
Znorg. Chem. 1985, 24, 1359-1363 1359 

spectra are consistent with the local structure about each Mo atom, 
with two pyrazole rings trans to the C O S  and one pyrazole ring 
trans to S (Se), but they provide no evidence concerning the 
existence of rotamers. However, the proton NMR spectra of 2 
and its tungsten analogue, investigated by Hubbard and Li- 
chtenberger,* do clearly show hindered rotation of each (HB- 
(Mezpz)3)(CO)2M fragment about the M-S bonds. 

Several complexes with linear M-X-M (X = S, Se) units are 
now known for group 6 metals in different oxidation states. The 
chemistry of these compounds has not yet been extensively ex- 
plored. For molybdenum both [Mo-S-MoI2+ and [Mo-S-MoI6+ 
complexes are known. The existence of two stable classes of 
complexes differeing by four electrons suggests that a wealth of 
redox chemistry should exist for these systems. 

Mo-S coordination is important in heterogeneous catalystslg 
and in biological systems." Linear M-S-M units with short M-S 
bonds have now been demonstrated in both Co and Mo com- 
pounds. The possibility of a linear Co-S-Mo unit in CoMoS 
hydrodesulfurization catalysts should be considered. Finally, we 
note the unusually short Mo-S distances in 1 and 2 raise the 
interesting question as to whether such linear Mo-S-Mo structural 

features can be present in the enzyme xanthine oxidase, for which 
EXAFS spectroscopy has indicatedz1 an Mo-S distance of - 2.15 
A. Current chemical and physical evidence strongly favors a 
mononuclear molybdenum site. However, the M w M o  distance 
of 4.4 A for the Mo-S-Mo centers in 1 and 2 would probably 
not be detected by EXAFS spectroscopy. 
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The crystal and molecular structure of cis-[Ru(cyclam)Cl2]C1 (cyclam = CIOH24N4) prepared by the Ru(ox),'- (ox = C2042-) 
method has been determined: monoclinic, space group PZl/c, a = 7.579 (1) A, b = 14.414 (4) A, c = 14.718 (3) A, fi  = 102.33 
(l)', V = 1570.8 (5) A', Z = 4. The average Ru-CI distance, 2.371 (1) A in the present complex, is substantially longer than 
that found in the corresponding trans isomer [2.342 (1) A], reflecting the greater a-trans effect of the secondary amine N atom 
over the chloride ligand. Reaction of cis-[Ru(cyclam)C12]C1 with N heterocyclic amines and Zn(Hg) yielded cis-[R~(cyclam)L~]~+ 
(L2 = ( p ~ ) ~ ,  bpy, phen), the metal-to-ligand charge-transfer transitions of which have been found to be blue shifted from those 
of the corresponding ~ ~ ~ - [ R U ( N H , ) ~ L ~ ] ~ +  species. 

Introduction 
In 1980, Isied reported the isolation of cis-[Ru(cyc1am)Cl2]ClZ 

(cyclam = 1,4,8,1l-tetraazacyclotetradecane) as a by product 

n 
iNH "> 
\NH HN 

I I  
U 
cyclam 

during the synthesis of the trans isomer by the method of Chan 
et al. by reacting K2[RuC15Hz0] with cyclam in methan01.~ 
Following this work, we reported a reaction scheme for the 
preparation of cis ruthenium(II1) macrocyclic tetraamine species, 
utilizing K 3 [ R ~ ( ~ ~ ) 3 ]  (ox = C2042-) as the starting material! The 
IR spectrum of our cis-[Ru(cyciam)C12]C1 in the most discrim- 
inating 800-900-cm-' region is very similar to those of all other 
well-characterized cis-[M(cyclam)Cl2]+ species4 [M = Co(III), 
Cr(III), Fe(III)]; however, Isied's species showed a different IR 
spectrum. As for the electronic spectrum, the observed t values 

(1) (a) University of Hong Kong. (b) Chinese University of Hong Kong. 
(2) Isied, S. S. Inorg. Chem. 1980, 19, 911-914. 
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(200-500 dm3 mol-' cm-I) for the bands above 300 nm of Isied's 
species are too low to be consistent with what would have been 
expected for ligand-to-metal charge-transfer transitions. Ap- 
parently, our cis- [Ru(cyclam)Cl,] C1 and Isied's species could not 
be the same compound. In order to resolve this structural am- 
biguity we have recently carried out an X-ray crystal structural 
determination of our cis- [Ru(cyclam)CI2]C1 prepared by the 
Ru(ox)?- method. The results clearly indicate a cis configuration. 
This paper describes the X-ray structural analysis of our cis- 
[Ru(cyclam)C12]C1 and the synthetic chemistry of this species 
with some N heterocyclic amine ligands. 
Experimental Section 

