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Abstract 

The reaction.~ of the neutral and anionic pymzolyl-bridged triruthenium clusters [Ru 3(~-HXp.-dmpz)(CO).0] (1) and [Et 4N][Ru 3(t.l,- 
dmpzXp.-CO)3(CO) 7 ] (2) (Hdmpz ~ 3,5-dimethylpyrazole) with three different phosphine ligands have been studied. Complexes ! and 2 
react with bis(ditphenylphosphinohnethane (dppm) to give the asymmetric substituted products [Ru3(ix-HXp,-dmpzXp,-dppmXCO)s] (3a) 
and [Et.~N][Ru 3(Ix-dmpz)(p,-dppm)(p,-CO)2(CO)t~] (4) respectively, in which the dppm and pyrazolyl ligands span different Ru-Ru edges. 
Protonation of ~he anionic complex 4 with CF3CO2H affords the asymmetric neutral hydride 3a. Complex 3a slowly undergoes an 
isomerization reaction in solution at room temperature to give a symmetric derivative (3b) in which the diphosphine, hydride and 
pymzolyl ligands span the same Ru-Ru edge. The reactions of compound 1 with PPh 3 and PHPh, at room temperature give 
[Ru~(p, oH}(p..dmpzXPPh3XCO), ~] (5) and [Ru.a(l~-H)(p.-dmpz}(PHPhzXCO) 9] (6) respectively. In compounds 5 and 6, the phosphine 
ligand occupie~; an equatorial site cis to the pyrazolyl and hydride ligands. The anionic complex 2 does not react with PPh~ or PHPh~ at 
room temperature, but gives mixtures of many products at higher temperatures. Compounds 3-6 are thermally unstable, decomposing in 
THF at reflux temperature into mi stures of many compounds. The d ipheny Iphosphido derivatives [Ru ~(p.-dmpz)(p, oPPh ~ )(CO)c, ] (7) and 
[Ru ~(l~.ItXiJ,.dn~pz){ix-PIq~)~(CO)~] (8) have been isolated tYom the themaolysis of complex 6. 

~'~')')rctrd,~,' Ralheuiulll~ Cilia, tel's; C~rbonyls; R¢llt'liOiiS with phO~l}hines; Pyrazolato complexes 

I. Introduction 

Recently, we have reported a high-yield synthesis of  
the neutral trimthenium pyrazolyl cluster [Ru a(I,t-FI)(p,- 
dmpz)(CO)jo] (1) (Hdmpz = 3,5-dimethylpyrazole) by 
protonation of the anionic precursor [Et4N][Ru.~(p,- 
dmpz)(p,-CO).a(CO)7] (2) with trifluoroacetic acid [I]. 
Complex 2 can also be made in high yield by treatment 

Me . ~ M e  7 - 

(I) (2) 
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of [Et4N]tRu~(I~*il)(p, oCO)(CO)I0] with 3,5odimethylo 
pyrazole [1]. The previously reported thermal reaction 
of  [Rude(CO)I,] with 3,5odimethylpyrazole only gives 
low yields of complex 1 [2,3] and binuclear nJthenium(l) 
derivatives [3,4]. 

The efficient preparations of clusters i and 2 have 
allowed a study of their reactivity. We now report a 
comparative study of  the reactions of these two cluster 
complexes with three different types of phosphine lie- 
ands, namely bis(diphenylphosphino)methane, triph- 
enylphosphine and diphenylphosphine. Vet3, few ano 
ionic ruthenium cluster complexes containing N-donor 
heterocycles have been reported to date [1,5,6], and 
their derivative chemistry is yet to be investigated. 

