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remarkable. No low molecular weight complexes of the type 
[Fe,0,(OH),]3x-2~Z have been isolated from aqueous media. In 
strongly alkaline aqueous solutions, Fe( 111) exists either as solid 
FeO(0H) or as mononuclear [Fe(OH),]-.lO Also, in aqueous 
ethanediol, glycerol, or sorbitol solutions, the formation of mo- 
nonuclear complexes has been observed at concentrations of OH- 
1 I M and polynuclear species have only been found at  much 
lower base concentration." 

Acknowledgment. We thank Prof. Walter Schneider for support 
and discussions. 

Registry No. Na2Fe60(0CH,),8.6CH30H, 139494-73-8. 
Supplementary Material Available: Tables SI-SV, listing crystallo- 

graphic data, anisotropic displacement parameters, positional parameters 
of the hydrogen atoms, and interatomic distances and bond angles (8 
pages); a table of calculated and observed structure factors (9 pages). 
Ordering information is given on any current masthead page. 

(10) Baes, C. F.; Mesmer, R. E. The Hydrolysis of Cations; Wiley: New 
York, 1976; pp 226-237. 

(1 1) Rich, H. W.; Hegetschweiler, K.; Streit, H. M.; Erni, I.; Schneider, W. 
Inorg. Chim. Acto 1991, 187, 9. 

Contribution from the Department of Chemistry, 
North-Eastern Hill University, Shillong 793 003, India 

A Novel and Generalized Approach to the Synthesis of ML$+ 
[M = Ru(II), Rb(II1); L = 2,2'-Bipyridine, 
1,lO-Phenanthroline, 2-(Arylazo)pyridine; R = 2, 31 

Maushumi Kakoti, Alok K. Deb, and Sreebrata Goswami* 

Received April 24, 1991 

Introduction 
The chemistry of tris(2,2'-bipyridine)ruthenium(II) and -rho- 

dium(II1) complexes and complexes of related ligands has had 
an extensive l i t e ra t~re l -~  in recent years. The reason for this is 
primarily the relevance of this chemistry to photophysical, pho- 
tochemical, and redox phenomena. But until now, no simple and 
general synthetic route has been available for the synthesis of such 
compounds. For example, the tris complex of 2,Y-bipyridine (L1) 
is commonly synthesized6 by fusion of MCl, with the ligand at  
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"Key: (i) MeOH, heat; (ii) filtration; (iii) aqueous solution of Na- 
C104 or NaNO,. 

a very high temperature, whereas the syntheses of the tris com- 
plexes of 1,lO-phenanthroline' (Lz) and 2-(m-t01ylazo)pyridine~ 
(L3) involve several steps which need extra purification at  every 
stage to eliminate contaminated products. The standard reported 
synthetic routes are not only lengthy but also cumbersome, and 
in most of the cases the routes are inefficient. Therefore, there 
is an obvious need to develop new and direct procedures, of general 
application, for the synthesis of the important title compounds. 
In the present report, we describe high-yield, single-pot, and 
general synthetic routes to ML3* from either hydrated MC13 or 
MClzLz [M = Ru(II), Rh(II1); L = L1-L3] and the silver bis 
complex of the corresponding ligand. 
Results and Discussion 

The synthetic reactions are shown in Schemes I and 11. In 
Scheme I, we describe the one-pot facile synthetic route to ML3"+ 
from hydrated MC13 using AgLz+ell as a synthon. The primary 
reaction involving hydrated MC13 and AgLz+ is carried out in 
boiling methanol in a 1 :3 proportion to yield directly ML3*, excess 
L, and insoluble AgCl. The cationic complex, ML3"+, has been 
isolated as either its perchlorate hydrate or its nitrate hydrate salt 
from solution.l2 Recrystallization, either from water or from a 
methanol-water mixture, yields a highly crystalline product. In 
the case of ruthenium, the yield lies in the range 6570% whereas 
the yield of [Rh(L1)3](C104)3.Hz0 is 55%. The direct synthesis 
of ML3* from MC1,.3H20, as evidenced by Scheme I, requires 
complete substitution of 3 mol of C1- by 3 mol of L. Thus, it was 
logically anticipated that the interaction of hydrated MC13 with 
[AgLz]+ in a 1:3 proportion might lead directly to the desired 
product. Accordingly, in line with the synthetic strategy, the 
reactions stated in the scheme were undertaken; they proceeded 
smoothly to yield [ML3](X),.mH20 [M = Ru(II), Rh(II1); L = 
L'-L3; X = ClO,, NO,; n = 1, 3; m = 1, 2, 61 in a high yield.I3 
In the case of ruthenium, it is believed that the reduction of 
ruthenium(II1) to ruthenium(I1) is accomplished14 by the reducing 
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spectrophotometer. Solution electronic spectra were recorded on a Hi- 
tachi 330 spectrophotometer. Solution electrical conductivity measure- 
ments were performed on an Elico CM 82T conductivity bridge with a 
solute concentration of ca. lo-' M. 

