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The ruthenium(I1) complex in the salt trans-[Ru(bpy)2(H2O)zl(CF3S03)2 (bpy = 2,2’-bipyridine) is converted 
quantitatively into the corresponding bis-DMSO complex by reaction at ambient temperature in DMSO and is 
isolated as the salt trans-[Ru(bpy)2(DMSO)2](CF3S03)2.0.5H20 (1). 1 reacts with a pyridyl ligand in DMSO at 
ambient temperature to give trans-[Ru(bpy)2(py)(DMSO)](PF6)rnH20 (py = 4-ethylpyridine (CEtpy), n = 0 (2); 
py = 4-(dimethy1amino)pyridine (DMAP), n = 1.5 (3); py = ethyl isonicotinate (ISNE), n = 1 (4)). The single- 
crystal X-ray structure of trans-[Ru(bpy)2(4-Etpy)(DMSO)] (PF&OSDMF (2.0.5DMF) has been determined. 
This salt crystallizes in the monoclinic system, space group P21/c with a = 15.0301(9) A, b = 18.1948(12) A, c 
= 14.6323(7) A, 0 = 97.769(5)’, and 2 = 4. The DMSO molecule is S-bound. 2 is converted into trans-[Ru- 
(bpy)2(4-Etpy)Cl]PFs.H20 (5) by reaction with LiCl in DMF/water at elevated temperature. Removal of the 
chloride ligand in 5 by AgCF3C02 in acetone/water at room temperature in the presence of a second pyridyl ligand 
(ISNE) affords a mixed-pyridine complex which is isolated in nearly quantitative yield as the salt trans-[Ru- 
( ~ P Y ) ~ ( ~ - E ~ P Y ) ( I S N E ) I  (PF6)2 (6).  

Introduction 

Ruthenium and osmium polypyridyl complexes have well- 
established redox and photophysical properties’ and are currently 
receiving considerable attention as candidates for incorporation 
into photochemical molecular devices.2 Thevast majority of work 
to date in this area has involved tris(2,2’-bipyridyl) or bis(2,2’- 
bipyridyl) complexes having the cis geometry. These complexes 
show high stability and are synthetically readily acce~sible.~ Recent 
noteworthy reports have detailed the preparation and photo- 
physical properties of high-nuclearity supramolecular cis-Ru- 
(b~y)~2+-based structures by using 2,3-bis(2-pyridyl)pyrazine as 
a bridging ligand in a stepwise synthetic ~ t r a t egy .~  

An important aspect of the coordination chemistry of the tris- 
(2,2’-bipyridyl) and cis-bis(2,2’-bipyridyl) complexes is the low 
degree of stereochemical control inherent in their preparation. 
Both optical isomerism and, with asymmetrically substituted bpy 
ligands, structural isomerism can occur. Little or no synthetic 
control over isomer formation is available, and separation 
techniques are not yet at the stage where the various isomers can 
be resolved. The existence of unresolved isomers sets significant 
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limitations upon the level of understanding available in the 
interpretation of photophysical and related properties. 

One approach to the construction of ruthenium bpy complex 
arrays in which charge- and energy-transfer processes could be 
exploited to their greatest effect is to synthesize species bearing 
trans substituents. This might be realized by the manipulation 
of the axial ligands in complexes containing the trans- 
[Ru(bpy)2]2+ core. A system which represents a likely candidate 
for the synthesis of functionalized ruthenium(I1) trans complexes 
is trans-[Ru(bpy)z(X)(Y)]“+ (X, Y = pyridine, acetonitrile, etc.; 
n = 1,2).5 Previous work with such complexes has involved only 
the preparation of symmetrical (X = Y) or randomly produced 
asymmetrical derivatives, and in order to proceed, it is necessary 
to develop a rational strategy for the stepwise attachment of 
selected trans ligands. Two precursors which are attractive at 
first glance are trans-[Ru(bpy)z(H20)2] (CF3S03)26 and trans- 
R~(bpy)2C12.~ However, the latter complex is insoluble in all 
common solvents, which effectively precludes its use as a synthetic 
precursor. Hence the diaquo complex has been chosen as the 
most promising starting material for this study. 

Previous reports have demonstrated controlled asymmetrical 
trans substitution with pyridyl ligands in complexes of the form 
trans-[Ru(NH3)4(L)(L’)]* (for example: L = pyridine, L’ = 
pyrazine, n = 2;’ L = imidazole, L’ = isonicotinamide, n = 39.  
However, the precursor for these syntheses, trans-[Ru(NH3)- 
(S02)C1]+,9 has no known analoguein tran~-[Ru(bpy)~(X)(Y)]* 
chemistry. In the field of macrocyclic chemistry, the fixed trans 
geometry in octahedral complexes of unsaturated N4 macrocycles 
was recently exploited to prepare complexes of the form [Ru- 
(TZ)(X)(Y)] 2+ (TZ = 2,7,12,17-tetramethyl- 1,6,11116-tetraaza- 
porphyrinogen; X = DMSO, Y = DMSO or pyridine; X = 
CH3CN, Y = CH3CN or pyridine; X = Y = pyridine or 4,4’- 
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(6) (a) Dobson, J. C.; Meyer, T. J. Inorg. Chem. 1988,27,3283. (b) Coe, 

B. J.; Thompson, D. W. Unpublished rcsults. 
(7) Tfouni, E.; Ford, P. C. Inorg. Chem. 1980, 29, 72. 
(8) Wishart, J. F.; Zhang, X.; Isied, S. S.; Potenza, J. A.; Schugar, H. J. 

Inorg. Chem. 1992, 31, 3179. 
(9) Isied, S. S.; Taube, H. Inorg. Chem. 1974,13, 1545. 

0 1993 American Chemical Society 



Axial Ligand Substitution in R ~ ( b p y ) ~ 2 +  Complexes Inorganic Chemistry, Vol. 32, No. 19, 1993 4013 

bipyridine).'O The achievement of asymmetrical substitution by 
using [Ru(TZ)(DMS0)2](PF6)2 as a precursor demonstrates a 
strategy which may have potentialapplication to trans-[Ru(bpy)z- 
(X)(Y)]"+ complexes. The most significant limiting factor in 
this approach is likely to be the strong tendency for isomerization 
to the more stable cis form, which cannot occur in complexes of 
a sufficiently unsaturated macrocycle such as TZ. Furthermore, 
trans effects will be of crucial importance in influencing 
substitution chemistry. 

Experimental Section 
Materials and Procedures. The salt tranr-[Ru(bpy)2(H20)2](CF3- 

SO3)2 was prepared by using a modification of a previously published 
prdure .6  All other reagents were obtained commercially and used as 
supplied. All reactions were carried out in the dark under an atmosphere 
of argon. Products were dried at room temperature in a vacuum desiccator 
for periods of ca. 15 h prior to characterization. A common tendency 
to retain water in the solid state has previously been documented for 
ci~-Ru(bpy)2~+ comple~es.~' 

Physical Measurements. lH NMR spectra were recorded on a Bruker 
AC200 spectrometer, and all shifts are referenced to TMS. IR spectra 
were obtained as KBr disks with a Mattson Galaxy Series FTIR 5000 
instrument. UV-visiblespectra were recorded by usinga Hewlett Packard 
845 1 A diode array spectrophotometer. Elemental analyses were per- 
formed by ORs, Whitesboro, NY. Electrochemical measurements were 
madewithaPARModel173potentiostatwithaPARModel175universal 
programmer. Owing to the light-sensitive nature of the complexes, all 
solution measurements were carried out in the dark. 

Synthesis of hans[Ru(bpy)2(DMso)2](CF@03)2.0.5H20 (1). A 
solution of trans-[Ru(bpy)2(H20)2l(CF3SO3)2 (1.00 g, 1.34 mmol) in 
DMSO (7 mL) was stirred at room temperature for 48 h. Methanol (10 
mL) was added, and the resulting yellow solution was poured into diethyl 
ether (500 mL). The mixture was cooled in a refrigerator for 2 h to 
ensurecomplete precipitation, and the product was collected by filtration. 
The bright yellow powder was washed several times with diethyl ether 
and dried: yield 1.16 g, 99%; 8~ (CDsOD) 9.49 (4 H, dd, J = 5.1,0.6 
Hz, bpy X 2), 8.75 (4 H, dd, J = 8.2, 1.0 Hz, bpy X 2), 8.39 (4 H, td, 
J = 7.9, 1.4 Hz, bpy X 2), 7.93 (4 H, td, J = 6.7,1.4 Hz, bpy X 2), 2.62 
(6 H, s, Me2SO). Anal. Calcd for C~~HZ~F~N~O~RUS~.O.~H~O: C, 
35.61; H, 3.33; N, 6.39. Found: C, 35.52; H, 3.15; N, 6.33. 

