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Communications 
The Tetranuclear Ruthenium( IV) Aqua Ion: Evidence in 
Support of Its Formulation as H ~ R U ~ O ~ ( O H ~ ) ~ ~ ] ( ~ ' " ) +  (n  
= 0-4) 

The precise molecular structure of the ruthenium(1V) cationic 
species present in noncomplexing acidic solutions remains un- 
known, despite an extensive series of published studies spanning 
four decades.' It is generally agreed that a tetranuclear species 
is relevant on the basis of electrochemical results (reduction to 
Ru(3.75) and Ru(3.25))" and oxidation to R ~ ( 4 . 2 5 ) ~  oxidation 
states) and charge/metal determination using cation-exchange 
chromatography4 coupled with Donnan membrane equilibrium6 
studies a t  pH 1-2 in HC104 solution. The structures proposed, 
[RU~(OH)~~] '+  and [Ru4O6I4+, seem consistent with the findings, 
with the former tending to be favored.' Reduction to give ulti- 
mately a tetranuclear Ru(II1) ion, which decomposes in an 
[ H+]-independent first-order process to give a Ydimericn form, 
conceivably [Ru~(OH)~] '+ or [RuORuI4+, has been well docu- 
mented3*' but offers no further insight into the nature of the 
Ru(IV) species involved. 

Surprisingly no derivative complexes (replacement of coordi- 
nated water ligands) have been characterized in the hope of 
shedding light on the nature of the core structure. We, like others, 
have discovered that certain simple ligands do substitute into the 
Ru(1V) coordination sphere but lead to accompanied reduction 
to mononuclear' (NCS-, C204>) and dinucleal.8 (Cl-, Br-) Ru(II1) 
complexes. We believe that stable tetranuclear Ru(IV) complexes 
exist with ligands such as EDTA and MIDA ((methylimino) 
diacetate), but these complexes remain poorly characterized on 
the basis of elemental analysis. 

We wish to report here significant progress in characterizing 
one such derivative complex isolated following the reaction of 
Rufv(aq) with K[HB(pz)J9 (pz = I-pyrazolyl) at  pH 2 in the 
presence of a number of counteranions, which has provided 
substantial evidence for its formation via simple substitution of 
the water ligands coordinated to the tetranuclear Rufv(aq) core. 

In the first instance, we sought to prepare samples of RuIv(aq) 
enriched with I7O in the hope of being able to elucidate the solution 
structure of the ion directly via 170 NMR measurements because 
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Figure 1. 54.24-MHz oxygen-17 NMR spectrum of Ru'"(aq) (0.1 M) 
in 0.01 M HC104 at 25 OC containing 0.1 M Mn(CIO,), referenced to 
free H 2 0  = 0 ppm. I7O enrichments: 5.2 atom %, p-oxo; 2.78 atom %, 
coordinated water. Conditions: 90° pulse, 5 ps, sweep 125000 Hz, 
130000 scans transformed with 100-Hz line broadening. Inset: UV- 
visible spectrum of the same solution. 

of the successful studies on the trinuclear [M304(OH2)9]4+ ions 
(M = Mo, W).Io Possible methods to ensure total enrichment 
with I7O (to suitable levels - 5  atom %) were considered. The 
standard method for preparing Rufv(aq) solutions, via treatment 
of Ru04 with solutions of H202 in HC104," was rejected because 
there was no guarantee that controlled enrichment of all oxygens 
in both intermediates and products could be achieved. Other 
preparative routes such as treatment of [RuBr612- with BrO; in 
HC1O4I2 were also rejected for similar reasons. In the end, it 
became clear that electrochemical ~x ida t ion '~  of fully exchanged 
[Ru(OH2),12+ l 4  in HBF4/H2Oi7 was the method of choice. 
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Table I 
elemental anal., 46 

H~[Ru~O~(HB(PZ)~)~(HPZ)] (CF,SOj)4*2H20 25.10 2.53 17.7 1 

H4[RU406( HB(pz),)J (CIO4) 1,5(BPh4)2,j.4HzO 48.55 4.30 14.16 

calcd found selected FAB mass spectral data 
compound C H N C H N m l e  assignment 