Preparations. Caution! Perchlorate salts of metal complexes are 
potentially explosive. Adequate care should be taken in the handling of 
such complexes. 

(i) Synthesis of [MLJX,.mH20 [M = Ru(II), L = L1-L3; X = CIO,, 
NO,; R = 2; m = 1, 2,6] from Ma3-3H20. The compounds were syn- 
thesized using the general procedure described below. 

To a sample of MC1,-3H20 (1 "01) dissolved in 15 mL of methanol 
was added a solution of [AgL2]X (3 mmol) in 15 mL of methanol. The 
mixture was heated to reflux for 30 min. It was cooled and filtered 
through a G-4 sintered-glass funnel to remove insoluble products. The 
filtrate was concentrated to 10 mL, and to it was added 1 mL of an 
aqueous saturated solution of NaCIO, or NaNO,. The orange precipitate 
thus formed was filtered out and washed thoroughly with diethyl ether. 
The filtrate and the washings were collected to recover excess L obtained 
from the reaction mixture. Recrystallization of the precipitate from 
either water or a 9:l water-methanol mixture yielded the crystalline 
compound. 

The light brown filtrate and the washings obtained above were con- 
centrated and extracted with benzene. The benzene layer on evaporation 
yielded free L. The yields and analytical, spectral, and solution molar 
conductance data of the complexes are given below. 

[Ru(L~) , ] (C~O, )~ -H~O:  yield = 70%. Anal. Calcd for 

3.20; N, 10.74. h,,,(MLCT, CH,CN) = 454 nm (e 14400 M-I cm-I); 

[ R u ( L ' ) , ] ( N O ~ ) ~ . ~ H ~ O :  yield = 65%. Anal. Calcd for 
C3a36N8012Ru: c ,  44.94; H, 4.49; N, 13.98. Found: C, 44.78; H, 4.40, 
N, 14.09. X,,,(MLCT, CH3CN) = 454 nm (e 14 350 M-l cm-I); A M -  
(MeOH) = 180 Q-l cm2 M-l. 

[Ru(L~) , ] (CIO~)~*H~O:  yield = 55%. Anal. Calcd for 

2.90; N, 10.05. X,,,(MLCT, CH,CN) = 445 nm (e  18 300 M-I cm-I); 

[ R U ( L ~ ) , ] ( N O ~ ) ~ * ~ H ~ O :  yield = 55%. Anal. Calcd for 
C36H28N808R~: C, 53.93; H, 3.49; N, 13.98. Found: C, 53.54; H, 3.40; 
N, 14.20. X,,,(MLCT, CH,CN) = 445 nm (e 19050 M-l cm-I); AM- 
(MeOH) = 178 Q-I cm2 M-I. 

[ R u ( L ~ ) , ] ( C ~ O ~ ) ~ - H ~ O :  yield = 70%. Anal. Calcd for 
C36H35N909C12R~: C, 47.52; H, 3.85; N, 13.86. Found: C, 47.43; H, 
3.50; N, 13.75. X,,,(MLCT, CH,CN) = 492 nm (e 9740 M-l cm-I); 

[Rh(L1),](C10,),-H20 was prepared similarly from RhC1,-3H20 with 
the following modification. The methanolic solution of [Rh(Ll),],+, 
obtained above after removal of insoluble AgC1, was concentrated to 10 
mL. On cooling, white crystals were deposited. These were filtered out, 
washed with diethyl ether, and finally dried in vacuo over P4Ol0; yield 

Found: C, 40.72; H, 2.80; N, 9.71. X,,,(CH,OH) = 320, 307 nm (e 
30 250, 27 900 M-' cm-I); AM(MeOH) = 300 Q-l cm2 M-I. 

(ii) Synthesis of [ R u ( L ) , ] ( X ) ~ ~ H ~ O  [L = L1-L3; X = CIO,, NO,; m 
= 1, 2, 61 from RuCI2L2. The reactions were performed by using the 
general procedure described below. 