K2[RuClSH20] (Johnson and Matthey) was used as supplied. cyclam 
(cyclam = 1,4,8,11-tetraazacyclotetradecane) was twice recrystallized 
before use. All other reagents used were of analytical grade, and doubly 
distilled water was used throughout the experiments. K,[Ru(ox),] and 
cis-[Ru(cyclam)C12]CI were prepared by literature methods: with some 
minor modifications. 

K3[Ru(ox),]. K2[RuClsH20] (2 g, 5.3 mmol) and oxalic acid di- 
hydrate (2.3 g, 18 mmol) in H 2 0  were refluxed for 21/2 h during which 
the solution turned brown. Solid potassium carbonate was added con- 
tinually in small amounts until the the solution reached ca pH 7 and the 
evolution of C 0 2  subsided. After heating at just boiling for another 20 
min, the resulting olive green solution was ready for use in the prepara- 
tion of cis-[Ru(cyclam)C12]C1, without the need of isolating the pure 
K ~ [ R ~ ( o x ) , I .  

cis-[Ru(cyclam)CI2]CI. A partially neutralized aqueous solution of 
cyclam was first prepared by adding HCl(2 M) to an aqueous solution 
of cyclam (1 g in 25 cm3 H20)  until the pH of the solution was ca. 6.5.  
This solution was slowly added to a freshly prepared solution of [Ru- 
  OX)^]^-, and the pH was adjusted to ca. 7 with either potassium carbo- 
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nate or HCl (2 M) as appropriate. The resulting solution was refluxed 
for 3 h during which time the color of the solution gradually turned 
brown. Concentrated hydrochloric acid (10 cm’) was added to the brown 
solution that was then further refluxed for 30 min. Some dark gray 
precipitates formed at this stage were filtered off. The solution was then 
rotary evaporated until some yellow precipitates were formed. After the 
mixture was cooled to room temperature, more bright yellow precipitates 
of ci~-[Ru(cyclam)C1~]Cl appeared and they were collected by filtration. 
The filtrate was allowed to cool in an ice bath for complete precipitation 
of some white solid that was then filtered off. Concentrated HCl (10 
cm’) was added to the filtrate, and the solution was rotary evaporated 
to about 20 0311’. On cooling, another crop of the complex was obtained. 
The crude cis-[Ru(cyclam)Cl,]CI might be contaminated with a red 
substance that was removed by dissolving the crude complex in HCI (1 
M; 20 cm’) at 40 OC. On addition of concentrated HCl(5  cm’) to the 
filtered solution, bright yellow crystals of cis-[Ru(cy~lam)C1~]C1 slowly 
appeared and they were collected, washed with ice-cold water and an 
ethanol-diethyl ether mixture (l:lO), and dried in vacuo at room tem- 
perature (yield 40%). The complex was unstable in neutral aqueous 
solution. 

Cis-[RU(CyClnm)Lz](PFs)z [Lz = bpy (2,2’-Bipyridiw) or phea (1 , lO-  
Pheaenthrotine)]. These two complexes were prepared by the same 
method with similar yields (40-60%), as described in detail for cis- 
[Ru(cYclam)(bPY)l(PFz)6. 

cis-[Ru(cyclam)Clz]C1 (0.06 g. 0.15 mmol) was stirred with several 
pieces of amalgamated zinc in HzO (1 5 cm’) under an argon atmosphere 
for 15 min. 2,2-Bipyridine (bpy) (0.033 g, 0.2 mmol) was then added 
to the solution. After 2 h, a dark red solution was obtained. The solution 
was filtered, and excess bpy was removed by extraction with CHC13 (3 
X 10 cm’). Dropwise addition of a saturated solution of NaPF, to the 
resulting solution gave a dark red crystalline solid that was filtered off 
and washed with ice-cold water and an ethanol-diethyl ether mixture 
(1:lO). The crude product was recrystallized by dissolving it in acetone 
followed by the addition of diethyl ether; yield -0.06 g (55%). Anal. 
Calcd for cis-[Ru(~yclam)(bpy)](PF~)~: c, 32.14; H, 4.32; N, 11.24. 
Found: C, 32.1 1; H, 4.47; N, 11.16. cis-[R~(cyclam)(phen)][PF~]~ was 
similarly prepared as a dark red solid. Anal. Calcd for cis-[Ru(cy- 
clam)(phen)](PF& C, 34.25; H, 4.18; N, 10.89. Found: C, 34.39; H, 
3.82; N,  10.70. 