Synthesisof hans[Ru(bpy)2(4-Etp)(DMSO)I(PF6)2 (2). A solution 
of 1 (500 mg, 0.570 mmol) and 4-ethylpyridine (4-Etpy) (0.5 mL) in 
DMSO (4 mL) was stirred at room temperature for 15 h. The addition 
of aqueous NH4PF6 afforded a yellow precipitate, which was collected 
by filtration, washed with water followed by diethyl ether, and then 
dried: yield 501 mg, 99%; 6~ (CDsSOCD,) 9.65 (4 H, d, J = 5.5 Hz, 
bpy X 2), 8.61 (4 H, d, J = 8.0 Hz, bpy X 2), 8.32 (4 H, t, J = 7.7 Hz, 
bpy X 2), 7.95 (4 H, t, J = 6.4 Hz, bpy X 2), 7.60 (2 H, d, J = 6.0 Hz, 
py-Et), 6.96 (2 H, d, J = 5.9 Hz,py-Et), 2.57 (6 H, s, MezSO), 2.42 (2 
H, q, J = 7.6 Hz, py-CHrMe), 0.92 (3 H, t, J = 7.5 Hz, pyCHrMe). 
Anal. Calcd for C ~ ~ H ~ ~ F I ~ N ~ O P ~ R U S :  C, 39.20; H, 3.52; N, 7.88. 
Found: C, 38.94; H, 3.44; N, 7.80. 

Synthesis of ~~~~[RU(~~~)~(DMAP)(DMSO)](PF~)~~.SH~~ (3). 
This complex was prepared identically to 2 by using 1 (50 mg, 0.057 
mmol), 4-(dimethy1amino)pyridine (DMAP) (80 mg, 0.655 "01) in 
place of 4-ethylpyridine, and DMSO (3 mL). This afforded the product 
as a golden powder: yield 52 mg, 98%; b~ (CDsSOCD3) 9.62 (4 H, d, 
J = 5.5 Hz, bpy X 2), 8.62 (4 H, d, J = 7.9 Hz, bpy X 2), 8.31 (4 H, 
t, J = 7.7 Hz, bpy X 2), 7.92 (4 H, t, J = 6.3 Hz, bpy X 2), 6.92 (2 H, 
d, J = 7.0 Hz,py-NMel), 6.14 (2 H, d, J = 7.1 Hz, py-NMez), 2.73 
(6 H, s, py-NMel), 2.59 ( 6  H, s, Me2SO). Anal. Calcd for 
CZ~H~~F~~N~OP~RUS.~.~H~O: C, 37.43; H, 3.79; N, 9.03. Found: C, 
37.48; H, 3.45; N, 8.95. 

Synthesis of ~[Ru(bpy),(IsNE)(DMso)l(PFs)2.H20 (4). This 
complex was prepared identically to 2 by using 1 (100 mg, 0.1 14 mmol), 
ethyl isonicotinate (ISNE) (0.5 mL) in place of 4-ethylpyridine, and 
DMSO (1.5 mL). This afforded the product as a yellow powder: yield 
107 mg, 99%; d~ (CDsSOCD3) 9.65 (4 H, d, J = 5.5 Hz, bpy X 2), 8.60 
(4 H, d, J = 7.6 Hz, bpy X 2), 8.33 (4 H, t, J = 7.6 Hz, bpy X 2), 
8.00-7.95 (6 H, m, bpy X 2, py-COzEt), 7.45 (2 H, d, J = 6.5 Hz, 

(IO) (a) Marzin, C.;Tarrago,G.;Gal, M.;Zidane, I.;Houn,T.;Lerner,D.; 
Andrieux, C.; Gampp, H.; Saveant. J. M. Inorg. Chem. 1986,25,1775. 
(b) Marzin, C.;Tarrago, G.; Zidane, I.; Bienvenue, E.;Seta, P.; Andrieux, 
C.; Gampp, H.; Saveant, J. M. Inorg. Chem. 1986, 25, 1778. 

py-COzEt), 4.18 (2 H, q, J = 7.1 Hz, PyCOrCHrMe), 2.60 (6 H, s, 
Me2SO), 1.16 (3 H, t, J = 7.1 Hz, pyC02CHrMe); u(C0) 1725 (m), 
v(PF6) 860 (s) cm-I. Anal. Calcd for C ~ ~ I F I ~ N S O ~ P ~ R ~ S . H ~ O :  c, 
37.90; H, 3.50; N, 7.37. Found: C, 37.97; H, 3.37; N, 7.21. 

Synthesis of ~~~(bpy)2(4-Etpy)CllE'F'6I-Ifi  (5). 2 (294 mg, 0.33 1 
"01) was added to a saturated solution of LiCl in 1:l (v/v) DMF/water 
(10 mL), and the mixture was heated at 105 OC for 2 h. The reaction 
mixture was cooled to room temperature, and water (40 mL) was added. 
The dark purple solid was collected by filtration, washed several times 
with water, and dried: yield 153 mg, 64%; 6~ (CD3SOCD3) 9.53 (4 H, 
d,J=5.4Hz,bpyX2),8.60(4H,d,J=7.9Hz,bpyX2),8.13(4H, 
t, J = 7.6 Hz, bpy X 2), 7.76 (4 H, t, J = 6.4 Hz, bpy X 2), 7.61 (2 H, 
d, J = 6.3 Hz,py-Et), 6.83 (2 H, d, J = 6.2 Hz, py-Et), 2.36 (2 H, q, 
J = 7.5 Hz, py-CHrMe), 0.9 1 (3 H, t, J = 7.5 Hz, pyCHrMe). Anal. 
Calcd for C ~ ~ H ~ ~ C ~ F ~ N ~ P R W H ~ O :  C, 45.10; H, 3.78; N, 9.74. Found: 
C, 45.42; H, 3.46; N, 9.56. 

Synthesis of tn~w[Ru(bpy)&-Etpy)(ISNE)I(PF6)2 (6). A solution 
of 5 (60 mg, 0.083 mmol), AgCFsC02 (48 mg, 0.217 mmol), and ISNE 
(1 mL) in 40% aqueous acetone (1 5 mL) was stirred at room temperature 
for 72 h. The addition of aqueous N W F 6  afforded an orange precipitate, 
which was collected by filtration (together with the AgCl) and washed 
several times with water. The product was redissolved through the frit 
in DMF (1.5 mL) and precipitated by the addiition of diethyl ether. The 
red-orange solid was collected by filtration, washed with diethyl ether, 
and then dried: yield 78 mg, 98%; 8~ (CD3SOCD3) 9.62 (4 H, d, J = 
5.4 Hz, bpy X 2), 8.65 (4 H, d, J = 7.4 Hz, bpy X 2), 8.22 (4 H, t, J 
= 7.4 Hz, bpy X 2), 8.00 (2 H, dd, J 5.5, 1.3 Hz, py-COzEt), 7.85 
(4 H, t, J = 6.2 Hz, bpy X 2), 7.66 (2 H, d, J = 6.5 Hz,py-Et), 7.38 
(2 H, dd, J =  5.4, 1.3 Hz,py-COzEt), 6.91 (2 H, d, J =  6.5 Hz,ppEt), 
4.19(2H,q,J=7.1Hz,pyCO~CH~Me),2.42(2H,q,J=7.6Hz, 
py-CHrMe), 1.17 (3 H, t, J = 7.1 Hz, pyCOzCHrMe), 0.93 (3 H, t, 
J = 7.5 Hz, pyCHrMe); u(C0) 1728 (m), v(PF6) 839 (s) cm-'. Anal. 
Calcd for C35H34F12N602P2Ru: C, 43.71; H, 3.56; N, 8.74. Found: C, 
43.48; H, 3.54; N, 8.60. 

X-ray Structural Determination. Suitable crystals of 2 were grown by 
slow diffusion of diethyl ether vapor into a DMF solution at room 
temperature. A golden crystal of dimensions 0.25 X 0.25 X 0.15 mm was 
selected for diffraction study. Data were collected on a Rigaku AFC6/S 
diffractometer using the 8/28 scan mode with graphite-monochromated 
MoKaradiation(X = 0.710 73A). Crystallographicdataandrefinement 
details are presented in Table 11. A total of 84 high-angle reflections, 
30.00 I 28 I 38.0O0, were used in a least-squares fit to obtain accurate 
cell constants. Of the 5 152 unique reflections measured, 3461 reflections 
with I > 2.5u(Z) were used in the structure solution and subsequent 
refinement. Final agreement indicesof R = 6.5%and R,, = 8.4% resulted 
with hydrogen atoms placed in their calculated positions. Weights were 
estimated from counter statistics. In the case of the CH3 groups, these 
were defined as rigid bodies and permitted to rotate at an intermediate 
point in the refinement to optimize their orientation. 

