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The only variable, of those changed within the limits given in 
the Experimental Section, that affected any of the equilibrium 
results in Tables 1-111 within experimental error was the 
NaC104 concentration. 

The kinetic and other NMR parameters are shown in Table 
IV. The entries correspond in the order listed to those solution 
compositions given in Table I11 in the same order. The last 
entry is again for Ni-cyclam. Figures 1 and 2 show the typical 
Tzp* and Q data obtained and the calculated lines based on 
the fitted parameters. 

Discussion 
Some four species can be present in the Ni-2,3,2-tet solu- 

tions: cis-a, cis-& trans, and planar. As far as the water- 
exchange data are concerned, the behavior is consistent with 
only two forms, NiL and NiL(H20)2. The slow cis-trans 
conversion is not evidenced in the water-exchange rate, and 
it appears that all NiL(H,O), species exchange with similar 
rates. It would be difficult to specify the limits of detection 
for unequal rates, but certainly factors of 10 would easily be 
seen and perhaps even factors of 2. 

The equilibrium parameters are necessarily rather imprecise; 
thus, the agreement among the various studies and methods 
is quite reasonable. For the Ni-2,3,2 tet system, where the 
high-spin-low-spin equilibrium NiL(H,O), NiL + xHzO 
is described by the concentration quotient K, the value of x 
is found to be 2 on the basis of the 170 NMR results. The 
argument is that the high-temperature limit of Qinner should 
be ca. 4.0 per H 2 0  bound to Ni(II).5 The data found all point 
to a Qobsd of ca. 8.0, thus 2 H20 /Ni  is consistent with our 
results. As sodium perchlorate concentration increases, K 
increases, AH becomes a bit less positive, and AS remains 
about the same. The AS value is roughly what one would 
expect for the liberation of two water  molecule^.^ The activity 
of H 2 0  does not decrease enough to account for the results, 
and one must suppose that C10, plays some more specific role 
in favoring the low-spin form. Since water appears to be 
excluded from this form, one seems forced to conclude that 

( 5 )  Hunt, J. P. Coord. Chem. Reo. 1971, 7 ,  1. 

some long "bond" to Clod- in the axial position(s) is involved. 
The Ni-cyclam low-spin form has about a 10-fold greater 

K, than for Ni-2,3,-tet due to a more positive AS and in spite 
of a more positive AH. Again the 170 NMR data suggest 2 
H20/Ni in the high-spin form. The greater stability of cyclic 
ligand complexes has been discussed by Hinz and Margerum6 
in terms of ligand solvation. 

The water-exchange rate constant at 25 "C (k,) of 4 X lo6 
s-I is about 100-fold greater for Ni(2,3,2-tet)(H20),2+ than 
for Ni(H20)6,2+, showing the usual labilizing effect of amine 
 ligand^.^ Sodium perchlorate in the concentration range 0.1-4 
M has no significant effect on the exchange rate. For Ni- 
(cyclam)(H20)2+, k1(25 "C) is ca. 2 X lo7 sd, about 5 times 
larger than for the 2,3,2-tet complex. For Ni(trien)(HzO),Z+ 
k1(25 "C) is 6 X lo5 s-l, and for Ni(~yclen)(H,O)~~+ k1(25 
"C) is 2 X lo7 s-l. The cyclic ligands are more labilizing and 
remarkably similar in effect, considering the considerably 
greater strain in the cyclen case. Some discussion of these 
effects is found in our earlier work.] 

We are planning to study pressure effects on these systems 
to obtain AVI values, which may provide new clues to the 
origin of the differences in ligand effects on water exchange. 