To a suspension of RuCI2L2 (1 mmol) in 15 mL of methanol was 
added a solution of [AgL2]X (2 mmol) in 15 mL of methanol. The 
mixture was heated to reflux for 15 min. The rest of the procedure was 
the same as that described in section i. The yields of the complexes were 
as follows: [ R U ( L ~ ) , ] ( C ~ O ~ ) ~ ~ H ~ O .  95%; [Ru(L~) , ] (NO,)~ .~H~O,  90%; 

(L)),] (C104)2.H20, 95%. Analytical, spectral, and solution molar con- 
ductance data of the complexes, thus obtained, exactly correspond to 
those of authentic samples. 

(iii) Synthesis of Mixed-Ligand Tris Complexes from RuCI2L2 (L = 
L', L3). The syntheses of this class of complexes were performed by using 
a general procedure. A representative example is described below. 
[Ru(L')~(L~)](CIO,)~.H~O. To a suspension of RuCI~(L ' )~  (1 mmol) 

in 15 mL of methanol was added a solution of [Ag(L3)2](C104) (2 mmol) 
in 15 mL of methanol, and the mixture was heated to reflux for 15 min. 
The rest of the procedure is the same as that described in section ii. 

Yields and analytical, spectral, and solution molar conductance data 
are given below. 
[RU(L~)~(L~)](C~O,)~.H~O: yield = 85%. Anal. Calcd for 

C32H29N709C12R~: C, 46.42; H, 3.50; N, 11.85. Found: C, 46.65; H, 
3.55; N, 12.02. X,,,(MLCT, CH,CN) = 494 nm (e 8500 M-I cm-I); 

[Ru(L1)(L3)2](C10,)2~H20: yield = 85%. Anal. Calcd for 
C34H32N809C12Ru: C, 47.00; H, 3.68; N, 12.90. Found: C, 47.29; H, 

C30H26N609CI2RU: C, 45.80; H, 3.30; N, 10.68. Found: C, 46.01; H, 

AM(MeOH) = 175 Q-l cm2 M-I. 

C36H26N609C12RU: C, 50.35; H, 3.03; N, 9.79. Found: C, 50.05; H, 

hM(MeOH) = 180 Q-' cm2 M-'. 

dM(MeOH) 175 Q-' cm2 M-I. 

= 55%. Anal. Calcd for C&26N601$I,Rh: C, 40.56; H, 2.93; N, 9.46. 

[R~(L~),](C104)2*H20, 75%; [Ru(L2)J(N0,)2.2H20, 75%; [RU- 

AM(MeOH) = 180 Q-I cm2 M-'. 

solvent. In the reactions stated above, the silver complex, [AgL2]+, 
not only acts as a source of Ag+-required for a facile halide 
displacement-but also supplies the required amount of the ligand 
for the formation of the tris complex. It is to be noted here that 
this class of metal-exchange reaction is most extensively used for 
the synthesis15 of organeelement compounds. To the best of our 
knowledge, this route has not been explored for the synthesis of 
coordination compounds containing polypyridyl ligands. The 
success of this method lies in the facts that [AgL2]+ complexes 
are not very stable in solution and Ag+ has a very high affinity 
for C1- to form insoluble AgCl, which can easily be removed from 
the reaction mixture. 

The ruthenium(I1) tris complexes are orange whereas [Rh- 
(L1)J3+ is white. All of them are obtained in a highly crystalline 
state. The compounds are formulated by elemental analyses. The 
presence of water of crystallization has been assessed on the basis 
of IR data. The molar conductances of the ruthenium compounds 
lie in the range 170-200 i2-l  cm2 M-I in methanol, suggesting a 
1:2 type electrolytic nature,16 but for the rhodium complex, 
[Rh(L1)3](C104)3-H20r the value of AM was 300 i2-I cm2 M-I, 
suggesting16 a 1:3 electrolytic nature. Selected spectral data for 
the compounds, summarized in Experimental Section, agree well 
with the reported data.2b98J7J8 Thus, the results suggest that the 
compounds are the same as those described earlier. 