Both PF6 counterions aredisordered and are modeled with 12 F positions 
each with occupancies adding up correctly. As a result, the F thermal 
parameters are probably meaningless. The crystal contains 0.5 molecules 
of DMF per asymmetric unit. No correction was made for absorption. 
ORTEPII diagrams showing two views of the cation are given in Figure 
3. Selected bond distances are given in Table 111, selected bond angles 
in Table IV, and final atomic fractional coordinates in Table V. 
Anisotropic thermal parameters, hydrogen atomic parameters, and all 
nonessential bond lengths and angles are provided as supplementary 
material. All computations were performed by using the NRCVAXIZ 
suite of programs. Atomic scattering factors were taken from a standard 
source13 and corrected for anomalous dispersion. 

Results and Discussion 
Synthetic Studies. The reaction of trans- [Ru(bpy)z(H20)2]- 

(CF~SOP)~ with DMSO proceeds relatively rapidly at room 
temperature to form quantitatively the corresponding trans-bis- 
(dimethyl sulfoxide) complex, which is isolated as the salt trans- 
[Ru(bpy)z(DMSO)z] (CF3S03)2.0.5H20 (1). No evidence for 

(11) Johnson, C. K. ORTEP A Fortran thermal ellipsoid plot program; 
Technical Report ORNL-5138; Oak Ridge National Laboratory: Oak 

(13) international Tables for X-ray Crystallography; Kynoch Pres: Bir- 
mingham, U.K., 1974; Vol. IV. 
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Table I. Spectral and Electrochemical Data for the Salts trans-[Ru(bpy)z(X)(Y)](Z), 

Coe et al. 

no. X 
A,,, nm 4 2 ,  V (Up, mVIb 

Y Z n (t,M-I cm-l)" initial or En1 after oxidation after photolysis' 
1 DMSO DMSO OTf 2 292 (31 900) 1 .62c 1.09 (110) 1.47 (115) 

2 4-Etpy DMSO pF6 2 290 (39 500) 1.77c 1.33 (110) 1.36 (100) 

3 DMAP DMSO PF6 2 292 (60 400) 1.47c 0.78 (100) 1.13 (100) 

4 ISNE DMSO pF6 2 288 (33 500) 1.83c 1.41 (115) 1.44 (1 2qd 

5 4-Etpy c1 pF6 1 262 (14 800) 0.72 (100) 0.86 (105) 

420 (6900) 0.69 (100) 

416 (8700) 0.99 (100) 

434 (8500) 

410 (8200) 1.07 (110) 

304 (37 800) 
372 (1 1 200) 
520 (10 900) 
544 (10 300) 

298 (41 700) 
383 (9900) 
478 (1 3 700) 

6 4-Etpy ISNE pF6 2 262 (1 8 700) 1.29 (105) 1.35 (130)d 

Spectra recorded at ambient temperature in DMSO solution at concentrations of cu. M. * Recorded at ambient temperature in acttonitrile 
solution 0.1 M in [N(C,H9-n)4] [PFs] at a Pt disk working electrode (surface area 0.031 cm2) with a scan rate of 200 mV s-l. All potentails are vs 
SCE. Ferrocene internal reference Ell2 = 0.41 V, AE, = 100 mV. Solutions ca. lo-' M in complex. Anodic peak potential for an irreversible process. 
dQuasi-reversible wave (Up > 120 mV). 2-min irradiation with a 150-W Reflector Spot lamp. 

Table 11. Crystallographic Data and Refinement Details for Table IV. Selected Bond Anglcs (deg) for 
rrans-[Ru(bpy)2(4-Etpy)(DMSO)] (PF~)YO.~DMF trans- [Ru(bpy)2(4-Etpy)(DMSO)](PF6)2.O.SDMF 

empirical formula Cao.sHs4.sFizNs.sOi.sPzRuS S( 1)-Ru( 1)-N( 11) 95.38(22) C(37)-Ru( 1)-N(42) 25.3(3) 
fw 925.19 S(l)-Ru(l)-N(22) 87.77(22) C(37)-Ru(l)-N(51) 73.1(3) 
space group m1/c S( l)-Ru( 1)-N(31) 90.06(22) N(42)-Ru( 1)-N(51) 85.8(3) 
a, A 15.0301 (9) S(l)-Ru(l)-C(36) 103.27(20) Ru(l)S(l)-O(l) 112.9(3) 

18.1948( 12) S(l)-Ru(l)-C(37) 107.16(20) Ru(l)-S(l)-C(Z) 115.5(4) 
14.6323(7) S(l)-Ru(l)-N(42) 96.50(22) Ru(l)S(l)-C(3) 113.9(4) 

0, deg 97.769(5) S( 1)-Ru( 1)-N(51) 174.79(22) O( 1 ) S (  l)-C(2) 106.5(5) 
v, A3 3964.8(4) N(l l)-R~(l)-N(22) 76.6(3) O(l)S(  1)-C(3) 106.3(5) 
Z 4 N(ll)-R~(l)-N(31) 174.6(3) C(2)-S(l)-C(3) l00.6(6) 
Dale, Mg m4 1.550 N(l l)-Ru(l)-C(36) 151.6(3) Ru(l)-N(ll)-C(l2) 127.1(7) 
T, K 298 N(ll)-Ru(l)-C(37) 123.7(3) R~(l)-N(ll)-C(l6) 116.3(6) 
A(Mo Ka), A 0.710 73 N(ll)-Ru(l)-N(42) 103.5(3) Ru(l)-N(22)4(17) 116.4(6) 
F(OO0) 1860.57 N(ll)-RU(l)-N(Sl) 88.6(3) Ru(l)-N(22)4(21) 125.6(7) 
b, mm-1 0.60 N(22)-R~(l)-N(31) 103.6(3) Ru(l)-N(31)4(32) 128.9(6) 
scan type 8/28 N(22)-Ru(l)-C(36) 124.8(3) Ru(l)-N(31)4(36) 113.7(6) 
28 limit, deg - 45 N(22)-Ru( 1)-C(37) 152.1(3) Ru( 1)-C(36)-N(3 1) 41.2(4) 

N( 22)-Ru( 1)-N( 42) 175.7( 3) Ru( 1 )-C( 36)-C( 35) 160.0( 8) h,k,l ranges 15-1 6,&19,O-15 
tot. no. of reflns 5152 N(22)-Ru( 1)-N(51) 89.9(3) Ru(l)-C(36)4(37) 74.2(5) 
no. of unique reflns 5152 N(31)-Ru( 1)-C(36) 25.2(3) Ru(l)-C(37)-C(36) 76.0(5) 
no. of data with I > 2.5o(I) 3461 N(31)-Ru(l)-C(37) 54.3(3) Ru(l)-C(37)4(38) 159.9(7) 
R" 0.065 N(31)-R~(l)-N(42) 75.9(3) Ru(l)-C(37)-N(42) 42.8(4) 

0.084 N(31)-Ru(l)-N(51) 85.9(3) Ru(l)-N(42)-C(37) 112.0(6) 
C(36)-Ru(l)-C(37) 29.9(3) Ru(l)-N(42)4(41) 127.7(6) Rw" 

no. of params 612 C(36)-Ru( 1)-N(42) 53.7(3) Ru( l)-N(Sl)-C(52) 121.6(6) 
max residual electron density, e/A3 1.14 C(36)-Ru( 1)-N(5 1) 74.3(3) Ru( 1)-N(5 1)-C(56) 122.1(7) 

b, A 
c, A 

GOF 2.3 1 

min residual electron density, ejA3 -0.48 
" R Z(IFd - IFd)/Zpd; Rw = [Z:W(FO - Fc)2/Z~Foz]1/2; GOF = 

[Zw(Fo - Fc)2/(no. of reflns - no. of param~)]I/~. 