In our Ni-cyclen paper' we also discussed the relations 
between r ,  the mean lifetime for low-spin-high-spin relaxation, 
and rM, the mean lifetime for water exchange. At that time 
7M for Ni-2,3,2-tet was not known. It is ca. 0.25 ps. This 
leads to a r of 0.125 ps compared to 0.28 ps and means that, 
if only NiL + H 2 0  + NiL(H20) and NiL(H20) + H20 + 
NiL(H20)2 equilibria are involved in determining both T ' S ,  

then one probably cannot say which process is rate controlling 
for low-spin to high-spin interconversion. 
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A comprehensive study of the ruthenium chemical shift scale is presented. The results obtained clearly show the importance 
of ruthenium N M R  for probing the ruthenium environment (A6 = 9100). Moreover, real chemical problems can be tackled 
via such a technique, for example, aqueous equilibria of ruthenium aqua ions or structural and electronic mapping around 
the ruthenium liganding site in organometallic ruthenium complexes. 

Introduction 
Most of the magnetic nuclei of the periodic table have been 

observed,2 and only a few transition-metal isotopes resist NMR 
detecti~n.~ Very recentlP5 both isotopes of Ruthenium (wRu, 
lglRu) were detected, a very important step toward structural 
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and dynamical studies on ruthenium compounds via Ru NMR 
owing to the role played by the ruthenium nucleus in or- 

(1)  Presented in part at the 5th International Meeting on NMR Spec- 
troscopy, Exeter, England, July 12-17, 1981. 

(2) (a) Harris, R. K.; Mann, B. 'NMR and the Periodic Table"; Academic 
Press: New York, 1978. (b) Brevard, C.; Granger, P. "Handbook of 
High Resolution Multinuclear NMR"; Wiley: New York, 1981. 

(3) Kidd, R. G. Annu. Rep. NMR Spectrosc. 1980, 10, 1. 
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RU(CN16  
Z +  

RdNH3)6 R u 0 4  Table 1. NMR Parameters of 99Ru and lorRu 

quad- 
recep- rupole 
tivity moment, 

% n a t  spin relto 10-z8Q, 
isotope abund no. ( I )  13C mz A 

99 Ru 12.72 ' I  0.83 0.076 
lo' Ru 17.07 SI 2 1.56 0.44 

ganometallic chemistry and related areas. 
Our first paper4 presented the NMR parameters of the two 

ruthenium isotopes, and we would like to introduce now a more 
comprehensive aspect of Ru NMR, including some interesting 
chemical applications. 
Experimental Section 

All spectra have been run on a Bruker W M  250 spectrometer 
equipped with a multinuclear accessory (10-mm tube). At 5.87 T 
99Ru resonates a t  11.541 MHz and lolRu at  12.934 MHz. Spectra 
were acquired with 90" pulses and a fast pulsing rate (typically 0.1 
s), except for very sharp lines, which were recorded under high- 
resolution conditions and low (1 s) pulsing rate. The sample tem- 
perature was stabilized with a BVT 1000 accessory ( i l  "C). All 
chemicals were commercially available unless otherwise stated and 
used without further purification or degassing. A positive 6 indicates 
a high-frequency shift (deshielding) with respect to the reference 
frequency. ," values represent the resonance frequency at  a magnetic 
field value for which the protons of Me4Si resonate a t  exactly 100 
MHz. 
General Features of Ruthenium NMR 

Ruthenium has two magnetically active isotopes (Table I). 
Although the receptivity of 99Ru is only half of that of lolRu, 
it is preferable to observe 99Ru due to its lower quadrupole 
moment, which compensates for the difference in receptivity 
between the two isotopes. 

The X values are4 
E99 = 4.614 MHz El01 = 5.171 MHz 

The relaxation process for both isotopes is essentially quad- 
rupolar. For 99Ru the value of the quadrupole moment is of 
the same order as for log, 33S, 35Cl, 37Cl, or 41K. But, in 
contrast for example, to covalently bonded chlorine or sulfur 
atoms, which give in general very broad lines, the coordination 
number of ruthenium tends to be high (4-6), which implies, 
a priori, a favorable electronic distribution along the Ru-X 
bonds and hence sharp lines. These coordination numbers may 
also help to explain the relative ease with which high-molec- 
ular-weight (> 1000) organoruthenate compounds give a de- 
tectable Ru NMR signal (Table 11). Such a situation is 
observed, for example, in Ru(bpy),-like complexes (vide infra). 