H4[RU406(HB(PZ),)4(HPZ)l ( N o d 4  28.00 2.87 25.13 28.47 3.18 25.64 1423 ['MRU406(H'iB(pZ),)4(PZ)]*+ 
1356 ['0ZRU406(H'1B(pZ)3)4]*+ 
678 [ ' 0 2 R ~ 4 0 6 (  H"B(p~)j)4] '~+ 
528 [ '02R~(H' 'B(p~)~)2] ' t  

24.75 2.65 18.1 5 1424 ['oZR~406(~''B(pz)~)4(Hpz)]'t 
1 3 56 [ '02Ru406( H"B(pz)3)4]'+ 
678 [ 102Ru406( H " B ( ~ z ) , ) ~ ] ' ~ +  
528 [ "'Ru( H"B(Pz)J)~]  *+ 

679" H2['02R~40~(H''B(~~)j)4]'2+ 

678 [ 1 0 2 R ~ 4 0 6 (  HI' B(pz)j)4]"+ 
528 [ '02R~(H"B(p~),)2"t  

25.85 2.64 20.35 1359" H,['ozRu406(H''B(pz)3)4]'+ 

48.46 4.20 13.84 1360 H4['oZR~40~(H''B(p~),)4]'+ 

a FAB MS data from sample found to contain no free pyrazole. 

Solutions of [Ru(I70H2),J2+ were prepared by reduction of Ru04 
in HBF, with Sn powderl5 followed by ion-exchange chroma- 
tography (Dowex SOW-X2) and treatment with samples of 10 
atom % H2I7O (Yeda Co Ltd.). Following the electrochemical 
oxidation, 170-enriched samples of the Ru(IV) mixture were 
exchanged onto a column (5 cm X 1 cm) of Dowex 50W-X2 
cation-exchange resin and the Ru(IV) aqua ion eluted with 0.25 
M La(C104)3 in 0.01 M HCIO,, giving solutions -0.05-0.1 M 
in Ru(IV) standardized at the peak maximum of 487 nm (c = 
709 M-' cm-I per Ru)" (Figure 1). Further H2I7O was then 
added to the eluates, resulting in the I7O NMR spectrum (2 cm3 
of sample in a IO-" tube) shown in Figure 1. Mn2+ (1  
equiv/equiv of Ru) was also added in order to efficiently relax 
the bulk water signalI6 (referenced as 0 ppm). Three resonances 
were obscrved and assigned as follows: -24 ppm, coordinated 
water; 288 ppm, CIO,-; 1157 ppm, bridging oxygens. Unfortu- 
nately, an assignment of a definitive structure on the basis of the 
I7O NMR spectrum was not possible in this case. However, 
variation in the level of enrichment at the -24 ppm resonance of 
the coordinated waters allowed a comparison of relative peak 
heights versus that of the nearby "exchanging CIOi  counterion 
(natural abundance 0.037 atom 96). This allowed an estimation 
of the number of coordinated waters per Ru as 3.1 f 0.1. This 
result is immediately consistent with a number of possible tet- 
ranuclear structures one could consider, each having facial co- 
ordination of three waters on each Ru. Unfortunately, a similar 
quantitative assessment of the more remote bridging oxygen 
resonance was not possible. However, knowledge of the chemical 
shift ( 1  157 ppm) proved useful in subsequent experiments. 

In the absence of a definitive assignment of structure by I7O 
NMR spectroscopy, the search for a characterizable solid de- 
rivative was maintained. In the end, a suitable complex was found 
by using the ligand hydridotris( 1 -pyrazolyl)borate; HB(pz),-. 
Treatment of Rulv(aq) at pH 2 with an excess of K[HB(pz),] 
in the presence of various noncomplexing counterions led to 
precipitation of a red-brown microcrystalline powder in >70% 
yield. The isolation of crystalline samples suitable for X-ray 
diffraction studies has so far eluded us, but the results from 
elemental analyses and positive-ion fast-atom-bombardment 
(FAB) mass spectrometry on samples obtained from four different 
counterions are listed in Table I and illustrated for complexes with 
NO; and ClO,- in Figure 2. With these latter two counterions, 
m / e  clusters, consistent with the expected ruthenium and boron 
isotope patterns, were observed centered at m / e  1423 and 1356, 
corresponding to loss of a pyrazole (Hpz) from the molecular ion 
fragment, ['02R~406(H11B(p~)3)4(Hp~)]*+. It is not known 
whether the isolated pyrazole is coordinated or free in the complex. 
The presence of a coordinated free pyrazole, accompanied by 

(15) Patel. A.; Leitch, P.; Richens, D. T. J.  Chem. Soc., Dalron Trans. 1991, 
1029. 