Table III. Selected Bond Distances (A) for 
trans-[Ru(bpy)2(4-Etpy)(DMSO)] (PF6)yO.SDMF 

Ru(l)-SU) 2.257(3) Ru(l)-N(42) 2.103(7) 
Ru(l)-N(ll) 2.108(8) Ru( 1)-N(5 1) 2.147(8) 
Ru(l)-N(22) 2.105(7) S(1)-0(1) 1.479( 1) 
Ru( 1)-N(31) 2.081(7) S(l)-C(2) 1.781(11) 
Ru(l)-C(36) 2.896(10) S(l)-C(3) 1.769( 1 1) 

isomerization to the cis form is observed over extended periods 
if the reaction is kept in the dark. This contrasts with the 
observation of isomerization at room temperature in the dark for 
trans- [Ru(bpy)2(H20)2] (CF$Os)z in aqueous acidic solution.14 
1 reacts readily with the pyridyl ligands 4-ethylpyridine (CEtpy), 
4-(dimethylamino)pyridine (DMAP), and ethyl isonicotinate 
(ISNE) at room temperature in DMSO solution to form the salts 
trans-[Ru(bpy)~(py)(DMSo)](PF6)2.nH20 (py = 4-Etpy, n = 

Ru(l)-C(37) 2.872(9) 

(14) Durham, B.; Wilson, S. R.; Hodgson, D. J.; Meyer, T. J. J. Am. Chem. 
Soc. 1980, 102, 600. 

0 (2); py = DMAP, n = 1.5 (3); py = ISNE, n = 1 (4)). It has 
been found that when a stoichiometric amount of pyridyl ligand 
is used, unreacted 1 persists after several days, but if a large 
excess of pyridyl ligand is added, all of the bis(dimethy1 sulfoxide) 
complex is consumed after a period of 15 h. Again, no 
isomerization occurs if the reaction is left for extended periods 
in the dark. 

A crystal structure determination on tram- [Ru(bpy)l(CEtpy)- 
(DMSO)](PF& (2) (vide infra) reveals that the second DMSO 
ligand is S-bound. This is in keeping with the crystallographically 
established preference of Ru(I1) for binding via the sulfur atom 
of DMSO15 and implies a relatively strong R u S  bond. In 
accordance with this observation, it has been found that 
substitution of the second DMSO ligand in 2 is accomplished 
much less readily than the initial replacement. 'H NMR 
experiments have revealed that no reaction occurs in solutions of 

(15) (a) March, F. C.; Ferguson, G. Cun. J.  Chem. 1971, 19. 3590. (b) 
McMillan, R. S.; Mercer, A.; James, B. R.; Trotter, J. J .  Chem. Soc., 
Dalton Truns. 1975, 1006. (c) Mercer, A.; Trotter, J. J .  Chem. Soc., 
Dulron Trans. 1975,2480. (d) Davies, A. R.; Einstein, F. W. B.; Farrell, 
N. P.; James, B. R.; McMillan, R. S. Inorg. Chem. 1978,17, 1965. (e) 
Oliver, J. D.; Riley, D. P. Inorg. Chem. 1984, 23, 156. 
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Table V. Final Atomic Fractional Coordinates and Equivalent 
Isotropic Displacement Coefficients (A2) for 
tram- [ Ru( bpy)2(4-Etpy) (DMSO)] (PF&4.5DMF 
atom X Y z B d  

0.29575(5) 
0.37 174(17) 
0.4457 (5) 
0.3058(8) 
0.4202(8) 
0.1682(5) 
0.1058(7) 
0.0248(7) 
0.0046(7) 
0.0666(7) 
0.1467(7) 
0.2150(7) 
0.2078(7) 
0.2707(7) 
0.3411(7) 
0.3475(7) 
0.2851 (5) 
0.4156(5) 
0.4870(6) 
0.553 5 (7) 
0.5501 (8) 
0.4805(8) 
0.4166(6) 
0.3476(6) 
0.3407(7) 
0.2852(8) 
0.2444(7) 
0.2541(7) 
0.3022(5) 
0.2333(5) 
0.2668(7) 
0.2366(8) 
0.1643(7) 
0.1309(7) 
0.1642(6) 
0.1349(8) 
0.1 873 (9) 

-0.0142(8) 
0.0079(21) 
0.0505( 10) 
0.0265( 16) 
0.1051(22) 
0.16244(21) 
0.21823(21) 
0.14224(21) 
0.10866(21) 
0.18465(21) 
0.07509(21) 
0.25 179(2 1) 
0.24679(21) 
0.1 1824(21) 
0.07786(2 1) 
0.20641 (2 1) 
0.11565(21) 
0.20900(21) 
0.4298(3) 
0.4577(3) 
0.5278( 3) 
0.4035(3) 
0.3334(3) 
0.4633(3) 
0.3978(3) 
0.3345(3) 
0.3931(3) 
0.5222( 3) 
0.4636(3) 
0.4631 (3) 
0.3936(3) 

0.52521(5) 
0.61783(14) 
0.5918(4) 
0.6786(6) 
0.6806(6) 
0.5591(4) 
0.5957(6) 
0.6172(6) 
0.6017(7) 
0.5629(6) 
0.5412(5) 
0.4968(5) 
0.4768(7) 
0.4321 (7) 
0.4087(7) 
0.4306(6) 
0.4760( 5) 
0.4834(4) 
0.4570(6) 
0.4153(7) 
0.4043(7) 
0.4353(6) 
0.4772(6) 
0.5233(6) 
0.527 l(7) 
0.5833(8) 
0.63 12(7) 
0.6235(6) 
0.5671(4) 
0.4306( 5) 
0.3632(6) 
0.3032(6) 
0.3 104(6) 
0.3797(6) 
0.4365(6) 
0.2449(7) 
0.2385(8) 
0.0582(7) 
0.0528( 17) 
0.0984(9) 
0.1 64 1 (1 3) 
0.0698( 18) 
0.82862( 18) 
0.90377(18) 
0.8331 1( 18) 
0.75555( 18) 
0.82621(18) 
0.87479(18) 
0.78453(18) 
0.80519( 18) 
0.86351 (1 8) 
0.85379(18) 
0.79547(18) 
0.75338(18) 
0.90560( 18) 
0.18515(21) 
0.20131(21) 
0.20800(21) 
0.16850(21) 
0.16181(21) 
0.10282(21) 
0.26699(21) 
0.16880(21) 
0.14951(21) 
0.20022(2 1) 
0.21951(21) 
0.10661(21) 
0.26241(21) 

0.128 17(5) 
0.07 135( 17) 
0.0225(5) 

-0).0056(8) 
0.1561(8) 
0.0643(5) 
0.1034(7) 
0.0568(8) 

-0.0337(8) 
-0.0741(7) 
-0.0271(7) 
-0.0642(7) 
-0.1560(7) 
-0.1862(7) 
-0.1248( 8) 
-0.0333(7) 
-0.003 l(5) 
0.1963(5) 
0.1604( 7) 
0.2086(8) 
0.3034(9) 
0.3431(7) 
0.2881(7) 
0.3244(6) 
0.4201(7) 
0.4483(8) 
0.3832(8) 
0.2923(7) 
0.2629(5) 
0.1801(5) 
0.1736(8) 
0.2134(8) 
0.2655(7) 
0.2718(7) 
0.2295(7) 
0.3200(9) 
0.4127( 10) 
0.2187(8) 
0.18 12(21) 

0.0975( 17) 
0.0456(23) 
0.18464(23) 
0.18398(23) 
0.07536(23) 
0.18405(23) 
0.29267(23) 
0.19238(23) 
0.17565(23) 
0.25303(23) 
0.26589(23) 
0.1 1371(23) 
0.10085(23) 
0.19801 (23) 
0.16873(23) 
0.0833(3) 

-0.0160(3) 
0.1285(3) 
0.18 13(3) 
0.0368(3) 
0.0758(3) 
0.0895(3) 
0.1 16 l(3) 

-0.0143(3) 
0.0493(3) 
0.1797(3) 
0.1195(3) 
0.0459(3) 

0.1002(11) 

2.97(3) 
3.44( 12) 
4.6(4) 
4.9(6) 
5.3(6) 

4.1(5) 
4.9(6) 
5.4(6) 
4.8(6) 
3.6(5) 

4.7(6) 
5.2(6) 
5.2(6) 
4.2(5) 

3.1(3) 

5.4(6) 
5.8(6) 
4.9(6) 
3.8(5) 
3.4(4) 
4.8(6) 
6.3(7) 
5.2(6) 
4.1(5) 
3.2(4) 
3.8(4) 
4.7(6) 
5.3(6) 
4.6(5) 
4.2(5) 
3.8(5) 
5.7(6) 
7.4(8) 
3.6(3) 
8.5(8) 
3.6(3) 
5.7(6) 
9.2(9) 
5.34(16) 