We now consider the reactions described in Scheme 11. The 
reaction of RuC12L2 and [AgL2]+ in boiling methanol occurs19 
even at a much faster rate compared to the reaction described 
in Scheme I. The yields are almost quantitative (ca. 90%). It 
may be noted here that the optimum ratio of the reagents required 
for the above reaction (MC12L2:[AgL2]+) is 1:2, as expected. We 
find that this route (Scheme 11) has been particularly useful in 
synthesizing the m i ~ e d - l i g a n d ~ J ~ * ~ ~  tris complexes. For example, 
RuC~*(LI )~  reacts smoothly with [ A B ( L ~ ) ~ ] +  in a 1:2 proportion 
to yield cationic [Ru(L~)(L ' )~]~+,  whereas the standard procedure 
for the mixed-ligand tris complex involves boiling the reaction 
mixture for a much longer period.14920 

Conclusion 

In conclusion, it may be stated that the synthetic routes de- 
veloped by us for the synthesis of tris-chelated complexes of 
ruthenium(I1) and rhodium(II1) seem to be a general ones for 
polypyridine and related ligand systems and the strategy used can 
be regarded as a paradigm for the synthesis of similar types of 
compounds. The reactions are quite fast and experimentally more 
facile than any other reported procedure. Moreover, in all cases, 
recrystallization alone produces compounds of high purity, which 
is very important for their use as photocatalysts. The application 
of our method to the synthesis of other M-L complexes is un- 
derway. 

Experimental Section 
Materials. The salts RuCI,.3H20 and RhC13.3H20 were obtained 

from Arora Matthey, Calcutta, and used without further purification. 
The silver complexes [AgL2]X (X = CIO,, NO,) were synthesized as 
before."l Dichloro bis-chelated complexes, RuC12L2, were prepar- 
e d 1 4 * 2 1 3 2 2  by published procedures. 

Physical Measurements. Elemental analyses were carried out on a 
Heraeus elemental analyzer, CHN-0-RAPID. Infrared spectra were 
obtained on KBr disks (4000-600 cm-I) with a Perkin-Elmer IR-297 

Collman, J. P.; Hegedus, L. S.; Norton, J. P.; Finke, R. G. Principles 
and Applications of Orgarrotransition Metal Chemistry; University 
Science Books: Mill Valley, CA, 1987; p 704. 
Greary, W. J .  Coord. Rev. 1971, 7, 81. 
Reference 6c, p 329, 998. 
The reaction of hydrated RuCI, and 3 mol of [Ag(L3)2]+ yields a 
compound having meridional geometry.8b 
rrans-R~CI~(L')~ does not react with [AgL2]+ under our experimental 
conditions. 
Rillema, D. P.; Allen, G.; Meyer, T. J.; Conrad, D. Inorg. Chem. 1983, 
22, 1617. 
Bao, T.; Krause, K.; Krause, R. A. Inorg. Chem. 1988, 27, 759. 
Giordana, P. J.; Bock, C. R.; Wrighton, M. S. J.  Am. Chem. Soc. 1978, 
100,6960. 
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3.72; N, 13.06. X,,(MLCT, CH,CN) = 512 nm (e  10250 M-’ cm-I); 
h,(MeOH) = 180 Q-’ cm2 M-I. 
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Introduction 
Numerous studies have demonstrated the importance of in- 

cluding pressure as a kinetic parameter in the elucidation of 
inorganic reaction mechanisms.I4 These studies have led to a 
better understanding and a systematic classification of solvent 
exchange and ligand substitution reactions of octahedral complexes 
of transition metals. Data on the activation volumes of reactions 
involving organometallic compounds are, on the other hand, less 
numerous and generally deal with the intermolecular exchange 
of ligands. The only data on intramolecular processes involving 
carbonyl complexes are those concerning the isomerization of 
~ ~ ~ - R U C ~ ~ ( C O ) ~ ( P R ~ ) ~  and r r ~ n s - R u C l ~ ( C 0 ) ( P R ~ ) ~ . ~  In both 
cases a positive activation volume indicates a mechanism primarily 
dissociative in nature. 

This paper deals with the quantitative characterization of a 
“merry-go-round” site exchange of CO’s, commonly observed in 
carbonyl clusters but whose intermediate has never been ~bserved .~  
In a previous paper,’ we reported on the dynamic behavior of the 
cluster [Ir,(C0)9(p3-1,3,5-trithiane)] (1) studied by IR and 
variable-temperature I3C-NMR spectroscopy. Depending on the 
solvent used for crystallization, the title compound can be obtained 
in either the bridged l b  (C3” symmetry) or unbridged l u  (Td 
symmetry) forms whose crystal structures have been determined. 
An endothermic isomerization equilibrium l b  e l u  (eq 1) takes 
place in solution and involves an exchange mechanism on the 
NMR time scale which corresponds to a merry-go-round of the 
bridging and terminal CO’s of the basal face. 