(16) Neely, J.  W. Ph.D. Thesis, University of California, Berkeley, 1971; 
Report UCLR-20580. 
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Figure 2. Positive-ion fast-atom-bombardment mass spectra of (left) 
H,[RU~~~(HB(~~)~)~](C~~~)~ and (inset) the NO3- salt (molecular ion 
region). Matrix: 3-nitrobutyric acid. 
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Figure 3. 40.56-MHz oxygen-I7 NMR spectrum of 5% "0-enriched 
H,[RU~O~(HB(~~),)~](CIO~)~ in acetonitrile (saturated solution) con- 
taining 10% acetone by volume. 

bidentate ligation of two HB(pz)< ligands, has been observed in 
the structure of [Mo~S,(HB(~Z)~)~(~Z)].'~ 

The complexes isolated with B(CSHS),- and CIO,- counterions 
do not show the presence of an extra pyrazole; the highest m / e  
cluster fragment is now centered at 1359 or 1360. This observation 
appears to be consistent with protonation to give the cationic 
fragment relevant to the elemental analysis. Loss of H and/or 
X- (the extent depending upon the nature of X-) from the original 
ion pair is presumed responsible for the variation in the extent 
of protonation of the [ R U ~ O ~ ( H B ( ~ Z ) ~ ) ~ ] ' +  fragment, a common 
phenomenon in FAB experiments.'* A further feature of the FAB 

~ ~~ ~ ~~ 

(17) Cotton, F. A.; Dori, Z.; Llusar, R.; Schwotzer, W. Inorg. Chem. 1986, 
25, 3529. 



Communications Inorganic Chemistry, Vol. 30, No. 20, 1991 3791 

mass spectra (Figure 2) was the observation of half-mass peaks 
centered at  m/2e 678 (NO3-, CF3SO<, B(C6H5)4-) and 679 
(ClOi), corresponding to m/2e fragments of variably protonated 
[Ru,O~(HB(~Z)~),] '~+ ions. This is also a common phenomenon 
with polynuclear metal complexes.'* 

In order to verify whether the tetranuclear core structure found 
in the HB(pz)< complex was also representative of the aqua ion, 
an experiment linking the two together was needed. An I7O- 
enriched sample of the complex was thus prepared and its I7O 
NMR spectrum (saturated solution in CH3CN, with acetone 
(+600 ppm vs H 2 0 )  as internal reference) recorded (Figure 3). 
A weak but easily discernible resonance for the bridging oxygens 
was observed at  - 1 170 ppm, identical within experimental error 
with the chemical shift of the bridging oxygens of the aqua ion. 

These results provide the first direct indication that the tet- 
ranuclear Ru(IV) aqua ion is a variably protonated [Ru406- 
(OH2)12]4+ unit, the extent of protonation depending upon [H+]. 
The crucial observation was the existence of the fully deprotonated 
Ru40,4+-containing fragment in the FAB mass spectrum of the 
HB(pz)< complex with the NO3- or CF3S03- counterion. A 
variable degree of positive charge on the aqua ion (depending upon 
[H+]) is also implied from its ion-exchange behavior, displacement 
elution with e.g. La3+ at pH 2 1  being required. Attempts to elute 
the ion (on the basis of a presumed 4+ charge) with 11 M HCIOl 
led to complete retention of the ion on the column. These ob- 
servations imply that the protonation constants for formation of 
H ~ [ R U , O ~ ( O H ~ ) ~ ~ ] * +  lie somewhere in the range M.I9 

Two possible structures for H , [ R U ~ O ~ ( O H ~ ) ~ ~ ] ( ~ + ~ ) ~  are shown 
in I and 11. Structure I would seem more likely, given the ob- 

( n . 0 - 4 )  

servation that reduction to Ru(II1) leads to depolymerization 
forming a dimeric p r ~ d u c t . ~  This could easily occur via cleavage 
of the Ru-O bonds linking the two R u ( ~ ~ - O ) ~ R U  units. Further 
protonation of the tetranuclear unit is known to accompany re- 
duction to RU(III),*~ and this may facilitate such bridge cleavage. 
On the other hand, the "adamantane-like" structure (11) accounts 
more easily for the appearance of only one bridging oxygen I7O 
NMR resonance (closer analysis revealing no indication of two 
discernibly overlapping Lorentzian lines). We certainly believe, 
on the basis of the present results, that structures based on 
[RU,(OH)~~]~+,  favored by many workers,' can now be discounted. 