20.4(29) 
13.2( 17) 
20.6(28) 
16.7(22) 
7.5(9) 
9.7(12) 

12.7(12) 
19.1(20) 
17.5( 16) 
17.0( 17) 
13.7(14) 
13.4( 13) 

12.6(13) 
14.9( 16) 
10.7( 12) 
16.2(15) 
16.5(17) 

15.6( 19) 
19.8(26) 
17.9(25) 
29.8(41) 
21.1(27) 
8.8(11) 

3.5(4) 

3.5(4) 

3.5(4) 

3.9(5) 

7.44(22) 

20.1(21) 

4 Bi, is the mean of the principal axes of the thermal ellipsoid. 

pyridine or acetonitrile at room temperature in the dark over 
several days. If the solutions are exposed to light, reaction 
accompanied by isomerization takes place. Thermal displacement 
of the DMSO by a pyridyl ligand can be accomplished at 
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temperatures above ca. 80 “C, but unless a large excess of ligand 
is present, isomerization occurs. Furthermore, the use of excess 
of a second pyridyl ligand gives rise to replacement not only of 
the DMSO but also of the 4-Etpy ligand. This can yield mixtures 
containing up to 50% of the symmetrical bis(pyridine) complex. 
The sensitive nature of these trans complexes coupled with their 
generally poor solubility characteristics effectively preclude the 
use of chromatographic techniques to separate such mixtures. 

Since it has been established that neither thermal nor 
photochemical substitution by pyridyl ligands provides routes to 
the desired asymmetric trans complexes, attention was turned to 
chemical methods of replacing the DMSO ligand. Hopes that 
the DMSO might be labilized by oxidation to dimethyl sulfone16 
have been proven ill-founded by electrochemical studies (oide 
infra). Also, a report describing the base-catalyzed labilization 
of S-bound DMSO in Ru(I1) complexes17 is very likely to be 
simply an observation of H / D  exchange of the acidic methyl 
protons. Of considerable interest is an account of acid-catalyzed 
aquation in thecomplex [Ru(trpy)(bpy)(DMSO)]2+ (trpy = 2,2’: 
6,2”-terpyridine).18 However, it has been found that 2 is inert 
toward concentrated HCl in methanol unless heated to cu. 80 “C. 
The yellow product from this reaction has been identified as trans- 
[Ru(bpy)z(DMSO)Cl]PF6 on the basis of IH NMR and UV-vis 
spectroscopy.19 This demonstrates that the DMSO ligand in 2 
is unusually stable to acid attack and rules out any potential for 
acid-catalyzed substitution. 

As described earlier, thermal replacement of the DMSO in 2 
by a pyridyl ligand is accompanied by a large degree of exchange 
of the 4-Etpy ligand. It is likely that this occurs prior to 
substitution of DMSO owing to the moderately high trans- 
labilizing influence of S-bound DMSO.2o However, the obser- 
vation that extended reaction times result in increasing degrees 
of 4-Etpy exchange shows that the trans-labilizing effect of a 
pyridyl ligand in these systems is also significant. When 2 is 
heated with excess KCN or NaN02 in DMSO, the strong trans- 
labilizing effects of the ?r-acceptor ligands CN- and NO2- result 
in almost quantitative formation of the complexes rruns-Ru(bpy)z- 
(CN)2 and trun~-Ru(bpy)2(NO2)2, respectively. These com- 
pounds are totally insoluble in all common solvents and have 
been characterized by IR spectroscopy and elemental analyses.21 
They are more readily prepared in quantitative yield from the 
salt trans- [Ru(bpy)~(H20)21 (CF3S0&.22 

When 2 is heated with an excess of LiCl, the major product 
is truns-[Ru(bpy)2(CEtpy)Cl]PFcH20 (5). If the reaction is 
carried out in a saturated solution of LiCl in aqueous DMF, then 
some precipitation of this product occurs even at 105 OC. The 
complete lack of solubility of 5 in water facilitates its isolation 
in pure form, but yields of cu. 65% demonstrate that a large 
proportion of the starting complex in 2 is not converted to the 
desired product. The addition of aqueous NH4PF6 to the golden 
filtrate obtained after removal of the product 5 affords a yellow 
solid identified as the same compound, trans- [Ru(bpy)z(DMSO)- 
cl]PF6, isolated when 2 is heated with concentrated HCl.19 Of 
particular interest is the observation that not even a trace of the 
totally insoluble truns-Ru(bpy)2Cl2 is produced in this reaction. 

Roecker, L.; Dobson, J. C.; Vining, W. J.; Meyer, T. J. Inorg. Chem. 
1987, 26, 779. 
Farrel, N.; De Oliveira, N. G. Inorg. Chim. Acta 1980, 44, L255. 
Root, M. J.; Deutsch, E. Inorg. Chem. 1985, 24, 1464. 

= 7.7 Hz, bpy X 2), 8.27 (4 H, t, J = 7.5 Hz, bpy X 2), 7.78 (4 H, t, 
J = 6.3 Hz, bpy X 2), 2.44 (6 H, s, M e s o ) ;  X,(DMSO) 296,438 nm. 
(a) Kukushkin, Y. N. Inorg. Chim. Acta 1974, 9, 117. (b) Elding, L. 
I.; Grhing, 0. Inorg. Chem. 1978, 17, 1872. 
The complex rmnr-Ru(bpy)z(CN)z was isolated as a dark red-purple 
solid. v(CN) 2062 cm-1. Anal. Calcd for C ~ Z H ~ ~ N ~ R U - H ~ O :  C, 54.65; 
H, 3.75; N, 17.38. Found: C, 54.60; H, 3.42; N, 17.16. The complex 
tranr-Ru(bpy)z(NOz)z was isolated as a red solid. Anal. Calcd for 
CZOH~~N&&I:  C, 47.53; H, 3.19; N, 16.63. Found: C, 47.30; H, 
3.15; N, 16.46. 
Coe., B. J.; Thompson. D. W. Unpublished results. 

8~ (CDjSOCD3) 9.32 (4 H, d, J =  5.4 Hz, bpy X 2). 8.71 (4 H, d, J 
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Scheme I. Preparation of trun~-Bis(2,2'-bipyridine)ruthenium Complexes (Etpy = 4-Ethylpyridine) 
2+ 2+ 

PJ 
DMSO DMSO 

r.t. 48b r.t. 1% 

OH2 DMSO PY 

PJ Etpy (2), DMAP (3, ISNE (4) 
(1) 

Coe et al. 

N = 2,2'-bipyridine (bpy) 
n 

N 

This demonstrates that C1- does not exert a trans-labilizing effect 
either on the 4-Etpy ligand or on DMSO, since reaction of either 
5or trans-[Ru(bpy)2(DMSO)Cl]PF6 with another C1-ion would 
yield trans-Ru(bpy)2C12. 

The chloride ligand in 5 is sufficiently labile to enable 
abstraction by silver(1) trifluoroacetate at ambient temperature. 
If this reaction is carried out in pure acetone with excess ISNE, 
precipitation of AgCl is observed and a dark purple solid isolated. 
This material has a UV-visible spectrum almost identical in 
absorption profile to that of 5, but with blue shifts in the maxima 
of 10-20 nm.23 This suggests the formation of the salt trans- 
[Ru(bpy)2(4-Etpy)(CF,C02)1PF6, which does not react further 
with ISNE in acetone. However, if the abstraction is carried out 
in aqueous acetone, then an excellent yield of the mixed pyridine 
salt trans-[Ru(bpy)~(4-Etpy)(ISNE)](PF,& (6) is obtained. 
Hence it appears that a relatively strongly coordinating solvent 
such as water must be present in order to facilitate substitution 
of theanionicCF3C02-ligand by theneutral ISNE. Thereactiion 
sequence leading to 6 is shown in Scheme I. The overall yield 
of 6 prepared in four steps starting from trans-[Ru(bpy)2- 
(H20)2](CF3S03)2 is 61%. 

lH NMR Studies. Complexes of the form trans-[Ru(bpy)z- 
(X)(Y)]"+ have well-defined 1H NMR spectra, which aid greatly 
in their identification. In particular, the bpy protons of the trans- 
[Ru(bpy)2I2+ fragment give a diagnostic pattern of doublet, 
doublet, triplet, triplet (in order of increasing field strength) with 
integrals 4:4:4:4 in the range 9.8-7.7 ppm in DMSO-d6 solution. 
The precise chemical shifts of these multiplets are determined by 
the electronic properties of the Ru center, and hence by the axial 
ligands. The lowest field bpy doublet is found to be the most 
sensitive indicator and can vary over a range of about 0.4 ppm, 
whereas the other three multiplets only vary over cn. 0.15-0.10 
ppm. All of the new complexes reported show this characteristic 
pattern together with signals assigned to the axial ligands. 