cis-[Ru(cyclnm)(py)zIPF,h (py = Pyridine). cis-[Ru(cyclam)ClZ]C1 
(0.06 g) and amalgamated zinc (2 g) were stirred in degassed HzO (10 
cm’) for 10 min. A degassed solution of pyridine (py) (1 cm’) in ethanol 
(10 cm’) was added, and the resulting solutions was kept at 40 OC under 
an argon atmosphere for 2 h. This was then filtered to remove the 
unreacted zinc, and the filtered solution was rotary evaporated to dryness. 
The crude yellow solid obtained was then stirred with an aqueous solution 
of NaPF, (1 g in 10 cm3 HzO). A bright yellow precipitate was formed, 
and this was filtered off and washed with ice-cold water and an etha- 
nol-diethyl ether mixture (1:lO). The crude ci~-[Ru(cyclam)(py)~](PF.J~ 
could be recrystallized by dissolving it in acetone followed by the addition 
of diethyl ether; yield -45%. Anal. Calcd for cis-[Ru(cyclam)- 

N, 11.21. 
Physical Measurements. Elemental analyses of the newly prepared 

complexes were performed by Australian Microanalytical Service Unit. 
Infrared and electronic absorption spectra were recorded on a Perkin- 
Elmer 577 and Beckmann Acta CIII spectrophotometer, respectively. ‘H 
NMR spectra were obtained in either CD3CN or acetone4 on a JEOL 
FX 90Q FT spectrometer. Cyclic voltammograms were obtained with 
Princeton Applied Research (PAR) instruments: Model 175 (Universal 
Programmer) and Model 173 (potentiostat-galvanostat). A homemade 
graphite electrode was used as the working electrode. All reaction so- 
lutions were dearerated before the CV scans. 
X-ray Structure Determination 

cis-[Ru(cyclam)Clz]CI crystallizes from HCI (2 M) as brown prisms 
elongated along the a axis. A crystal block of approximate dimension 
0.30 X 0.28 X 0.20 mm was centered on a Nicolet R3m four-circle 
diffractometer (graphite-monochromatized Mo Ka radiation, X = 
0.71069 A), and determinations of the crystal class, orientation matrix, 
and accurate unit cell parameters were performed according to estab- 
lished procedures.6 

Crystal Data: CloHz4N4C13Ru, M, = 407.76, monoclinic, space group 
n l / c ,  a = 7.579 (1) A, 6 = 14.414 (4) A, c = 14.718 (3) A, j3 = 102.33 
(1)”. V = 1570.8 (5) A3, Dmd(flotation in CC14-BrCHzCHzBr) = 1.725 
g ~ m - ~ ,  2 = 4, Dcalcd = 1.724 g cm-’, F(OO0) = 828, p(Mo Ka) = 14.85 
cm-I. 

(py)z](PF6)z: C, 32.60; H, 4.56; N, 10.90. Found: C, 32.05; H, 4.57; 

Che et al. 

(6) Sparks, R. A. ‘Crystallographic Computing Techniques”; Ahmed, F. 
R., Ed.; Munksgaard: Cophenhagen, 1976; p 452. 

Table 1. Atomic Coordinates ( X l O ’  for Ru and C1; X104 for N 
and C) and Equivalent Isotropic Thermal Parametersa (Az  x 10“ 
for Ru and C1; A’ X IO3 for N and C) 

atom X V z U,,b 
Ru 19987 (4) 24041 (2) 9987 (2) 279 (1) 
Cl(1) 648 (15) 14109 (9) 16212 (8) 479 (4) 
Cl(2) 11143 (20) 36647 (9) 18382 (9) 563 (5) 
Cl(3) 56448 (14) 29016 (9) 41909 (8) 446 (4) 
N(1) 4327 (4) 2167 (3) 2057 (2) 34 (1) 
N(2) 2667 (4) 1272(2)  235 (2) 32 (1) 