Among all the current ruthenium oxidation states (-11 to 
+VIII), the +I11 state cannot be detected by conventional 
high-resolution NMR methods because of its paramagnetism. 
All the other oxidation states are diamagnetic or exhibit a 
small paramagnetism that depends upon the formal molecular 
charge at the ruthenium site. 
NMR Results 

1. Chemical Shift Scale. A chemical shift scale is presented 
in Figure 1, and comprehensive results are listed in Table 11. 
In our first paper4 we suggested RuO, 1 M in CC14 as ref- 
erence since it gives a sharp line and its temperature coefficient 
(0.13 ppm/K) is acceptable. But it has been also suggested5 
that Ru(CN)~& could be a better reference because it is more 
easily handled. On the other hand, it resonates in the low- 
frequency range of the ruthenium chemical shift scale, which 
leads to positive 6 values for the majority of Ru resonances. 

(4) Brevard, C.; Granger, P. J .  Chem. Phys. 1981, 75 (9 ) ,  417. In this 
paper, a misprint gives an erroneous E value for 99Ru. 4.16407 MHz 
instead of 4.61407 MHz. 

( 5 )  Dykstra, R. W.; Harrison, A. M. J .  Magn. Reson. 1981, 45, 108. 
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Figure 1. Ruthenium chemical shift scale (99Ru observed). Coun- 
terions are indicated in Table 11. 

Table 11. Chemical Shift Values of Chosen Ruthenium 
Compounds (from 99 Ru NMR) 

compd solvent T ,  K 6 

RuCp, CH,Cl, (satd) 346 -1270 

Ru, (CO), C1, acetone (0.3 M) 297 +1204 
EtOH-HC1 (0.3 M) +966 
pyridine (0.3 M )  +806 

Ru(CO),Cl,-Cs+ acetone 311 +976 
EtOH 313 + lo01  
D, 0-HCl 296 + lo90  
DZO 223 +1102 

+1284 
296 + lo94  

+I272 
333 + I111  

+I297 
Ru(SnC1,),Cl4'(NEt,'), CH,CN (satd) 303 +1554 
RuO, CC1, (1 M) 297 +2021 
Ru(CO),CI, z-(Cs+)2 D 2 0  (0.3 M) 333 +2523 

Ru(bpy), z+(Cl-)2 D,O (satd) 297 +4518 
R U ( L L ' ) , ~ + ( P F ~ - ) ~ ~  CH,CN (0.5 M) 297 t 5 0 4 0  (mer)  

Ru(NH,), z+(Cl-)2 D 2 0  (satd) 297 +7821 
Kt D, 0 297 +13.360 

a The compound is tns[ 1-(2-pyridy1)-3,5-dimethylpyrazole] - 
ruthenium(I1) hexafluorophosphate (see Figure 2). 

The only drawback is its large temperature coefficient, greater 
than 1 ppm/K; the choice of this reference may also allow 
comparison with other transition metals such as 59C0,2a for 
which the hexacyano complex is used as reference. We con- 
sequently choose R u ( C N ) ~ ~ -  as reference. 

Our results show the spread of the Ru chemical shift scale 
(9100 ppm) from -1270 to +7821 ppm, which compares quite 
well with other results on heavy transition metals.*J Solvent 
effects are difficult to sort out because of the relative width 
of the resonances (1-50 ppm). On the other hand, some of 
the compounds studied were structurally solvent dependent. 
As an example, the Ru~(CO)~CI ,  dimer gives no signal in 
EtOH or CC14 and a detectable one in acetone or pyridine (see 
Table 11) corresponding to a species known as [Ru- 
(CO)3C12.solvent].6 The only case in which a reasonable 
conclusion can be drawn is for RU(CO)~C~~-CS', for which 
a 25-ppm difference is observed from acetone to ethyl alcohol. 