Of particular interest to this study are the resonances observed 
for coordinated DMSO molecules. Previous reports have assigned 
signals occurring ca. 1 ppm downfield of free DMSO (at 2.53 
ppm in DMSO-d6) to S-bound DMSO, while 0-bound DMSO 
has been found to give signals very close to those of free 

DMSO.I5bvdJ4 For 1 the spectrum in weakly coordinating 
methanold,, shows two singlets at 2.65 and 2.62 ppm of integral 
6:6 which are invariant with time. The lower field resonance 
corresponds to free DMSO. This suggests that one of the DMSO 
ligands in 1 is rapidly replaced by methanol, but once this exchange 
has occurred, the second DMSO is not labile a t  room temperature. 
It seems likely that the remaining DMSO is S-bound since the 
Occurrence of 0-bound DMSO with Ru(I1) has only previously 
been reported in cases where it exists trans to an S-bound 
DMS0.15c*d This is believed to be because of an electronic 
stabilization from 0-bound DMSO functioning as a strong 
a-donor and the S-bound as a r-acceptor.15d 

When the spectrum of 1 is recorded in DMSO-& a rather 
different pattern is observed. At 10 min after dissolution, three 
signals areobservedat 2.60,2.34, and 1.94 ppmof relative intensity 
3:1:2, and a singlet is observed for free DMSO of integral 6, 
which accounts for 50% of the total originally coordinated. After 
60 min at  ambient temperature, all three signals assigned to bound 
DMSO completely vanish and the free DMSO singlet integrates 
for 12 protons, indicating complete exchange of the initially bound 
DMSO by DMSO-d6. Furthermore the bpy region shows small 
overlapping %hadow" multiplets for all but the higher field 
doublet, and this pattern remains unchanged with time. 

It is not possible with the data available to rationalize this 
behavior conclusively, but it seems that thecomplex of 1 in DMSO 
solution exists as a mixture of the possible S- and 0-bound isomers. 
The most stable isomers are likely to be the S/S-bound and S/O- 
bound forms, with the O/O-bound being unlikely. The obser- 
vation of a major and a minor set of bpy multiplets supports this 
hypothesis. Exchange of the bound DMSO is clearly rapid, and 
this may be a result of loss of either S- or 0-bound DMSO. 
However, it is perhaps reasonable to suggest that S-bound DMSO 
converts to 0-bound before exchange can occur. Facile exchanges 
of both S- and 0-bound DMSO have been previously reported 
for several other Ru(I1)-DMSO c o m p l e ~ e s , ~ 5 b ~ ~ ~ ~ ~ b  with slower 
exchange observed for S-bound compared to 0-bound molecules. 

All of the salts 2-4 show only single resonances for bound 
DMSO which do not exhibit any tendency for exchange at rmm 
temperature in the dark. These signals all occur in the narrow 
range 2.60-2.57 ppm, which is only 0.07-0.04 ppm downfield of 

(24) (a) Senoff, C. V.; Maslowsky, E.; Goel, R. G. Can. J.  Chem. 1971,19, 
3585. (b) Evans, I. P.;Spe.ncer,A.; Wilkinson,G.J. Chem.Soc., Dulron 
Trans. 1973, 204. (23) X,,(DMSO) 302, 360, 506 nm. 
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Figure 1. Aromatic region of the IH NMR spectrum of trans-[Ru- 
(bpy)z(CEtpy)(ISNE)](PF& (6) in DMSO-& vs TMS. 

the free-DMSOsignal. Since theDMSO is known to beS-bound, 
at least in 2, these values demonstrate a much smaller degree of 
deshielding of the methyl protons when compared to values for 
other Ru(I1)-DMSO complexes. This is likely to be a result of 
the counterbalancing shielding effect of the ring currents due to 
the bpy ligands. Similarly high-field signals assigned to S-bound 
DMSO have previously been observed in Ru(I1)-DMSO com- 
plexes of a tetrapyrazolic macrocycle.1° 

The axial pyridyl ligands give rise to characteristic AA'BB' 
splitting patterns together with signals for the methyl and ethyl 
substituents. The positions of the AA'BB' signals are found to 
vary greatly with the nature of the 4-substituent, with 4 showing 
the lowest field resonances due to the deshielding effect of the 
-C02Et group. The shielding effect of the -NMe2 group gives 
rise to a relatively high-field AA'BB' pattern for 3, the center of 
which is ca. 1.2 ppm upfield of that for 4. The judicious choice 
of the ligands 4-Etpy and ISNE results in a spectrum for 6 in 
which all of the aryl multiplets are clearly resolved (Figure 1). 
Hence the 1H NMR spectrum serves as an especially powerful 
tool in the identification of this complex. Small but significant 
shifts for the AA'BB' and Et multiplets of the 4-Etpy ligand are 
observed for the trans-[Ru(bpy)2(4-Etpy)(Y)]"+complexes 2 (Y 
= DMSO, n = 2), 5 (Y = C1, n = l), and 6 (Y = ISNE, n = 
2) due to the trans effect of the Y ligand. 

Infrared Studies. Spectra were recorded for all of the new 
salts primarily in order to assign the SO stretching vibrations of 
the bound DMSO molecules. Previous reports have shown that 
S-bound DMSO gives bands around 1100 cm-l, which is to high 
frequency of that of free DMSO (ca. 1055 ~ m - l ) . l ~ ~  This is 
attributed to an increase in the SO bond order, implying that the 
electron density donated from S to Ru is of an antibonding nature 
with respect to the SO bond. Conversely, 0-bound DMSO leads 
to a lower vibrational frequency of ca. 915 cm-l, owing to a 
decrease in the SO bond order resulting from extensive u-donation 
from 0 to Ru. Unfortunately, the complex nature of the spectra 
obtained for salts 1-6 renders impossible any conclusive iden- 
tification of bands due to bound DMSO, but data are reported 
for the sake of c~mple teness .~~ 

UV-Visible Studies. Electronic spectra for the new complexes 
were recorded in DMSO solution, and data are presented in Table 
I. The DMSO-containing salts 1-4 are all yellow and exhibit a 
single intermediate-intensity MLCT band at  the violet end of the 
visible spectrum together with a single high-intensity T-T* band 
in the UV. The energy of the MLCT band is found to vary to 
some degree with the nature of X in trans-[Ru(bpy)z(X)- 
(DMSO)]Z+, but only a very small blue shift is observed when 
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X = DMSO (1) is replaced with 4-Etpy (2). Similar behavior 
has been reported for the previously described Ru(I1)-DMSO 
complexes of a tetrapyrazolic macrocycle.10 The electronic 
influence of the 4-pyridyl substituent R in trans- [Ru(bpy)z(py- 
R)(DMSO)](PF& can be seen in the blue shift of 6 nm going 
from R = Et (2) to R = COzEt (electron-withdrawing, 4). A 
much larger red shift of 18 nm is produced when the ethyl group 
in 2 is replaced by the strongly electron-donating NMez group 
(in 3). The energies of the T-T* bands are found to be almost 
invariant in this group of complexes. 

The purple-red salt 5 has an absorption profile which is very 
different from those of the DMSO complexes. In this case, one 
high-intensity and two medium-intensity UV bands are observed 
together with two bands in the green region of thevisible spectrum. 
Theorange salt 6 has two high-intensity and one medium-intensity 
UV bands, and the MLCT band occurs in the blue region. The 
striking changes in visible absorption characteristics for the series 
of 4-Etpy complexes in the salts 2, 5, and 6 serve to facilitate 
greatly the spectrophotometric monitoring of the reaction sequence 
leading to 6. 