Support for the Ru4OS4+ formulation also comes from the 
extensive Russian literature20 with regard to reports of various 
green and brown Ru(1V) sulfato complexes obtained following 
heating of Ru(1V) chloro complexes in aqueous H2S04 or fol- 

(18) Richens, D. T. Unpublished results, 1990. private communication from 
the SERC National Mass Spectrometry Centre, Chemistry Department, 
University College of Swansea, Wales, U.K. 

(19) Retention of the tetranuclear structure during protonation is believed 
to be also supported by the lack of any gross changes either in the 
UV-visible spectrum or in the "0 NMR spectrum (no loss of the p-0 
peak) within the rangeof [If+] (IWL2 M) wherein the differing ion- 
exchange elution behavior is observed. A s  a result, protonation to give 
ultimately H ~ [ R U ~ O ~ ( O H ~ ) , ~ ] ' +  below pH 2 amunts  for the resulting 
Ru(1V) species detected previously having apparent charge/Ru = 2. 
This species, we believe. has been wrongly assigned" to "mononuclear" 
R u ( O H ) ~ ~ +  or RuO*+ species. The lack of spectral changes also tends 
to rule out variable degrees of polymerization and/or precipitation of 
hydrous Ru02 as being responsible for the differing ion-exchange be- 
havior. 

(20) For example: Orlov, A. M.; Shorikov, Yu. S.; Kunaeva, 1. V.; Chalisova, 
N. N.; Fomina, T. A. Russ. J .  Inorg. Chcm. (Engl. Transl.) 1979, 24, 
1373. Vdovenko. V. M.; Lazarev, L. N.; Khvorostin, Ya. S. Sou. 
Rodioehcm. (Engl. Tronsl.) 1965, 7 ,  228; 1967, 9, 449. 
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Figure 4. Temperature variation of the transverse relaxation time for the 
coordinated water resonance of 5% "0-enriched RuIv(aq) (0.1 M) in 
0.01 M HC104, p = 1 M (NaC10,). The line represents the tit to eq I.*' 

lowing reduction of RuO, in the same medium. Ginzburg et al.21 
have formulated one of the brown complexes as K&[RU406(S- 
O&] (Ru(3.5)) on the basis of thermal decomposition and on the 
basis of IR studies which appear to rule out the presence of p-OH 
bridges. Similar Ru(IV) derivatives probably exist but remain 
poorly characterized. Efforts will continue to find a derivative 
providing suitable crystals for X-ray structural analysis. 

Water exchange at the bridging oxygen atoms is extremely slow 
(tl12 >6 months at  25 "C), in support of their assignment. In 
contrast, water exchange at  the coordinated water ligands is 
relatively fast and has been studied by dynamic measurement of 
the line width (T2 relaxation time) of the -24 ppm 170 NMR 
resonance as a function of temperature at  pH 1, p = 1 M (Na- 
ClO,). The quadrupolar relaxation contribution ( T2Q) was de- 
termined by measurements of T2 a t  temperatures below 30 O C ,  
thus outside the kinetic exchange region. The resulting T2 values 
(Figure 4) were fitted to the relationship ( 1)22 as a function of 

(1/T2) = In (1/T2Q) + kex (1) 

temperature by use of a nonlinear-least-squares treatment 
(weighting unity),23 giving rise to kJ25  "C) = 29 s-I, AH,,' = 
85 f 16 kJ mol-', and ASex' = +69 f 47 J K-I mol-I. Values 
of k,, for Ru(1V) may now be compared to those observed14 for 
the mononuclear aqua ions of Ru2+ and Ru3+, showing variation 
over 7 orders of magnitude: 

