in the three isomers of RyFsapy(C=CCsHs), are unambiguously

case of the RU/RuWPT reaction of the monochloro compound diamagnetic (as shown by their well-definkd and°F NMR

(reaction 2). As seen in Table 5, thgy, for the first oxidation spectra), and no ESR signals could be observed between room

of Rw(Fsap)Cl shifts cathodically by 170 mV upon going from  temperature and 77 K. This is not the case, however, for the

the (4,0) to the (3,1) isomer and by another 150 mV upon going singly reduced products of the (4,0), (3,1), or (2,2) trans isomer

from the (3,1) to the (2,2) trans isomer. This contrasts with of Ruy(Fsaph(C=CGCsHs), in CH,Cl,, 0.1 M TBAP which can

reactions 1 and 3 of R(FsapkCl whereE;, shifts by onlyca. be electrogenerated by bulk electrolysis of the neutral isomers

100 mV upon going from the (4,0) to the (2,2) trans isomer at—0.60 V under argon.
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The 77 K ESR spectrum of each [REsapl(C=CCsHs)2]~ signal for this species is due to an extremely fast relaxation
isomer is shown in Figure 4. Interestingly, the (4,0) isomer of time when the unpaired electron is in an orbital doublet, i.e.
[Rux(Fsapu(C=CC¢Hs)2] ~ exhibits a rhombic signal while the  when the ground state is an orbitally degenef&gstate.

(3,1) and (2,2) trans isomers both show an axial signal. Several experiments were performed in order to determine
However, all ESR spectra in Figure 4 are characteristic of whether correlations might exist between the nature of the axial
species containing one rather than three unpaired electrons sincdigand and the magnetic properties of the diruthenium(ll,1l)
in the latter case, either no signal or a broad and ill-resolved complexes. For instance, it was observed that addition of more
ESR spectrum is observéd? than 100 equiv of 1,4-phenylene diisocyanide to a,Cll

As shown in Figure 4, thgs component in the ESR spectrum  Solution of the (4,0) isomer of R(Fsapl(C=CC¢Hs) leads to
of each isomer consists of two signals which arise from the @ ESR spectrum (77 K) which is similar to that of [Ru
two isotopes of the ruthenium atoms. One isotope has a spin(Fs8Pk(C=CGCsHs)2] ~ (see Figure 5). On the other hand, no
constant off/, (29.8%) and has a six-line hyperfine splitting, ESR spectrum was observed when methanols@Nj or F-,
while the other has a spin constant of 0 (70.2%) and appears agVas added to a Ci€l, solution of Ru(Fsapy(C=CCqHs). The -

a singlet. The singlet signal is the most intense owing to the 1,4-phenylene diisocyanide ligand is similar to the acetylide ion
natural abundance of the isotope population of the ruthenium in that both are good donors andr acceptors. This is not the
atoms. Interestingly, the most intense signal inggeompo- ~ €ase for CHOH, CHCN, and F,, which are mainly donors.
nent of the (3,1) isomer of [R(Fsapk(C=CCsHs),]~ does not Our data thus imply that the KU species should show an ESR
appear as a single peak, as is the case of the (4,0) or (2,2) tran§Pectrum only if each ruthenium ion were complexed by an
isomer (see Figure 4), but rather is split into two closely-spaced &ial ligand which is both a goaddonor and a goost acceptor.
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It sh(()juld ilso bel pomfteg out that a}ll but .one preVIodu§Iy parameters, atomic coordinates, anisotropic displacement parameters,
reported RyP* complex of the structural type investigated in H atom coordinates and isotropic displacement parameters, and all

this study have three unpaired electrons. The only exception melecular bond lengths and angles and figures showing various views
is Ru[(p-toly)NNN(p-tolyl)] s( CHsCN)(BFs) ((p-toly)NNN(p- (including space filling views) of the molecule and molecular packing
tolyl) = di-p-tolyltriazenate) which is ESR silent from room diagrams (72 pages). Ordering information is given on any current
temperature to 77 ¥ but has one unpaired electron and an masthead page.

electronic configuration ob?7*0%7*3. The lack of an ESR | ~g602658
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