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Summary 

The conversion of CpRuCl(PPh,), in boiling ethylene glycol within 90 h of reflux 
has been investigated. New complex cations in the form of their tetraphenylborates, 
for which the formulae [Cp’RuCl(PPh,)PPh,Cp*Ru(q-C,H,)]+ and [CpRu(n- 
C6HS)PPh2]+ are proposed, were isolated. The former cation is also formed at lower 
temperatures during the reflux of CpRuCl(PPh,), in methanol. The following 
process takes place: ZCpRuCl(PPh,), ---) [CprRuCl(PPh,)PPh,Cp2Ru(q-C,H,)]++ 
Cl- + 2PPh,. In the presence of dicyclopentadiene during the reflux of 
CpRuCl(PPh,), in high boiling polar solvents (ethylene glycol, dimethyl sulphoxide), 
ruthenocene is formed in a 90% yield. One of the cyclopentadienyl groups in 
ruthenocene originates from dicyclopentadiene. As a result of the reaction of 
CpRuCl(PPh,), and NaBPh, in a mixture of diglyme and methanol, a colourless, 
crystalline compound, CpRu(q-C,H,)BPh,, is obtained in a 50660% yield. 

Introduction 

Since its discovery in 1969 by Gilbert and Wilkinson [l], CpRuCl(PPh,), has 
been the source of many interesting reactions [2]. A simple synthesis method 
introduced by Bruce and Windsor in 1977 f3] brought about a rapid increase in the 
number of papers published concerning the reactivity of CpRuCl(PPh,),. The 
structure of the compound was also determined by X-ray methods [2,4]. Despite 
considerable melting temperature differences [4], it is identical to the structure given 
by Bruce et al. [2]_ 

* For Part II see Ref. 4. 
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Results and discussion 

In Fig. 1 the yield of the compound formed in significant quantities during the 
reflux of CpRuCI( PPh i )? in ethylene glycot is bholvn. in cth! tene gtycot at boiling 

temperature a considerable amount of CpRuCl(PPh., )2 (0.2 mol/dm’) dishotws. 
forming an orange-yellow solution. In the c;1se of short reflux times (up to 1 II). :~fter 
cooling the solution some CpRuCI(PPh,), precipitates (up tcj .3(! ~305 r-eco\cn). 

The remaining amount of C’pRuCl(PPh, 1: in the solution exist. \ 11x ;I compte‘i c:llicw. 
Lvhich can be isolated in the form of sparingly sotublc tztraphen\th(~r;ltCx. Ihe 
dissolution process of CpRuC’l(PPh ;): ia suggested to be ;IS f<jttC)i\h: 

2 CpRuC’I(PPh,), -9 Cp’RuCl( PPh3)PPh,Cp’Ru (q-C‘,,H. K‘t +- 2 PPh; II) 

The yield of the isolated PPh3 (beginning of the reflux. Fig. 1) confirms the rlbove 
equation. This process also proceeds at tower temperatures. c.p. in mrth:mol. In this 
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SCHEME 1 

case, only one complex cation in the form of its tetraphenylborate (II) is isolated. As 
a result of the reflux of CpRuCl(PPh,), in high boiling ethylene glycol(1977198°C) 
a cation in the form of tetraphenylborate VI is also obtained. 

To explain the mechanism of dissolution of CpRuCl(PPh,):, its dissociation must 
be assumed: 

CpRuCl(PPh,), -+ CpRu++ Cl-+ 2 PPh, (2) 

with synchronous solvation of the intermediate cation CpRu+ by formation of 
rr-bonds with the nearest phenyl ring originating from a CpRuCl(PPh,), or PPh, 
molecule (Scheme 1). 

From experimental data it follows that process “a” is preferred. Rearrangement 
of the obtained tetraphenylborates II-VII with the formation of a solvation sphere 
at the ruthenium atom, consisting of a phenyl ring originating from the BPh,- 
anion, is also possible. In this way, a non-ionic compound, CpRu(n-C$H,)BPh, 
(VIII), has been obtained. The solution of CpRuCl(PPh,), in diethylene glycol 

dimethyl ether (diglyme) obtained during a short reflux contains CpRuCl(PPh,),, as 
can be seen from the 3’P NMR spectrum (8 + 38.4 ppm). After the addition of a 
solution of NaBPh, in MeOH and storage of the solution at room temperature for a 
few days, colourless crystals of VIII begin to precipitate. The reaction rate of the 
formation of VIII increases, reaching a maximum after approximately 12 days (total 
yield 50.-60%). CpRu(n-C,H,)BPh, (VIII) was obtained earlier by Kruger et al. [5] 
in the form of brown crystals with a 20% yield. 