N(4) 3741 (5) 3324 (2) 509 (3) 36 (1) 
C(1) 4779 (6) 1179 (4) 2314 (3) 45 (2) 
C(2) 5043 (6) 578 (3) 1503 (3) 44 (2) 
C(3)  3329 (6) 420 (3) 763 (3) 40 (1) 

N(3) -21 (5) 2607 (2) -217 (3) 34 (1) 

C(4) 1043 (6) 1069 (3) -501 (3) 44 (2) 
C(5) 321 (6) 1959 (3) -950 (3) 45 (2) 
C(6) -296 (6) 3568 (4) -589 (4) 49 (2) 
C ( 7 )  1387 (8) 4012 (4) -778 (4) 57 (2) 
C(8) 2898 (7) 4183 (3) 35 (4) 56 (2) 
C(9)  5232 (7) 3546 (4) 1309 (4) 51  (2) 
C(10) 5883 (6) 2655 (3) 1794 (4) 47 (2) 

Calculated as one-third of the a Esd’s given in parentheses. 
trace of the orthogonalized U matrix. 

Figure 1. ORTEP plot of the cation cis-[Ru(cyclam)ClZ]+. 

Intensities (h, k, kl; 3441 unique data) were measured at 22 O C  by 
using the w-28 variable-scan (2.02-8.37” m i d )  technique in the bi- 
secting mode up to 28,, = 54’. Azimuthal scans of selected strong 
reflections over a range of 28 values were used to define a pseudoellipsoid 
for the application of absorption correction (pr = 0.20, tranmission 
factors 0.599-0.636).’,* The structure was solved by the heavy-atom 
method, and all non-hydrogen atoms were varied anisotropically. The 
methylene and amino H atoms were generated geometrically. They were 
allowed to ride on their respective parent C and N atoms with fixed C-H 
and N-H bond distances (both 0.96 A). Isotropic temperature factors 
were also assigned. Convergence for 3081 (n) observed data (IFoI > 
3alFoI) and 163 variables (p) was reached at R = xA/JJF,J = 0.032 and 
R, [ ~ W A ~ / ~ W ~ F ~ ~ ~ ] ~ / ~  = 0.058, where A llFol - lFJ and w = 
[uz(IFol) + 0.0005~Fo~2]-1. The goodness-of-fit index S [ C w A 2 / ( n  - 

has the value 1.774. The final difference Fourier map showed 
residual extrema in the range +0.44 to -0.63 e A-’, with the three highest 
peaks lying in the neighborhood of the Ru atom. 

All computations were performed on a Data General Nova 3/12 
minicomputer with the SHELXTL system of crystallographic programs9 
Analytical expressions of neutral-atom scattering factors incorporating 
the real and imaginary components of anomalous dispersion were em- 

(7) Kopfmann, G.; Huber, R. Acta Crystallogr., Sect. A: Cryst. Phys., 
D i f f  , Theor. Gen. Crystailogr. 1968, A24, 348-35 1. 

(8) North, A. C. T.; Phillip, D. C.; Mathews, F. S. Acta Crystallogr., Sect. 
A:  Cryst. Phys., Diffr., Theor. Gen. Crystailogr. 1968, A24, 351-359. 

(9) Sheldrick, G. M. “Computational Crystallography”; Sayre, D., Ed.; 
Oxford University Press: New York, 1982; p 506. 
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Figure 2. Stereoview of the crystal structure of cis-[Ru(cyclam)CI2]CI. The unit cell origin lies at the upper left corner, with a pointing from left 
to right, b toward the reader, and c downward. Broken lines represent N-H-421 interactions. 

Table 11. Some Major Bond Distances (A) 

2.369 (1) 
2.117 (3) 
2.112 (3) 
1.494 (6) 
1.482 (5) 
1.492 (6) 
1.495 (6) 
1.523 (7) 
1.493 (7) 
1.489 (7) 

2.373 (1) 
2.104 (3) 
2.105 (4) 
1.494 (6) 
1.485 (5) 
1.486 (6) 
1.483 (6) 
1.524 (6) 
1.506 (8) 
1.501 (7) 

ployed.l0 Final positional and thermal parameters of non-hydrogen 
atoms are tabulated in Table I. Tables of hydrogen atomic coordinates, 
anisotropic thermal parameters, and structure factors are available as 
supplementary material. 