Electrochemical Studies. The oxidative electrochemical prop- 
erties of the new complexes were investigated by cyclic volta- 
mmetry in acetonitrile solution in the dark. Results are presented 
in Table I. The DMSO-containing complexes in salts 1-4 all 
show similar behavior. No redox events are observed on cycling 
between 0 and 1 V, but if the range is extended to 2 V, an initial 
completely irreversible oxidation is observed in the region 1.83- 
1.47 V. The position of this wave depends on the nature of X in 
trans-[Ru(bpy)z(X)(DMS0)I2+, with an anodic shift of 150 mV 
produced by replacing X = DMSO (1) with 4-Etpy (2). The 
electronic influence of the 4-pyridyl substituent R in trans-[Ru- 
(bpy)z(py-R)(DMSO)](PF6)2 can be seen in the anodic shift of 
60 mV on going from R = Et (2) to R = COzEt (4). A much 
larger cathodic shift of 300 mV is produced when the ethyl group 
in 2 is replaced by the strongly electron-donating NMez group 
(in 3), and oxidation becomes considerably more favorable. These 
changes are in qualitative agreement with those observed in the 
electronic absorption spectra. 

Once the irreversible oxidation has occurred, further waves 
are generated in the region 0.69-1.41 V. For 1, 2, and 4, two 
reversible waves are observed. These waves as well as the initial 
oxidation wave are stable to repeated cycling. Again, the positions 
of the two product waves depend on the electronic properties of 
X in trans-[Ru(bpy)~(X)(DMSO)]~+. They are most anodic for 
X = ISNE (4) and least anodic for X = DMSO (l), with 
intermediate potentials for X = 4-Etpy (2). The cathodic shifts 
for the most anodic wave are 80 mV on going from X = ISNE 
to X = 4-Etpy and 240 mV on going from X = 4-Etpy to X = 
DMSO. Those for the least anodic wave are 80 mV on going 
from X = ISNE to X = 4-Etpy and 300 mV on going from X 
= 4-Etpy to X = DMSO. For 3, only a single reversible product 
wave is found at 0.78 V. Both this wave and the initial oxidation 
wave are also stable to repeated cycling. 