2. Results and discussion 

2.1. Bis(diphenylphosphinohnethane derivatives 

Complex I reacts with bis(dipbenylphosphino)meth- 
ane (THF, 15 rain, room temperature) to give the disub- 
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Scheme I. 

stituted asymmetric derivative [Ru~(I.t-H)(Ix-dmpz)(l~- 
dppmXCO) s] (3a, Scheme l) (dppm=bis(diphenyl- 
phosphino)methane), as the kinetically controlled prod- 
uct (vide infra), The asymmetry of this complex was 
clearly revealed by its NMR spectra. Its 31P{IH} NMR 
spectrum consists of two doublets at positive chemical 
shifts, indicating two symmetry-unrelated coordinated 
phosphorus atoms [7]. Its ~'~C[ l H} NMR spectrum shows 
the resonances of eight carbonyl and five dmpz carbon 
atoms. Accordingly, its t H NMR spectrum shows two 
singlets for the methyl groups: also, in this spectrum, 
the two J(P~H) coupling constants of the hydride 
tesonanc¢ (doublet of doublets) are considerably differ° 
ent (40,9 and 4,0 Hz), as exit.tied for a hydride ligand 
which spas  a Ru=Ru edge different from that bridged 
by the dppm ligand, All these data suppot~, the structure 
proposed for compound 3 in Scheme I, It should be 
noted that other neutral dppm-bridged trinuclear ruthe- 
nium carbonyl clusters containing bridging N-donor 
ligands are symmetric and have both bridging ligands 
spanning the same Ru-Ru edge [8]. 

Complex 3a undergoes an isomerization reaction in 
solution (Scheme 2) to give an equilibrium mixtute of 
3a and 3b. The equilibrium constant, [3b]/[3a] = 0,77 
at 20~'C in THF solution, was established by "P{aH} 
NMR spectroscopy, In this case, the NMR data of 3b 
(singlet in the " vt H} NMR spectrum, triplet for the 
hydride in the ~H NMR spectrum) indicate that the 

cluster is symmetric (Cs). Although, as far as we know, 
there are no precedents for isomerization reactions in- 
volving changes of coordination sites for dppm ligands 
in neutral clusters, there is one precedent in a cationic 
cluster, namely one isomer of the cluster [Ru3(p.- 
H)z(p.3-ampy)(l~-dppm)(CO)7][BF 4] (Hampy = 2- 
amino-6-methylpyridine), which has the dppm ligand 
spanning a Ru-Ru edge different from those bridged by 
the hydride ligands; this isomerizes into a derivative in 
which the dppm ligand spans a hydride-bridged Ru-Ru 
edge [8]. 

The anionic character of [Et4N][Ru3(p.-dmpz)(0,- 
CO)3(CO) ~1 (2) makes it less prone to react with nucle- 
ophiles than complex 1. In fact, compound 2 does not 
react with dppm at room temperature, but gives the 
disubsfituted derivative [Et4N][Ru3(l~-dmpz)(l~- 
dppmXIx-CO)z(CO) 6] (4, Scheme I) in THF at reflux 
temperature. Its NMR data are comparable with those of 
cluster 3a, suggesting an asymmetric st~cture. Its IR 
spectrum indicates the presence of bridging CO ligands 
(1784, 1752 cm-~). The asymmetric structure proposed 
for this complex in Scheme 1 is also supported by the 
fact that it reacts instantaneously with protic acids, at 
room temperature, to give the neutral compound 3a. As 
occurs in other protonation reactions of anionic clusters, 
the bridging CO ligands of the starting material move to 
terminal positions in the final neutrul product [I,5]. 

2.2, Triphenylpho,whine derivatives 

Complex I tenets readily with triphenylphosphinc at 
room [emperatute to give the monosubstituted product 
[Ru ~(t~°H)(p,-dmpz)(PPh ~)(CO)~] (5), 'l'he sln~cture 
proposed for tills compound in Scheme 3 based on its 
t H NMR spectrum, which shows the hydride as a 
doublet with a J (P-H)  coupling constant of 13.0 Hz, 
typical of a cis arrangement of the hydride and phos- 
phine ligands [9]. Compound $ is the only product 
formed at room temperature, regardless of the amount 
of phosphine used, In an attempt to prepare disubsti- 
tuted derivatives, complex I was treated with two 
equivalents of triphenylphosphine in THF at reflux tem- 
~rature, but a mixture of many products was obtained 
(. i p NMR). 