Results and Discussion 
Description of the Structure of cis-[Ru(cyclam)Cl&l. Figure 

1 is an ORTEP plot of the cation and shows the atom-numbering 
scheme. Major bond distances and bond angles are given in Tables 
I1 and 111, respectively. Figure 2 is a stereoview of the molecular 
packing in the unit cell of cis-[Ru(cyclam)C12]C1. The chloride 
ligands are cis to each other as in the original assignment: and 
the cation has approximately C2 symmetry, with a pseudo-2-fold 
axis bisecting the Cl-Ru-Cl angle. The six-membered chelate 
rings have a chair conformation while the two five-membered rings 
are'gauche (see torsion angles in Table IV). The unit cell consists 
of enantiomeric pairs of cations in the cis RRRR and cis SSSS 
configurations. The RS designation is based on the sequence rule 
of Cahn, Ingold, and Prelog13 and serves to indicate the helicity 
of the four nitrogen centres. It is quite possible that this is the 
most stable form for metal complexes containing a cyclam ligand 
in the cis configuration. An analogous structure has also been 
reported for cis-[Co(cyclam)(en)] 3+.14 

Bond distances within the cation are not unusual. The average 
Ru-Cl distance, 2.371 (1) A in the present complex, is substan- 
tially longer than that found in the corresponding trans-[Ru- 
(cyclam)C12]+ species [2.342 (1) A].15 This probably reflects 
the greater a-trans effect of the secondary amine N atom over 
the chloride ligand and also correlates well with the finding that 

(10) "International Table for X-Ray Crystallography"; Kynoch Press: Bir- 
mingham, England, 1974; Vol. 4, pp 99, 149. 

(11) Broomhead, J. A,; Kane-Maquire, L. A. P. J .  Chem. SOC. A 1967, 
546-553. 

(12) Poon, C. K.; Che, C. M. J.  Chem. Soc., Dalton Tram. 1981,1919-1923. 
(13) Cahn, R. S.; Ingold, C. K.; Prelog, V. Angew. Chem., Znt. Ed.  Engl. 

1966, 5, 385-415. 
(14) Lai, T. F.; Poon, C. K. Inorg. Chem. 1976, I S ,  1562-1566. 
(15) Walker, D. D.; Taube, H. Inorg. Chem. 1981, 20, 2828-2834. 

Table 111. Some Major Bond Angles (deg) 

Cl(l)-Ru-C1(2) 
CI(2)-Ru-N(1) 
C1(2)-Ru-N(2) 
Cl(l)-Ru-N(3) 
N ( l  )-Ru-N(3) 
Cl(1 )-Ru-N(4) 
N(l)-Ru-N(4) 
N (3)-Ru-N (4) 
Ru-N(l )-C(l 0) 
Ru-N (2)-C( 3) 
C(3)-N(2)-C(4) 
Ru-N( 3)-C(6) 
Ru-N(4)-C(8) 

C( 1 )-C( 2)-C( 3 ) 

N(3 )-C( 6)-C( 7) 
N(4)-C(S)-C(7) 
N( 1 )-C( 10 )-C(9) 

C(8)-N(4)-C(9) 

N@)-C(4)-C(5 1 

89.7 (1) 
91.4 (1) 

177.6 (1) 
90.9 (1) 

170.1 (2) 
177.1 (1) 

82.4 (1) 
91.0 (1) 

108.3 (3) 
117.1 (3) 
110.7 (3) 
117.4 (3) 
116.4 (3) 
111.7 (3) 
114.2 (4) 
108.8 (4) 
114.0 (4) 
114.6 (4) 
109.1 (4) 

C1( l)-Ru-N( 1 ) 
CI(l)-Ru-N(2) 
N(l)-Ru-N(2) 
C1(2)-Ru-N(3) 
N(2)-Ru-N(3) 
C1(2)-Ru-N(4) 
N(2)-Ru-N(4) 
Ru-N( 1 )-C (1 ) 
C(l)-N(l )-C(lO) 
Ru-N( 2 )-C(4) 
Ru-N(3)-C(5) 

Ru-N(4)-C(9) 
C(5)-N(3)-C(6) 

N(1 >-c(l)-C(2) 
N(2)-W)-C(2) 
N(3I-W )-C(4) 
C(6 )-C (7 )-C(8) 
N(4 )-C (9)-C( 10) 

96.1 (1) 
88.7 (1) 
90.6 (1) 
95.8 (1) 
82.5 (1) 
87.9 (1) 
93.8 (1) 

116.8 (3) 
111.3 (4) 
106.6 (3) 
108.6 (2) 
110.4 (4) 
106.9 (3) 
113.9 (4) 
113.1 (3) 
108.8 (4) 
117.2 (5) 
108.1 (4) 