Clearly, oxidation of these complexes brings about a reaction 
in which the X ligand is retained, but a change occurs at the 
DMSO ligand. By marked contrast, reversible Ru(III/II) waves 
were reported for the complexes [Ru(TZ)(DMS0)2l2+ and [Ru- 
(TZ)(py)(DMSO)IZ+ (TZ = 2,7,12,17-tetramethyl- 1,6,11,16- 
tetraazaporphyrinogen, py = pyridine).1° Previous workers have 
described S to 0 linkage isomerization upon oxidation of Ru(I1) 
~~~ ~~ ~~ 

(25) Infrared data: For 1 four bands that are possibly SO in originareobserved 
at 1149 (s), 1098 (m), 1034 (s), and 939 (w) cm-I, while metathesis to 
rrans-[R~(bpy)~(DMSO)~](PF& gives only three bands at 1 1 1 3  (s), 
101 1 (s), and 912 (m) cm-I. The fully deuterated complex trans-[Ru- 
(bpy)2(DMSO-d&](CF$01)2 has bands at 1150 (s), 1099 (m), 1031 
(s), and 939 (w) cm-1, which show negligible shifts from thoseof 1. Five 
bands are found for 2 at 1101 (m), 1056 (m). 1034 (m), 1012 (m), and 
912 (w) cm-I, while 3 has vibrations at 1096 (m), 1063 (w), and 1018 
(m) cm-I, and a total of eight bands are observed in the region 11  50-900 
cm-l for 4. 
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Scheme II. Suggested Reaction Sequence Following Electrochemical Oxidation of a Complex of the Type 
tr~tt~-[Ru(bpy)2(DMSO)(X)]~+ (X DMSO, 4-Etpy, ISNE, DMAP) 

Me, ,Me 
S 

MeCN 

1 

Me 
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N = 2,a'-bipyridhe (bpy) 
n 

N 

to Ru(II1) in the complex [Ru(NH3)5(DMS0)I2+ which is 
reversed upon reduction back to Ru(II).*~ The change from the 
S- to the 0-bound form causes a cathodic shift of 1 V in the 
M(III/II) reduction potential. It issuggested that thisisoccurring 
in the present case, but this possibility alone does not explain the 
appearance of two new waves for 1, 2, or 4. Also likely is that 
solvolysis by acetonitrile is taking place perhaps accompanied by 
isomerization to the cis form. It has been observed previously 
that trans to cis isomerization in thecomplexes [Ru(bpy)~(X)2]~+ 
(X = pyridine, acetonitrile) does not lead to a marked change in 
the potential of the M(III/II) couple.5 Therefore, the most likely 
products of oxidation may be trans- or cis-[Ru(bpy)2(X)(Y)I2+ 
(whereX = DMSO, 4-Etpy, ISNE, DMAP Y = 0-bound DMSO 
or MeCN), and even if all four are produced, it is possible that 
only two waves will be observed. Quite why only a single product 
is observed for 3 is unclear. A suggested reaction sequence to 
explain the electrochemical behavior is given in Scheme 11. 

The oxidative behavior of the remaining two complexes in salts 
5 and 6 is much more straightforward. For 6, a reversibleoxidation 
wave is observed at 1.29 V, which is the same potential as that 
previously reported for trans-[Ru(bpy)2(py)2](C104)~.~ No new 
waves are generated by repeated cycling. In the case of 5, a 
reversible oxidation wave is found at the considerably more 
cathodic potential of 0.72 V. The complex ci~-[Ru(bpy)~(py)- 
C1]+ has a reduction potential of 0.79 V vs SCE in acetonitrile.2' 

Exposure of the complex/electrolyte solutions to a 150-W 
Reflector Spot lamp accompanied by oxidative cycling yields 
some information concerning the photolytic behavior of these 
complexes. Data are shown in Table I. In all cases, complete 
loss of the oxidation waves observed in the dark is accompanied 
by the growth of a single reversible or quasi-reversible (AE, > 
120 mV) product wave. All but two of these products undergo 
oxidation at differing potentials, and they are all stable to ambient 
light for at least 24 h. For 1 and 4, the product potentials are 
very close to those previously reported for cis- and trans-[Ru- 
(bpy)~(MeCN)2](C104)2.~ However, it is unlikely that solvolysis 
of both axial ligands is occurring, since this is clearly not the case 

(26) Yeh, A.; Scott, N.; Taube, H. Inorg. Chem. 1982, 21, 2542. 
(27) Sullivan, B. P.; Conrad, D.; Meyer, T. J. Inorg. Chem. 1985,24,3640. 
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Figure 2. Cyclic voltammograms for 2, trans-[Ru(bpy)2(4-Etpy)- 
(DMSO)](PF&, inO.1 M [N(Cfi9-n)4][PF6] at ZOOmVs-*(Ysensitivity 
= 10 mV cm-1): (i) 0.0-2.0 V, five scans; (ii) O.CL1.65 V, repetitive 
cycling with continuous irradiation by a 150-W Reflector Spot lamp 
showing growth of photolysis product wave. 

for the other complexes. More likely is the suggestion that 1,3, 
and 4 are photolyzed to cis-[Ru(bpy)2(X)(MeCN)I2+ (X = 
DMSO, DMAP, and ISNE, respectively), while 2 and 6 are both 
converted to cis-[Ru(bpy)~(4-Etpy)(MeCN)]~+ and 5 gives cis- 
[ W ~ P Y ) ~ ( M & N ) C ~ I  +. 

These suggestions are strongly supported by comparison with 
the published reduction potentials in acetonitrile of 1.35 V vs 
SCE for cis-[Ru(bpy)2(py)(MeCN)]2+ 27 and 0.86 V vs SSCE 
for cis- [R~(bpy)2(MeCN)Cl]+.~ Further preparative-scale ex- 
periments are required in order to achieve a better understanding 
of these reactions and of those induced by electrochemical 
oxidation. Representative cyclic voltammograms for 2 illustrating 
both oxidative behavior in the dark and the effect of photolysis 
are shown in Figure 2. 

X-ray Crystal Structure of 2. Figure 3a shows one view of the 
X-ray structure of the cation trans-[Ru(bpy)2(4-Etpy)(DM- 



Axial Ligand Substitution in Ru(bpy)z2+ Complexes 

C 13 

Figure 3. (a) Top: Structural representation of the cation of 2, trans- 
[Ru(bpy)~(4-Etpy)(DMSO)]~+, with hydrogen atoms omitted. The 
thermal ellipsoidscorrespond to 5096probability. (b) Bottom: Alternative 
view of the cation of 2, trans-[Ru(bpy)~(4-Etpy)(DMSO)]~+, perpen- 
dicular to the plane of the 4-Etpy ring. 

SO)]2+ which gives a clear picture of the coordination geometry. 
An alternative view perpendicular to the plane of the 4-ethylpy- 
ridine ring is shown in Figure 3b. The space group is the 
monoclinic P21/c with four molecules in the unit cell. The trans 
stereochemistry of the bipyridine ligands can be clearly seen. To 
date, the authors are aware of a total of only five reported 
structuresofsaltsof the type trans-[Ru(bpy)z(X)(Y)](Z)". These 
are the Ru(II1) salt tr~ns-[Ru(bpy)2(OH2)(OH)](C104)2~~ and 
the Ru(I1) salts trans-[Ru(bpy)2(PPh3)2](PF6)2 (PPh3 = triph- 
enylphosphine),28 fr~ns-[Ru(bpy)~(PTZ)~]  (PF6)2 (PTZ = S- 
bound phen~thiazine) ,~~ trans- [Ru(bpy)z(NO)Cl] (PF6)zr30 and 
rr~ns-[Ru(bpy)~(NO)OH] (ClO4)2.” Also published are the 
structures of the closely related bis(pyridine) salts trans- [Ru- 

(28) Cordes, A. W.; Durham, B.; Swepston, P. N.; Pennington, W. T.; Condren, 
S. M.; Jensen. R.; Walsh, J. L. J.  Coord. Chem. 1982, 21, 251. 

(29) Kroener, R.; Heeg, M. J.; Deutsch, E. Inorg. Chem. 1988, 27, 558. 
(30) Nagao, H.; Nishimura, H.; Funato, H.; Ichikawa, Y.; Howell, F. S.; 

Mukaida, M.; Kakihana, H. Inorg. Chem. 1989,28, 3955. 
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(Mezbpy)2(py)z] (PF6)2 (Mezbpy = 4,4’-dimethyl-2,2’-bipyri- 
dine)28 and trans-[Ru(phen)z(py)z](PF6)2 (phen = l,l0-phenan- 
throline) .32 

It is noteworthy that, of these structurally characterized Ru- 
(11) salts, all but two are axially symmetrical derivatives of the 
form trans-[Ru(L)2(X)(Y)](PFs)2 (L = bpy, Mezbpy, phen; X 
= Y). This is in accord with the documented scarcity of such 
axially asymmetrical complexes owing to their generally prob- 
lematic syntheses. Study of Figure 3a reveals a major difference 
between theorientation of the trans bpy ligands in the new complex 
2 and in all of the structures previously reported. In complexes 
containing the trans-[Ru(bpy)2]+ (n = 2, 3) moiety, varying 
degrees of twisted or bowed distortions are found which serve to 
reduce unfavorable interactions between the 6,6’-hydrogen atoms 
of the bpy ligands. However, in all cases these distortions are 
roughly symmetrical about the central Ru atom. Although 1H 
NMR spectra show that in solution the two bpy ligands are 
equivalent, Figure 3a shows that in 2 these ligands undergo rather 
differing degrees of distortion. The dihedral angles are as 

24.59O.” Hence, bpyb, which lies on the same side of the molecule 
as the methyl group of the 4-ethylpyridine ligand, is markedly 
bent toward the 4-Etpy ring and away from the DMSO ligand. 
The ligand bpya is bent toward the DMSO, but to a much lesser 
extent. Examination of crystal-packing diagrams does not serve 
to clarify why this should be the case, but it is likely to be due 
at least in part to the unusual asymmetrical coordination 
environment. 

The other most interesting feature of the structure of 2 is the 
axial S-bound DMSO ligand. The R u S  bond is of intermediate 
length at 2.257 A, and the Ru atom is displaced by 0,089 A out 
of the N4 plane toward the DMSO. The shortest published value 
for a Ru(II)S(O)Me2 bond is 2.188 A in [Ru(NH3)5(DMSO)]- 
(PFs)2,15a which represents a high degree of Ru-S ?r-back-donation 
resulting in a very strong interaction. This is possible because 
the five strongly basic ammine ligands cause a large build-up of 
available electron density at the Ru center. Much weaker R u S  
bonds are found in the complexes trans-RuX2(DMSO)4 of 2.360 
A for X = BrlSc and 2.353 A for X = C1.34 In both of these 
complexes, the bond in question is trans to another S-bound 
DMSO, which results in a competition for Ru r-electron density 
and hence gives considerably weaker bonds than those found in 
most other Ru(I1)-DMSO complexes. In both of the complexes 
c i s - R ~ C l 2 ( D M S 0 ) 4 ~ ~ ~  and [Ru(DMS0)6] (BF4)2,15d R u S  bond 
lengths of 2.252 A have been reported for S-bound DMSO trans 
to 0-bound DMSO. This is very similar to the value found in 
2, suggesting that the trans effect of 4-ethylpyridine is comparable 
to that of 0-bound DMSO, which is considered a strong u-donor 
ligand. However, this comparison is only partially valid since the 
nature of the equatorial ligands will also affect the electronic 
environment at Ru and hence the strength of the R u S  interaction. 
The crystallographic observation of a relatively short R u S  bond 
in 2 is in keeping with the empirical observation that the DMSO 
ligand is thermally difficult to displace (uide supra). 

Also of interest in the structure of 2 is the S-0  bond distance 
of 1.479 A. Previous workers have established that the binding 
of DMSO to Ru(I1) via the S atom causes an increase in the S-0 
bond order and hence a decrease in the bond distance compared 
to that found in free DMSO.15a Free DMSO has been found to 
have an S-0 bond distance of 1.531 A at 218 K,35 but this is 

(31) Togano, T.; Kuroda, H.; Nagao, N.; Maekawa, Y.; Nishimura, H.; 
Howell, F. S.; Mukaida, M. Inorg. Chim. Acra 1992, 296, 57. 

(32) Bonneson, P.; Walsh, J. L.; Pennington, W. T.; Cordes, A. W.; Durham, 
B. Inorg. Chem. 1983,22, 1761. 

(33) Definitionsof planes: bpy.3 N( 1 1),C( 12),C( 13),C(14),C( 15),C( 16),C- 

fOllOWS: bpya-N4 = 4.10°, bpyb-N4 = 27.5O0, bppbpyb  = 

(17),C(18),C(19),C(2O),C(21),N(22); bpyb N(31),C(32),C(33),C- 
(34),C(35),C(36),C(37),C(38),C(39),C(4O),C(4l),N(42); Nd N- 
(1 l),N(22),N(31),N(42). 

(34) Jaswal, J. S.; Rettig, S. J.; James, B. R. Con. J.  Chem. 1990. 1808. 
(35) Reynolds, W. L. Prog. Inorg. Chem. 1970, 22, 1 .  
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clearly of limited use for comparison with structures of complexes 
solved at 298 K. Nevertheless it has been established that, as the 
extent of Ru to S r-donation increases, the degree of shortening 
of the S-0 bond is found to decrease. The reported range of S-O 
bond lengths for S-bound DMSO covers 1.527 A in [Ru(NH&- 
(DMSO)](PF6)2)1Ss to 1.484 A for trans-RuBr~(DMS0)~.~5C A 
mean value of 1.482 A is found in [ R U ( D M S O ) ~ ] ( B F ~ ) ~ , ' ~ ~  and 
a mean value of 1.483 A is found in c i s -RuCl~(DMS0)4 .~~~ That 
these values are very similar to that found in 2 is in accord with 
the similarities in Ru-S bond distances already noted. Figure 3b 
reveals that the DMSO is displaced slightly to one side in the 
direction of the 0 atom, giving a bond angle S-Ru-N(4-Etpy) 
of 174.79'. The DMSO molecule in 2 is approximately 
tetrahedral, as is usual for the S-bound mode. 

The Ru-N bond distances found in 2 are typical of such 
compounds. The mean Ru-N(bpy) bond distance is 2.099 A, 
and the Ru-N(4-Etpy) bond is slightly longer at 2.147 A. The 
dihedral angle between the plane of the 4-Etpy ring36 and the N4 
plane is 81-50', as the 4-Etpy ligand is bent toward the more 
distorted bpyb ligand. 

(36) Plane defined as N(5l),C(52),C(53),C(54),C(SS),C(56). 
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Conclusions 
A novel strategy for the preparation of asymmetrically 

functionalized trans- [ Ru(bpy)#+ complexes has been demon- 
strated in which simple pyridyl ligand bearing 4-substituents are 
introduced in a sequential fashion. This represents an approach 
which shows potential for extension to the introduction of more 
complex functionalized pyridyl ligands in order to create metallo- 
organic structures in which control of stereochemical properties 
is achieved. Current work is aimed at the utilization of this 
chemistry to synthesize stereochemically controlled chromophore- 
quencher and ligand-bridged complexes for study of photoinduced 
electron and energy transfer. 
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