M~ M~ 

? ~(..p. ~Ru 

(3b) 

Scheme 2. 

Me 

Ra 
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R = Ph ($) 
R=H (6) 

Scheme 3. 
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The anionic complex 2 does not react with triph- 
enylphosphine at room temperature but gives mixtures 
of many compounds at higher temperatures, even using 
a 1:1 cluster to ligand ratio. 

It seems app~,'ent that, just above room temperature, 
in both the neutral and the anionic compounds, the 
coordinated PPh 3 ligands undergo degradation via P-C 
and C-H bond activation reactions with no regioselec- 
dvity, leading to mixtures of compounds containing 
orthometallated fragments and/or  bridging diphenyl- 
phosphido ligands (31 p NMR) [ 10,11 ]. 

2.3. Diphenylphosphine derivatives 

[ 13,14b], in which the phosphido ligand which spans the 
same Ru-Ru edge as the hydride ligand has been 
formally replaced by the isoelectronic (three-electron 
donor) dmpz ligand. 

As occurred with triphenylphosphine (vide supra), no 
reaction was observed between the anionic cluster 2 and 
diphenylphosphine in THF at room temperature. How- 
ever, a complicated mixture of products was detected by 
.~,p NMR spectroscopy when the reaction was carried 
out at reflux temperature. Unfortunately, the ionic na- 
ture of these products prevented a chromatographic 
separation. 

The reaction of complex 1 with diphenylphosphine at 
room temperature gives the monosubstituted derivative 
[Ru,(l.t-H)(li-dmpz)(PHPh2)(CO) 9] (6, Scheme 3). The 
hydride resonance of its 'H NMR spectrum is a doublet 
with J ( P - H ) =  l l.4 Hz, suggesting a cis coupling of 
the phosphine and hydride ligands [9], and its IR spec- 
trum is comparable with that of compound 5. These 
data indicate that compounds S and 6 are isostructural. 

It is known that carbonyl clusters containing 
diphenylphosphine lead to phosphido-bridged deriva- 
tives through P-H bond activation reactions under ther- 
mal conditions [12-14], In fact, the thelvaolysis of 
complex 6 (THE reflux temperature, 45 min) lbilowed 
by a chromatographic separation led us to isolate and 
characterize the diphenylphosphido derivatives [Ru.,(I.t- 
dmpz)(Ix-PPh~)(CO)e,] (7) and [Ru,~(tt-ll)(i.t-dnlpz)(it: 
PPh, )dCO)l ] (8). The chisters [Ru ~(CO)~, ], [Ru 4( I~- 
H)4(CO) o] and the known phosphido derivatives 
[ R u ~ ( I t - P P h , ) ~ i C O ) o ]  [13], [Rudttol l)<,(Ix:  
PPh,),(CO)~] [13,14] and [Ru,I(~:PPh,),(CO)i~] [15] 
ai~ also I'ornled in this i~actiOli, 

Tli¢ stnictures i)roposed for eonlpounds 7 and 8 are 
suppoiled by their analytical and spectroscopic data; in 
parlicilhir, their '  P and H NMR spectra indicate that 
both conipounds contain a mhTor phuie thai cuts the 
pyrazolyl Iigand into two identical halves (singlet .~tp 
resonance and equivalent methyl groups of the dmpz 
ligand). Thus, the structure of compound 7 is related to 
those of [Ruz(p,-dmpz)2(CO)6] [31 and [Ru2ip,- 
PPhz)2(CO) 6] [13], but it is a rare example of a dimthe- 
nium(l) complex in the sense that it contains two differ- 
ent bridging ligands [16]. The structure of complex 8 
can t~ related to that of [Ru~(p.-H)(jx-PPh,)~(CO) 7] 

Me Me 

Ph2tl I ~ .~" 

17) (8) 