2. Chemical Shift Trends. All the general features of the 
transition-metal family chemical shifts carefully reviewed in 

Ru, (CO),, C,H, (satd) 297 -1208 
Ru(CN),K, D,O (0.3 M) 297 0 

D,O-HC1(0.3 M) 346 +2537 

+5003 cfac) 

(6) Benedetti, E.; Braca, G.; Sbrana, B.; Salvetti, F.; Gassi, B. J. Orguno- 
met. Chem. 1972, 37, 361. 
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Table 111. 'J99Ru-X Coupling Constants and Measured 
Isotopic Shifts (Ai&)  / 

f i 
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Figure 2. 99Ru spectrum of tris[ 1-(2-pyridyl)-3,5-dimethyl- 
pyrazole] ruthenium(I1) hexafluorophosphate showing the met-fac 
isomerism induced by the ligand (py = pyridine, pz = pyrazole). 

ref 3, are found at once in ruthenium NMR (Table 11). Thus, 
the 0 oxidation state lies at the low-frequency end of the scale 
and there is a definite tendency to go to high frequency with 
increasing oxidation number. Exciting results are furnished 
by the ruthenium(+II) oxidation state. In fact, they simply 
summarize qualitatively the importance of transition-metal 
NMR, when available, to map out the electronic density 
around the metal center. The influence of the electronic charge 
at the ruthenium site is clearly seen from the chemical shift 
difference (4500 ppm) between R ~ ( b p y ) ~ ~ +  (Ru2+ (+II)) and 
RU(CN)64- (Ru4- (+II)). 

The importance of R ~ ( b p y ) , ~ +  type complexes in photo- 
chemical catalytic decomposition of water is ~ell-known.~ Up 
to now, very few methods were available to predict the catalytic 
strength of such complexes or to link unequivocally their 
chemical properties to some physical observables (e.g., po- 
larographic potential, UV or IR spectra). Ruthenium NMR 
seems, a priori, to be a very good probe for such a task; as an 
example, in R u [ b i ~ ( N ) ] ~ ~ +  compounds, any subtle change in 
the N moiety (N = heterocyclic ligand) is immediately re- 
flected back into the corresponding 99Ru chemical shiftes Even 
a mer-fac isomerism is detected without difficulty (Figure 2). 
This sensitivity of 99Ru NMR to both local steric and local 
electronic environment in such complexes is being actively 
explored. A word of caution is necessary to end this section 
on ruthenium chemical shifts. A potassium-39 resonance ( I s  
= 4.666 MHz) from any potassium salts of ruthenium com- 
pounds will be found around +13.360 ppm. Due to the sen- 
sitivity of potassium compared to ruthenium, it is likely that 
this line will be detected even if the used spectral width will 
not include the 13.OOO-ppm region (folding back). We strongly 
recommend then to avoid ruthenium potassium salts when 
performing ruthenium NMR. 

3. Isotopic Shift Effects on 99Ru Chemical Shift. Table I11 
summarizes the actually measured isotopic shifts. The '2C-l3C 
isotope shift (A6 = 0.37) parallels the effect found for Co- 
(CN)63-, 0.9 ppm.I0 

4. Coupling Constants. The measure of nJRu-x is essentially 
dependent upon the sharpness of the ruthenium line and hence 
upon the overall symmetry of the compound under study. The 
only known values of I J R u +  are listed in Table 111. 
Comparison of 99Ru NMR with Other Transition-Metal 
NMR 

It is interesting to draw some comparisons between our 
results and those concerning other transition metals, especially 
when they belong to the same column of the periodic table. 

(7) Lehn, J. M., et al. Nouu. J .  Chim. 1979, 3, 423. 
(8) Steel, P. J.; Lahousse, F.; Lerner, D.; Marzin, C., submitted for pub- 

lication. 
(9) Farmgia, L. J.; James, B. R.; Lassigne, C. R.; Wells, E. J. Inorg. Chim. 

Acta 1981, 53, L261. 
(10) Traficante, D. D.; Simms, J. A. Reu. Sci. Instrum. 1972, 45, 1122. 