Table I V .  Hydrogen Bondsa (A) and Selected Torsion 
Angles (deg) 

Distances 
Cl(3). . .N( l )  3.263 C1(3)...H(l) 2.477 
CI(3). . .N(2)' 3.218 Cl(3). ..H(2)' 2.275 
Cl(3). . .N(3)" 3.296 CI(3). .:H(3)" 2.535 
Cl(3). . .N(4)' 3.188 CI(3). . .H(4) 2.253 

-67.4 (5) 
177.6 (4) 
-55.3 (5) 
-69.9 (5) 

65.5 (6) 
174.9 (4) 
165.3 (4) 
68.4 ( 5 )  

174.5 (4) , 

165.8 (4) 

180.0 (5) 
-64.4 (6) 

-55.6 (5) 
-67.5 (5) 

a Key: (I) x, - y ,  'iz + z; (11) 1 - x, - y ,  + z. 

cis- [Ru(cyclam)C12]+ is much more substitutionally labile than 
the corresponding trans species.16 The average Ru-N distance 
of 2.1 10 (4) A is comparable to that found in R ~ ( e n ) ~ ~ +  (2.1 1 
A)" or Ru(NH&~+ (2.104 A).'* Bond distances and angles 

(16) Kwong, S. S.; unpublished results. 
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1100 I 
Figwe 3. Illustration of distortion of ligand donor atoms from octahedral 
positions. 

Table V. Electronic Spectral Data of Some Cis Ruthenium 
Tetraamine Complexes 

~ ~~ 

complex solvent A,,,, nm (log E) 
cis- [Ru(NH,),Cl, ] Cla HCl 352 (3.21), 310 (3.14), 

262 (2.80) 
cis-[ Ru(en),C1,]C16 HCl 354 (3.24), 314 (3.15), 

269 (2.95) 
cis-[Ru(cyclam)C1,]Clc HCl 380 (br, 3.03), 336 (br, 

3.17), 276 (br, 2.98) 
~ i s - [ R u ( N H , ) , ( p y ) , ] ~ + ~  H,O 410 (3.90), 375 (3.81), 

245 (3.86) 
cis- [ Ru (en), (PY 1 , 1 '+ e H,O 398 (4.01, 370 (3.96), 

243 (3.97) 
cis-[Ru(~yclam)(py),]~+ H,O 378 (4.1), 340 (sh, 3.70), 

245 (3.99) 

295 (4.51), 244 (4.0) 
~is-[Ru(en) , (bpy)]"~ H,O 513 (3.53), 362 (3.72). 

~is-[R~(NH,) , (bpy)]  H,O 522 (3.241, 366 (3.76), 

cis-[Ru(cyclam)(bpy)] '+ 
ci~-[Ru(NH,),(phen)]~+ e 
cis-[Ru(en),@hen)] 

cis-[ Ru(cyclam)(phen)] ,+ 

293 (4.27), 243 (3.89) 
504 (3.66), 359 (3.81), 

294 (4.121, 243 (4.00) 
471 (3.82), 265 (4.54) 
500 (sh), 466 (3.881, 340 

(sh, 3.37), 264 (4.55) 
500 (sh, 3.81, 458 (3.86), 

340 (sh. 3.36). 324 (sh. br. 
3.39), 266 (4155) . 

rruns-[Ru(NH,),(py),] 2 + d  H,O 423 (4.22), 245 (3.93) 

Reference 20. Reference 11. Reference 4.  Reference 
19. e Kwong, S. S . ,  unpublished results. 

within the chelate rings correspond closely to those of cis- [Co- 
(cyclam)(en)l3+.I4 The Ru-N-C angles within the six-membered 
rings are close to 117O, suggesting the presence of appreciable 
strain. The N-Ru-N angles range from 82.4 to 96.1°, indicating 
that coordination around the central ruthenium is that of a dis- 
torted octahedron. The primary distortion appears to involve the 
two diagonally opposite nitrogens atoms being bent away from 
an axis normal to the Cl-Ru-Cl plane (Figure 3). As shown in 
the unit cell packing diagram (Figure 2), the crystal structure is 
consolidated by N-H.41- interactions in the range 3.18-3.30 A 
(Table IV), presumably hydrogens bonds, utilizing all available 
amino H atoms. 