[R&06j4* > [Ru(0Hz)d2' > [Ru(OH,)& 

kx(25 OC)/s-' -10 -lo6 (2) 

The presence of a trans-labilizing effect from the bridging p2- 
oxygens within the tetranuclear structure is presumed to play a 
role in the manifestation of the high lability shown by the water 
ligands in the Ru(1V) ion. 
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Tertiary Amine Adducts of Gallane: GaUane-Rich 
[(CaH,),(TMEDA)] (TMEDA = 
N,N,N’,N’-Tetramethylethylenediamine) and Thermally 
Robust [CaH3(quinuclidine)] 

There has been renewed interest in gallane with the synthesis 
of digallane, H2Ga(p-H)2GaH2,’ and gallaborane, H2Ga(p- 
H)2BH2,2 and the use of tertiary amine adducts of gallane in the 
presence of nitrogen for chemical vapor deposition of gallium 
nitrideU3 While gallane readily forms adducts with tertiary amines, 
only an imprecise structure of one of them, H3GaNMe3, has been 
studied in the solid,’ possibly because of their tendency to de- 
compose to gallium metal, amine, and hydrogen close to room 
tempera t~re .~  

Herein we report (i) the synthesis of some new gallane/tertiary 
amine adducts; (ii) studies on varying the nature of the amine, 
either the alkyl substituents on the amine or the number of tertiary 
amine centers/Lewis base, where the thermal stability of the 
adducts is affected and (iii) the first complete crystal structure 
determinations of gallane/tertiary amine adducts, viz the 2: 1 
gallane/TMEDA (TMEDA = N,N,N’,N’-tetramethylethylene- 
diamine) and 1 : 1 gallane/quinuclidine adducts. 

Treatment of H3GaNMet with excess TMEDA in diethyl ether 
gave a 1 :1 gallane/TMEDA adduct, H3Ga(TMEDA), as a white 
solid, which rapidly lost equiv of Lewis base in vacuo (weight 
loss), via a colorless oil, affording solid [{H3Ga12{(NMe2CH2),)] 
(1) in high yield. This and the synthesis of the quinuclidine adduct 
[H3Ga(N(CH2CH2)3CHJ] (2) are shown in Scheme I.’ The 

( 1 )  Pulham, C. R.; Brain, P. T.; Downs, A. J.; Rankin, D. W. H.; Rob- 
ertson, H. E. J. Chem. Soc., Chem. Commun. 1990, 177. 

(2) Downs, A. J.; Goode, M. J.; Pulham, C. R. J. Am. Chem. Soc. 1989, 
111, 1936. 

(3) Melas, A. A. US Pat. 4740606,1988; Chem. Absrr. 1988,109,121598d. 
(4) Shriver, D. F.; Nordman, C. E. Inorg. Chem. 1963. 2, 1298. 
(5) Greenwood, N. N.; Eamshaw, A. Chemistry of rhe Elements; Pergamon 

Press: Oxford, England, 1984; p 257. 
(6) Shriver, D. F.; Shirk, A. E. Inorg. Synrh. 1977, 17, 42.45. 
(7) Compounds 1 and 2 were synthesised as follows. To synthesize 1, a 

solution of TMEDA (1.3 mL, 8.64 mmol) in OEt, (5 mL) was added 
over 30 min to H,GaNMe, (0.95 g, 7.20 mmol, prepared by a variation 
of the literature procedure)6 in OEt, (I5 mL) at 0 OC. After 1 h at 
rmm temperature, volatiles were removed in vacuo, to yield initially a 
white solid, then after 1 min a colourless oil followed by a white solid 
of 1 after 3-5 min. This was recrystallized as colorless prisms overnight 
at -20 OC from OEt, (1 5 mL) (0.88 g, 95% yield). Mp: 74-76 OC dec. 
‘H NMR (300 MHz, toluene-d8, 243 K): 6 (relative to TMS) I .49 (12 
H, s, CHJ 2.55 (4 H, s, CHI), 4.78 (6 H, broad s, GaH,); ”C NMR 
(243 K): 6 46.64 (s, CH,) 56.7 (s, CHI). IR: uO,+ 1840 cm-I. To 
synthesize 2, quinuclidine hydrochloride (1.96 g, 13.4 mmol) was added 
over 30 min to a solution of Li[GaH,] (1.08 g. 13.4 mmol. prepared by 
a variation of the literature procedure)6 in OEt, (100 ml) at -80 OC, 
resulting in an immediate evolution of gas. After warming to room 
temperature, the mixture was stirred for 2 h and then filtered and the 
volatiles removedc in vacuo to yield a white solid. Sublimation of the 
resulting white solid (0.2 mmHg, 65-70 OC) afforded colorless prisms 
of 2 (2.32 g, 94% yield). Mp: 100-101 OC dec. ‘H NMR (250 MHz. 