X 
13C I7Ob 11?,119Sn 

'JRu-X, Hz 44.8" 23.4 846c 
Aid +0.37 t0.02 d 

a In Ru(CN),K, in D,O; obtained from both 99Ru and I3C 
NMR. * In RuO,, 1 M in CCl,., 
CH3CN; already obtained by Sn NMR9 and clearly visible in the 
ruthenium spectrum as a multiplet structure due to  1173119Sn nat- 
ural abundance (see, for example, ref 2, pp 6 ,  9). 
broad to  be measured accurately. 

If osmium NMR is practically n~nex i s t en t ,~ ,~  on the other 
hand, a very well-documented paper" allows a fruitful par- 
allelism between *Ru and 57Fe results. Two sets of compounds 
are strictly comparable, namely, the two metallocenes and the 
hexacyano complexes. Then 

The ratio 6Ru/6Fc = 1.3 (6,/6,, = 3.0,12 he/6% = 1.8,13 6,/6, 
= 2.914). 

It should be interesting to compare Fe(CO)5 and Ru(CO)~, 
but the latter is known as very unstable, although, taking into 
account the 1.3 factor between the 99Ru and 57Fe scales, one 
should expect the Ru(CO)~  resonance around -3280 ppm, in 
good agreement with the chemical shift of the ruthenium 
cluster R u ~ ( C O ) , ~  (6 = -1208) ppm) if one remembers the 
deshielding effect of a metal-metal bond (ref 3, p 47). This 
expected chemical shift value should be one of the lowest 
resonance frequencies in Ru NMR. It is also worthwhile to 
compare the ruthenium results with those for cobalt, for which 
much data are a~a i l ab le .*~*~  Then 

In Ru(SnC1,),C14-(NEt,+), in 

Lines too 

6Fe(CN)6 - 6FeCp2 = -962 ~RU(CN), - 6RuCp2 = -1270 

6c0(bPy),3+ - 6co(Cq63+ = 6620 ("Ru: 45 18) 

If we do not take into account the charge difference between 
cobalt and ruthenium in each compound, then 6&/6R, = 1.46. 
One more point of comparison is found in 6M,(co)12, where M 
= Ru or Co and x = 3 (Ru) or 4 (Co). Then, the difference 
in chemical shift between the hexacyano complex and the 
metal cluster is equal to 1800 ppm for cobalt and 1200 ppm 
for ruthenium, which gives again 6co/6Ru = 1.50. 

Of course, more measurements are necessary to set up a 
more precise comparison. But right now, one could observe 
that this general Ru NMR study gives a chemical shift value 
trend that spans the entire range of ruthenium oxidation states. 
It is worth noting that Ru NMR furnishes at once the main 
features of the chemical shift scale for this transition metal. 
Many of the results obtained are missing for other parent 
elements (e.g., Fe3(C0),2, high oxidation states for 57Fe). 
Ruthenium NMR and Chemical Applications 

Ru NMR seems to be one of the methods to study molecular 
or electronic environment in ruthenium organometallic chem- 
istry; it can also be used as a tool to go deeper in dynamic 
studies. We present in this section the study of the Ru2(C- 
O)6C14 dimer and RU(CO)~CI~-CS+ in several solvents. 

1. R U ~ ( C O ) ~ C ~ ~  Several authors have already studied the 
solvent behavior of the R u ~ ( C O ) ~ C ~ ~  dimer.6J5-I6 It was shown 
that, in a solvent such as acetone, this p-chloro-bridged dimer 

(11)  Jenny, T.; Von Philipsborn, W.; Kronenbitter, J.; Schwenk, A. J .  Or- 
ganomet. Chem. 1981, 205, 211. 

(12) Kennedy, J. D.; McFarlane, W.; Pyne, G. S .  J .  Chem. Soc., Dalton 
Trans. 1977, 2332. 

(13) McFarlane, H. C. E.; McFarlane, W. J.  Chem. SOC. Dulfon Trans. 
1973, 2416. 

(14) Kennedy, J. D.; McFarlane, W. J .  Chem. SOC., Perkin Trans. 2 1977, 
1187. 