General Chemistry and Spectroscpopic hopertie. K,[Ru(ox),] 
has been used successfully as a starting material for the synthesis 
of cis ruthenium(II1) tetraamine complexe~.~J'  Reduction of 
cis-[Ru(cyclam)C12]C1 with amalgamated zinc yielded cis- [Ru- 
(~yclam)(H,O),]~+, which on reaction with N heterocyclic amine 
L (L = py; L2 = bpy, phen) gave cis-[Ru(~yclam)L~]~+. All the 
newly prepared complexes are stable in aprotic solvents and in 
the absence of air but gradually decompose in aerobic aqueous 
solution, especially at a high pH. In aqueous solution, cis-[Ru- 
(~yclam)Cl,]~+ gradually changed its color to dark green. Sim- 
ilarly, aerobic aqeous solutions of cis- [Ru(cyclam)(bpy) J2+ and 
cis-[Ru(cyclam)(phen)]*+ changed from red to yellow within 24 
h. 'H  NMR studies of the resulting solution in D 2 0  indicated 

(17) Peresie, H. J.; Stanko, J. A. J.  Chem. SOC. D 1970, 1674-1675. 
(18) Stynes, H. C.; Ibers, J. A. Inorg. Chem. 1971, 10, 2304-2308. 
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Figure 4. UV-Vis absorption spectra of cis-[RuA4C12]+ [A4 = (NH,),, 
(en),, cyclam] in HCl(O.1 M): - - -  ~is-[Ru(en)~Cl,]+; -, cis-[Ru(cy- 
clam)Cl,]+; --, ~is-[Ru(NH,)~C1,1+. 

Table VI. Electrochemical Data for Some Ru(III)/Ru(II) Couples 

E,,, (vs. NHE)? 
couple mV 

cis-[Ru(NH,),@y),] '+/'* 0.505 
cis-[ Ru(NH,),(bpy)] '+"+ 0.510' 
cis-[Ru(NH,),@hen)] "lZ+ 0.510' 
cis-[ Ru(en),(bpy)] '+I2+ 0.590d 
cis-[Ru(en),(phen)] ,+/,+ 0.550e 
cis-[ Ru(cyclam)(py),] 3+/2+ 0.574 
cis-[ Ru(cyclam)(bpy)] 0.650 
cis-[ Ru(cyclam)(phen)] ,+/,+ 0.630 

a All potentials were measured in 0.1 M CF,SO,H unless other- 
wise stated in references. 
Chem. 1976,15,1107-1110. Brown, G .  M.; Sutin, N.J. A m .  
Chem. SOC. 1979,101, 883-892. Kwong, S. S . ,  unpublished 
results. e Mahoney, D. F.; Beattie, J. K. Inorg. Chem. 1973,12, 

Matsubara, T.; Ford, P. C. Inorg. 

256 1-2565. 

the presence of diimine protons (6 -9-10). We attribute that 
this decomposition reaction was due to a ligand oxidative dehy- 
drogenation reaction. Similar observations have also been reported 
for other ruthenium amine species.', 

Table V is a collection of electronic absorption spectral data 
of some cis ruthenium(II)/ruthenium(III) tetraamine complexes. 
The UV-vis absorption spectra of cis-[RuA4Cl2]+ [A4 = (NH,),, 
(en),, cyclam) are shown in Figure 4. With reference to the 
simplified molecular orbital model of Zwickel and Creutz,19 two 
metal-to-ligand charge-transfer (MLCT) transitions d*, - n*(py) 
are predicted for cis- [RuA4(py),] '+. Vanquickenborne and his 
co-workers,20 using the treatment of Zwickel and Creutz, also 
predicted two allowed ligand-to-metal charge-transfer (LMCT) 
transitions p,(C1) - d*, of equal intensities for cis-[RuA4C12]+ 
species. For cis-[Ru(cyclam)Cl,]+, three bands in the UV-vis 
region are observed. The two lowest energy bands are assigned 
as the p,(C1) - d*, transitions, whereas the 260-280-nm band, 
that is also present in t r a n ~ - [ R u A ~ C l ~ ] + , ~ '  is probably due to the 
p,(Cl) - d*, transition. For cis-[Ru(cyclam)(py),12+, the 378- 
and 340-nm bands are assigned as the MLCT: d*, - n*(py) 