2.60 (6 H, t, NCHJ 4.80 (3 H, broads, GaH,); I3C NMR, Q 19.26 (s, 
CH) 25.0 (s, CHI) 48.87 (s, CHzN). IR: uO,+ 1810 cm-I. Anal. 
Calcd for C,H16GaN: C, 45.7; H, 8.8; N, 7.6. Found: C, 46.1; H, 8.7; 
N, 7.7. 

C6D6): 6 (relative to TMS) 0.93 (6 H. m, CHz), 1.12 (1 H. m, CH) 
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Figure 1. Molecular projections of (a) [(H3Ga]z[(NMezCHz)2J] (1) and 
(b) [H3Ga(N(CHzCHz),CH]] (2) with 20% thermal ellipsoids for non- 
hydrogen atoms and arbitrary radii for hydrogen atoms shown. Bond 
distances [A] and angles (deg) are as follows. Compound 1: Ga-N = 
2.094 (4), Ga-H(1,2,3) = 1.36, 1.40, 1.57, N C ( 1 )  = 1.476 (7), N C ( 2 )  
= 1.481 (7), N-C(3) = 1.478 (7), C ( l ) C ( l ) ’  = 1.51 (1); N-Ga-H- 
(1,2,3) = 103,99, 97, H(l)-Ga-H(2,3) = 125, 114, H(2)-Ga-H(3) = 
112, Ga-N-C(1,2,3) = 113.2 (3), 108.6 (4), 106.9 (4), C(l)-NC(2,3) 
= 112.7(5), 106.6 (4), C(2)-N-C(3) = 108.5 (5), N-C(l)-C(l)’  
113.8 (6). Compound 2 Ga-N = 2.063 (4), Ga-H(1,2) = 1.69 (6), 1.55 
(5), N-C(5) = 1.507 (6), C(1)-C(2) 1.529 (5). C(2)-C(3) 1.525 
(5), C(3 )C(4 )  = 1.514 (7), C(4)-C(5) = 1.514 (7); N4a-H(1,2)  = 
100 (2), 105 (2), H(l)Ga-H(2)  = 117 (2), H(Z)-Ga-H(Z)’ = 110 (2), 
Ga-N-C(I,S) = 110.7 (2), 110.6 (3), C(1)-N-C(l)’ = 108.1 (3), C- 
(l)-N-C(5) = 108.3 (3), N-C(I)-C(2) = 11  1.9 (3), C(I)-C(2)-C(3) 
= 108.7 (3), C(2)-C(3)-C(2)’ = 108.3 (3). C(2)-C(3)-C(4) 109.1 
(3), C(3)C(4)-C(S) = 109.6 (4), NC(5) -C(4 )  114.4 (4). 

instability of the 1:1 gallane/TMEDA adduct with respect to loss 
of one tertiary amine center/metal center is similar to that es- 
tablished for the gallane/bis(trimethylamine) adduct, which exists 
only between -45.4 and -22.8 OC, decomposing at higher tem- 
peratures to H3GaNMe3.* In contrast, the corresponding 
alane/bis(trimethylamine) can be purified as a crystalline solid 
in the presence of excess trimeth~lamine.~ Furthermore, the 1 : 1 
alane/TMEDA adduct is thermally stable, sublimable in vacuo 
without decomposition.’” 

(8) Greenwood, N. N.; Storr, A.; Wallbridge, M. G. H. Inorg. Chem. 1963, 
2, 1036. 

(9) Wee, A. T. S.; Murrell, A. J.; Singh, N. K.; O’Hare, D.; Foord, J. S .  
J. Chem. Soc., Chem. Commun. 1990, 1 1 .  
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