(1) van Eldik, R., Ed. Inorganic High Pressure Chemistry: Kinetics and 
Mechanisms; Elsevier: Amsterdam, 1986; Chapters 2-4 and references 
cited therein . . . . - ... . . . .. . . 
Merbach, A. E. Pure Appl. Chem. 1987, 59, 161. Merbach, A. E.; 
Akitt, J. W. NMR Basic Princ. Prog. 1990, 24, 189. 
van Eldik, R.; Asano, T.; le Noble, W. J. Chem. Rev. 1989, 89, 549. 
Batstone Cunningham, R. L.; Dodgen, H. W.; Hunt, J. P.; Roundhill, 
D. J .  Organometl Chem. 1985, 289, 431. 

(5) Krassowski, D. W.; Nelson, J. H.; Brower, K. R.; Hauenstein, D.; 
Jacobson, R. A. Inorg. Chem. 1988, 27, 4294. 

(6) Cotton, F. A. Inorg. Chem. 1966, 5, 1083. 
(7) Suardi, G.;  Strawczynski, A.; Ros, R.; Roulet, R.: Grepioni, F.; Braga, 

D. Helv. Chim. Acta 1990, 73, 154. 
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This system is therefore the first example where the unbridged 
intermediate of a merry-go-round process is sufficiently stable to 
be observed. We have thus studied this system by variablepressure 
13C-NMR spectroscopy to quantitatively characterize the CO site 
exchange process by the determination of the activation and 
reaction volumes. This system is particularly suitable for a 
variable-pressure study as there is no charge creation or anni- 
hilation on forming the transition state or the product. Therefore, 
in this case the electrostriction can be neglected. The resulting 
activation and reaction volumes reflect molecular volume changes 
and can be directly used for mechanistic studies. The reaction 
volume will subsequently be compared to the value obtained from 
crystallographic data. 
Experimental Section 

Chemicals and Solutions. NonacarbonyI(p3-l,3,5-trithiane)tetra- 
indium, [Ir4(C0)9(SCH2)3] (l), was synthesized as previously described.7 
The ”C-enrichment of CO was ca. 50%. I3C-NMR (THF, 168 K): lb, 
8 233.3 (a), 183.5 (b), 160.2 (e); lu ,  8 169.8 (c), 160.8 (g). The con- 
centration of the solution used for the variable-pressure W N M R  study 
was 0.04 m, where m are moles per kilogram of solvent, in tetrahydro- 
furan, THF. 

NMR Measurements. Spectra at variable pressure were recorded 
using a Bruker AC-200 spectrometer working at 50.323 MHz for car- 
bon-13. Measurements were made up to 200 MPa using a home-built 
high-pressure probe, designed for a Bruker wide-bore cryomagnet, which 
has been previously described.* The resonance frequency was tuned to 
50.3 MHz using the same capacitive network as used for I7O NMR at 
9.4 T (54.2 MHz) adjusting the matching/tuning capacitors. The 90” 
pulse length was found to be 35 1 s .  A built-in platinum resistor allowed 
temperature measurements with an accuracy f l  K after all corrections? 
By the pumping of thermostated synthetic oil through the bomb, the 
temperature was stabilized to f0 .2  K. Spectra were obtained by using 
4K data points resulting from 35 000-45 000 scans accumulated over a 
total spectral width of 11 kHz. To improve the signal to noise ratio, a 
zerefilling to 16K data points and an exponential fdter (line-broadening) 
of 5 Hz were used. I3C-NMR chemical shifts are referred to TMS and 
measured with respect to the solvent THF signal at 68.8 ppm. 

Computation Method. The analysis of the equilibrium and rate con- 
stant data, using the required equations, was performed using I T E R A T , ~ ~  
a nonlinear least-squares program fitting the values of the desired pa- 
rameters. Reported errors are one standard deviation. 
Results and Discussion 

Equilibrium Constant. The equilibrium between the bridged 
l b  and unbridged l u  isomers was followed as a function of pressure 
at  274 K. At this temperature the two species are in fast exchange 
on the NMR time scale, and therefore, only an average chemical 
shift 6 can be measured. The equilibrium constants, defined as 
K = [ lu] / [ lb], were obtained from the population dependence 
of the I3C chemical shift (see Figure 1). The shift variation is 
given by eq 2, where Pi is the population of site i and bi is the 

6 = Pa6a + Pb6b + Pc6c (2) 
Pa + Pb + P, = 1 Pa = Pb 

chemical shift of the corresponding site (see eq 1) obtained at low 
temperature in the slow exchange region. It is assumed that CO 
chemical shifts within both species (fja, 6b, 6,) do not vary sig- 
nificantly with pressure. This is substantiated by the observation 
that no pressure dependence was detected for the shifts of car- 
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