3. Experimental details 

3.1. General dato 

Solvents were dried over sodium diphenyl ketyl 
(THF, diethyl ether, hydrocarbons) or Call ,  (dichloro- 
methane) and distilled under nitrogen prior to use. The 
reactions were carried out under nitrogen (Schlenk- 
vacuum line techniques) and were monitored by solu- 
tion IR spectroscopy (carbonyl stretching region) and by 
qualitative TLC on silica gel. The compounds I and 2 
were prepared as described previously [I]: all other 
reagents (reagent grade) were used as received from 
commercial suppliers. Microanalyses were obtained 
from the University of Oviedo Analytical Service. In- 
frared spectra were recorded in solution on a Perkin= 
Elmer Fc 1720-x spectrophotometer, usin~ a 0.1 mm 
CaF, cell. NMR spectra were run at 20"C in Bruker 
AC-2(X) and AC-3tX) spectrometers, using internal SiMe~s 
(tit,  'aC) or external 85% It jPO.1 (tl p) as standardg 
(8 * {) ppnl). 

3.2. IRu s ( Ix-H)( p,. dml,Zl( #xo dppm )(CO ).~ I 13a) 

A solution of dppm (29 rag, 0.074 retool) and como 
plex 1 (50 tng, 0.074 mmol) in THF (10 till) wits stirred 
for 15 rain. The solvent was removed under reduced 
pressm'e and the residue chromatographed on a column 
(10 × 2 cm) of neutral alumina (activity IV). Hexane= 
dichloromethane i:i eluted a trace amount of compound 
I followed by a red compound which was identified as 
complex 3a (67 rag, 90%7. Anal. Found: C, 45.38; H, 
2.97; N, 2.77. C3sH.~0N2OaP2Ruv Caic.: C, 45.2o: !l, 
3.00; N, 2.78%. IR (hexane): 2069 (s), 2022 (m), 2008 
(vs), 1997 is), 1989 (w), 1963 (in), l~-;; (;,~v) cm- ' .  tH 
NMR (CD2CI2): 7.7-6.8 (m, 20 H, Ph), 5.73 is, I H, 
pyrazolyl CH), 4.96 (dd, J = 24.0 and i l.I Hz, l H, 
CH of dppm), 4.34 (dd, J - 23.0 and I 1.0 ltz, l H, CH 
of dppm), 2.17 is, 3 H, Me of dmpz), 1.74 (s, 3 H, Me 
of dm~z), - 12.97 (dd, J =,40.9 and 4.0 Hz, I H, i~-l=l) 
ppm. lP{IH} NMR (CD2C 2): 10.4 (d, J = 38.4 Hz, l 
P), 5.8 (d, J = 3 8 . 4  Hz, I P) ppm, t~C{'H} NMR 
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(CD,CI2): ~(CO): 215.9 (d. J = 10.6 Hz). 215.1 (d, 
J = 7.8 Hz). 208.9 (d, J = 14.5 Hz). 203.6 (s), 199.2 (d. 
J =  5.1 Hz). 197.9 (d, J---19.6 Hz), 190.1 (d. J =  5.0 
Hz), 187.1 (d. J = 8.7 Hz): 8(dmpz): 150.8, 150.5, 
107.6. 15.4, 13.3 tall singlets); ~(dppm): 134.9-128.1 
(4 Ph). 54.6 (t, J = 24.9 Hz. CH 2) ppm. 

3.3. lsomerization of complex 3a into 3b 

Complex 3a (15 m~-) was dissolved in 0.5 ml of THF 
in a 5 mm NMR tube. A capillary containing D20 was 
also introduced into the tube in order to use D,O as 
NMR lock). The evolution was monitored at 20°C by 
~= p{t H} NMR spectroscopy, which showed the progres- 
sive i~merization of complex 3a into 3b. After 36 h no 
more changes were observed: at this point the integra- 
tion of the peaks resulted in a [3b]/[3a] ratio of 0.77. 
The solution was evaporated to dryness and the residue 
was dissolved in CDClv Selected NMR data for 3b: ~H 
NMR (CDCI~): -13.57 (t. J = 18.0 hz, ix-H) ppm. 
=~=IP{~H} NMR (CDCI~): 8.1 is) ppm. 