(19) Zwickel, A. M . ;  Creutz, C. Inorg. Chem. 1971, 10, 2395-2399. 
(20) Verdonck, E.; Vanquickenbome, L. G. Inorg. Chem. 1974,13,762-764. 
(21) Poon, C. K.; Lau, T. C.; Che, C. M. Inorg. Chem. 1983,22,3893-3898. 
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Table VII. Infrared Spectra of cis-[ Ru(cyclam)L,] (PF,), (L, = (py),, bpy, phen) in the 3500-300-, 1700-1400- and 800-600-cm-' Regions 

abs bands, cm-' 

CH,, NH, C=C, or C=N vibrations co mD lexe s NH stretch 

cis-[Ru(cyclam)(py),](PF,), 
cis-[Ru(cyclam)(bpy)](PF,), 3272 (m), 3300 (SI 1608 (w), 1425 (s) 

cis-[Ru(cyclam)(phen)](PF,), 

3292 (s), 3090 (W) 1602 (w), 1490 (S), 1450 (SI 765 (Vs), 748 ( S I ,  710 (VS), 630 (w), 
795 (m), 768 (vs), 744 (m), 738 (s), 

795 (w), 785 (w), 750 (m), 732 (vs), 
660 (w), 652 (w), 630 (w) 

630 (w) 
3310 (s), 3290 (sh) 1603 (m), 1430 (s), 1420 (m) 

a Abbreviations: s, strong; m, medium; w, weak; vs, very strong. 
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Figure 5. 'H NMR spectrum of cis-[Ru(cy~lam)(py)~]~+ in CD$N 
with MePSi as internal reference. 

transitions. For the bpy and phen complexes, a detailed spectral 
assignment is not possible in the present study. However, it is 
still reasonable to assign the bands in the visible region as MLCT 
transitions on the basis of their intensities. Similarly, the strong 
bands in the 250-300-nm region are possibly internal ligand a 
+ a* transitions that are commonly observed for ruthenium 
complexes containing N heterocycles. It has been found that 
increasing chelation around the central ruthenium ion red shifts 
the LMCT bands but has the reverse effect on the MLCT tran- 
sitions. Previously, we attributed the chelation effect on LMCT 
transitions of ruthenium(II1) amine complexes as primarily due 
to the solvation effect.2' It is quite likely that the increasing 
hydrophobic nature of the complexes with increasing chelation 
would make the pr electrons of L2 in C ~ S - [ R U ( A ~ ) L ~ ] ~ +  less sol- 
vated, hence leading to an overall increase in their relative energy 
levels. As the d*, levels are not much affected by solvation, the 
MLCT bands will be blue shifted with increasing chelation around 
the central ion. Alternatively, one may assume that the MLCT 
transition will generate a polar excited state: 

Ru"L - Ru"'L- 
Since the extent of solvation decreases in the order (NH,), > 

(en)z > cyclam, the MLCT excited state of C ~ ~ - [ R U ( N H ~ ) ~ L ~ ] ~ +  

hv 

is most stabilized and hence its transition energy will be the 
smallest. The Efo values of ~ i s - [Ru&L~]~+  (Table VI) have been 
found to increase from (NH,), to cyclam, and this is in agreement 
with the solvation effect. 

The clear and well-resolved 'H N M R  spectra of the newly 
prepared cis- [Ru(cyclam)Lz12+ indicated the absence of any 
paramagnetic species. No detailed assignments have been made 
because of the complexity of the spectra. However, the absence 
of any peaks at  ca. 6 9.0-10 in ~is-[Ru(cyclam)(py)~]~+ (Figure 
5 )  clearly indicates the absence of any imine protons that could 
have been resulted by ligand dehydrogenations.'2 Aliphatic protons 
could not be resolved well under the present experimental con- 
ditions. Nevertheless, the observed ratios of all aliphatic to 
aromatic protons are in good agreement with the assigned formula 
of the complexes. 

The IR data of cis-[Ru(cy~lam)L~]~+ and the related complexes 
are collected in Table VII. The IR spectra of the coordinated 
N heterocyclic ligands resemble closely to those of the corre- 
sponding free ligands, except with minor shifts in positions, 
splittings, and intensities. The observed splitting of the v(N-H) 
stretch at  ca. 330&3100 cm-' in c i s - [R~(cyclam)L~]~+ is also 
consistent with a cis configuration of these complexes. The absence 
of any intense bands at  ca. 1600 cm-' in cis-[R~(cyclam)(py)~]~+ 
clearly indicates the absence of any dehydrogenated impurities. 
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