(15) King, R. B.; Kapoor, P. N. Inorg. Chem. 1972, 11, 336. 
(16) Berch, M. L.; Davisson, A. J .  Znorg. Nucl. Chem. 1973, 35, 3763. 
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"solvent dependence" of the chemical shift of this line is 
characteristic enough to reflect the influence of the solvent 
coordinating heteroatom X (X = oxygen, nitrogen) (Table 11) 
and rules out together with the sharp lines observed the trigonal 
bipyramid structure. 

2. Ru(CO)~C~<CS+. The aqueous solutions of Ru- 
(CO)3C1<Cs+ show an interesting behavior that does not seem 
to have been explored before and that can be enlightened by 
Ru NMR. Two lines are observed around + 1290 and + 1 100 
ppm (Figure 3) ,  which are temperature dependent. The 
low-field (high-frequency) line is broader and corresponds to 
a lower symmetry species. Its chemical shift parallels the 
[Ru(CO),C1,~acetone] chemical shift, and this species could 
be viewed as [ R U ( C O ) ~ C ~ ~ ( D ~ O ) ] .  The high-field (low-fre- 
quency) line in Figure 3A,B or the only line in Figure 3C has 
a chemical shift close to that of the f a~ - [Ru(C0)~Cl~] -H+ 
compound existing in the acidified solution of the Ru2(C0)6C14 
dimer. 

One has then 

Ru(CO),Cl< + D,O * C1- + [Ru(CO),Cl,(D,O)] 

This equilibrium is displaced toward the left side with excess 
C1- and toward the right side with an increase in the tem- 
perature. Such a behavior is known for chloro complexes of 
ruthenium.'* 
Conclusion 

Our results show unambiguously that ruthenium NMR 
should bring a new insight in ruthenium chemistry, as a direct 
probe for structural or electronic changes at the metal center 
itself. Such a tool will be welcome in organometallic or ho- 
mogeneous catalysis chemistry. On the other hand, one should 
keep in mind the quadrupolar nature of both ruthenium iso- 
topes, which will certainly mask a number of lines and render 
methods such as INEPTZb useless to enhance the sensitivity. 
Meanwhile, fast-pulsing recording conditions associated with 
large spectral width and superconducting magnets will allow 
detection of lines as broad as 1 kHz with a suitably equipped 
high-resolution high-field spectrometer. 
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Figure 3. wRu spectra of Ru(CO)~C~~-CS+ in D20 ca. 0.3 M): (A) 
296 K, (B) 333 K, (C) 296 K (acidified solution (HC1)). 

brakes down into two (monomer-solvent) units. In fact, a 
solution of the dimer in CCll or EtOH failed to give any 
detectable Ru signal, certainly because of the large electronic 
field gradient existing around the metal center in the dimeric 
form. On the contrary, for a solution of the dimer in acetone 
or pyridine, a line is observed at +1204 or +806 ppm, re- 
spectively. Again, when the ethanolic solution of the dimer 
is acidified with HCl as described in ref 16, a sharp resonance 
is found at +966 ppm. This latter case corresponds undoub- 
tedly to Ru(CO)~CI,-H+ by comparison with Ru(CO)~-CS+, 
which resonates at +lo01 ppm (see Table 11). Moreover, due 
to the sharp line observed, one could infer a fac isomer, which 
should present, theoretically, a null electronic field gradient 
around the ruthenium atom." 

The results obtained in acetone and pyridine should corre- 
spond to the neutral species [R~(CO)~Cl~.solvent]. Benedetti 
et a1.6 suggest two possibilities, the first one with the ruthenium 
atom at the center of a trigonal bipyramid, the second one with 
the ruthenium atom at the center of an octahedron. The 

(17) (a) Valiev, K. A,; Zapirov, M. M. Zh. Strukt. Khim. 1966, 7, 494. (b) 
Wherli, F. W.; Wherli, S. J .  Magn. Reson. 1981, 44, 197. 

(18) Cotton, F. A,; Wilkinson, G. "Advanced Inorganic Chemistry", 4th ed.; 
Wiley: New York, 1980; pp 917-919. 