3.4. [Et~ NIlRu~ (#*dmpz)(Iz-dppm)(#-CO),(CO) o ] (4) 

A solution of complex 2 (50 rag. 0.062 retool) and 
dppm (24 rag, 0.063 retool) in THF (10 ml) was stirred 
at reflux tempe;*atur¢ for 45 rain. The solvent was 
removed under reduced pressure and the residue washed 
with diethyl ether (2 × 5 ml) and dried under vacuum to 
give complex 4 as ,t yellowobrown solid (52 rag. 74%L 
Anal. Found; C, 49.18; t!. 4.26; N, 3,83. 
C~Ha~N~O,P~Ru ~. ( ,tic.'. ('. 48.59; t!. 4 .~4' N0 3.70%. 
IR (TitF): 2004 (m). 19fi3 (vs). 1936 (Ill). 1905 (sh). 
1898 (vs), 1784 (m. br), 1752 (m, br) cm t. ~II NIviR 
(C[-'aTI ~): 7.7=63 (m. 20 H. Ph). 5,61 (dd..I  ~ 23.11 and 
II.0 tlz, I H, CH of dppm), ~.24 is, I tt, pyrt~zolyl 
CH), 3.6S (dd, J~23.0 and II.0 Hz. ! H. CH of 
dppm), 2.09 (s, 3 H, Me of dmpz), 1.79 (s, 3 H, Me of 
dmpz) ppm. "~tP{tH} NMR iCDCI~): 50.5 (d. J ~= 90.0 
He, I P), 30. I(d. J ~ t)O.O Hz, I P) ppm. 

3.5. Protonation or" complt:v 4 

Tfifluoroacetic acid (4.8 IXl, 0,(g15 retool) was added 
to a solution of compound 4 (50 rag, 0.044 retool) in 
dichloromethane (5 ml), The colour changed immedi- 
atdy from yellow to dark red. The solvent was r~moved 
under reduced pressure and the residue cm~- 
matographed on a cohimn ( !0 × 2 cm) of neutral alu- 
mina iactivity IV), tlexane~dichloromethane I:! elnted 
a red band which contained complex 3a (40 rag, t,~)%), 

3.6,/Rud bt.H~( tx-dmpzJtPPh, )(CO~o I t$~ 

A solution of complex 1 (37,5 lug, 0,055 retool) and 
PPh, (14,5 rag, 0,055 retool) in THF (15 nil) was 

stirred for I h. The colour changed from yellow to red. 
The solvent was removed under reduced pressure and 
the residue washed with hexane (2 x 5 ml) to give 
complex 5 as a red solid (49 rag, 97%). Anal. Found: C, 
42.13: H, 2.67; N, 2.95. C~_,H,~N,O9PRu 3. Calc.: C, 
42.06: H, 2.54: N, 3.07%. IR (THF): 2087 (m), 2050 
(s), 2015 (vs), 2007 (s), 1985 (w), 1972 (w), 1951 (w) 
cm -l .  IH NMR (CDCI~): 7.5-7.0 (m, 15 H, Ph), 5.60 
(s, 1 H, pyrazotyi CH), 2.09 (s, 3 H, Me of dmpz), 1.38 
(s, 3 H, Me of dmpz), - 12.70 (d, J =  13.0 Hz, I H, 
~-H) ppm. 3tp{IH} NMR (CD,CI,): 26.3 is) ppm. 

C{tl-I} NMR (CD,Ci,):  8(CO)i 2i18,7 (s), 205.7 (d, 
J = 6.5 Hz), 202.2 (d, J = 5.8 Hz), 202.0 (d, J = 5.8 
Hz), 199.6 (s), 197.0 (s), 194.3 (s), 193,0 (d, J =  i l ,7  
Hz), 185.9 (s): ~(dmpz): 150.9, 149.9, 109.6, 12.8, 12,2 
(all singlets); ~(PPh~): 135.0-128.6 i3 Ph) ppm, 

3.7. [Ru~ ( I,t-H)( #-tbnpz~(PHPh: )(CO) 9 i (6) 

A solution of complex I (50 mg, 0.074 mmol) and 
PHPh, (25.5 ILl, 0.147 mmol) in dichloromethane (10 
ml) was stirred for 13 h. The colour changed from 
yellow to orange. The solvent was removed under re- 
duced pressure and the residue chromatographed on a 
column (10× 2 cm) of neutral alumina (activity liD. 
Hexane eluted two bands; the first one (yellow) con- 
tained a small amount of starting material; the second 
band contained complex 6, which was obtained as an 
orange solid (40 mg. 65~'). Anal. Found: C, 37.52: H, 
2.36; N, 3,18, C v.Hv~N~O,~PRu~. Calc.: C, 37.28; It, 
2.29: N, 3,34%. IR (C!t :(3:): 2088 (m), 2050 is), 2(117 
(vs). 21X~) (s). 1984 (w). 1956 (vw) cm ~ I. tH NMR 
(CDCI ,): 7.6=7.2 (m. 10 tt. Ph). 6.46 (d. . I  ~ 345.2 lit.. 
I H. Pll). 5.60 (s. I It. pyrazolyl CII). 2.06 is. 3 i l. Mc 
of dmpz) 1,78 (s, 3 II, Me of dmpz), ~-12.99 (d, 
J~ II.4 Hz. I H. WII) ppm. ~IP{IH} NMR (CDCI0: 
I 1,0 (s) ppm. 

3.& Thcrmolysis oJ'compl¢:t" 6 

A solution of complex 6 (100 rag, 0,119 retool) in 
THF (20 mi) was stinvd at reflux temperature for 45 
rain. The solution was concenu'ated under reduced pres- 
sure to ca. 2 ml and the residue supported on prepara- 
tive TLC silica gel plates. The use of hexane-dichloro- 
mcdlane 5:1 as eluant afforded the following com- 
pounds in order of elution (IR and NMR dmracteriza- 
tion): [Rub(CO)l, L [Ru=(Ix-H)4(CO)=2], 6, [Ru:(IX. 
dmp~)(p.-PPh:)(CO)~] (7), [Ru:(IX-PPh:):([;O)~], 
IRa ~(ix°tl),(i.t-PPh • ),(CO) s ]. [ Ru ~(ixdt)(p.-d,npz)( IX- 
PPh2),(CO):] ~8) and [Ru.~(p.-PPh~),iCO)j~]. All were 
obtained in very small amounts (less than 10 rag). 

Analytical and spectroscopic data for compound 7. 
Anal, Found: C, 42.61; H, 2.85; N, 4.05. 
C2~HI~N, O6PRu~. Calc,: C, 42,47: H, 2.63: N, 4.30c~ .. 
IR (THF): 2078 ira), 2044 (vs), 2009 (m). 1991 (m), 
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1948 (w) cm -t.  tH NMR (CDCI 0: 7,8-7.1 (m, 10 H, 
Ph), 5.13 (s, i H, pyrazolyl CH), 2,07 (s, 6 H, Me, of 

31 dmpz) ppm. p{tH} NMR (CDCI 0:153.2 (s) ppm. 
Analytical and spectroscopic data for compound 8. 

Anal. Found: C, 44.91: H, 3.13: N, 2.75. 
C36H2sN~OvP, Ru 3. Calc.: C, 44.77; H, 2.92: N, 2.90%. 
IR (THF): 2034 (m), 2004 (vs), 1966 (m), 1951 (m) 
era-'. IH NMR (CDCI 0: 7.8-7.0 (m, 20 H, Ph), 5.38 
(s, I H, pyrazolyl CH), 2.01 (s, 6 H, Me, of dmpz), 
-7 .18 (t, J = 30.0 Hz, I H, It-H) ppm. 3ti){'H} NMR 
(CDCI 0: 235.2 (s) ppm. 
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