In the system CpRuCl(PPh,),/NaBPh,/diglyme/MeOH, the process illustrated 
by eq. 1 probably proceeds in the following way: 

2 CpRuCl(PPh,), + NaBPh, + II + 2 PPh, + NaCl (3) 

Due to the excellent solubility of compound II in diglyme, a non-ionic, sparingly 
soluble compound, CpRu(n-C,H,)BPh, (VIII), precipitates from this system as a 
result of the rearrangement of II (Scheme 2). 

It was found that from solution II in diglyme and MeOH colourless crystals of 
compound VIII also precipitate after storing the solution at room temperature for 
several days. In the preparation of the above complexes, traces of oxygen were not 
rigorously excluded from the system because the presence of oxygen could shift the 



ii VIII 

eyu~l~hr~um ot process (1) to the right. ax ;L result of the fcv-m;lti~~n of tI-ipllt~~~~Iph~~~- 

phine oxide. 

In the mass spectrum of compound VI. the fragment at I):,‘(’ 1 h? corrqwnding to 

the [CpRu] ’ cation WYIS I~OI fcwnd. Only ;I set of \ign;ll\ (connatal with. a:, 

previously stated. the natural ;rbunda~vx of ruthenium isotcqwh III nature) 15 ith ;I 

maximum at n7,‘(1 24.5 ~vas f$wnd. to which the ion jCpRu( rl-C’,,II,> j] ’ \\A> asc,rihc-d. 

c)htaincd as ;I result of frsgmcntation of compound VI. 

The above facts arc evidence of negligible proh:lbilit! of the cAstcnce. in the 

solutions. of the CpRu Cations in ;L non-solvated state. lIo~e\er. the life-time of the 

CpRu cation is probably sufficiently long. for instance. to ailc~ the fcwmation of 

VIII to proceed as a reallr of the displawmcnt wtctirw (*i’ the C‘pRu’ cation 

(Schemes 2 and 3). 

Rearrangement of C’pRuC‘l(PPh,), at the boiling temperature of t:th\ltzne glycol 

to a stable ruthenocene is also possible. During short rrflur time> (up to 1 tl) the 

yield of ruthenocene is insignificant (3- 3%. Fig. 1) md it incwxm \xith wflux t~nls. 
Rut carrying out the refluv process in the presence c>f dii~\.clopentadl~rl~ c.‘;~LIw, 

+ PPh3 



335 

Yield (%) 

808 

60 

0.001 0.01 0.1 1 10 100 

T(h) - 

Fig. 2. Yields of ruthenocene vs. reflux time. Curve 1 CpRuCl(PPh?),-ethylene glycol/dicyclopentadiene 

system (3-fold excess); curve 2 CpRuCl( PPh,) 2 /ethylene glycol system. 

ruthenocene to be formed in a high yield (Fig. 2). At the boiling temperature of 
ethylene glycol, cyclopentadiene, C,H, (CpH), is formed from dicyclopentadiene as 
a result of thermal decomposition, and it immediately reacts with CpRu+ to form 
ruthenocene in accordance with the following equation: 

CpRuCl(PPh,), + CpH --, RuCp, + PPh, . HCI + PPh, (4) 

According to eq. 4, the yield of the isolated PPh, should be 50%. In fact this yield 
was observed within the time range 0.1-10 h of reflux. The simple compound 
PPh, . HCl was not isolated from the post-reaction mixture but more complex 
phosphonium salts were obtained. Excess dicyclopentadiene has a significant effect 
on the yield of ruthenocene (Table 1). 

The highest yield of ruthenocene (90%) was obtained during a 1 h reflux of 
CpRuCl(PPh,), and dicyclopentadiene (6-fold excess) in high boiling polar solvents 
(ethylene glycol, dimethyl sulphoxide). 

TABLE 1 

CpRuCl(PPh,),/DICYCLOPENTADIENE/ETHYLENE GLYCOL SYSTEM. REFLUX TIME 10 

MIN 

Go% 
’ = CpRuCl(PPh,), 

Yield (%) 

RuCP, PPh, CpRuCl(PPh3)z VI 

0 0 34 27 35 

0.5 11 45 

1.1 20 53 

1.5 36 50 

1.6 29 53 

2.0 43 58 

2.4 52 14 

3.1 57 61 

7.4 64 55 

8.3 12 71 

32 32 

27 34 

23 26 

24 28 

18 24 

14 22 

9 14 

0 0 
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yields of compound VII in relation to compound VI are many times higher, as 
expected from the ratio of the methyl derivative in the substrate to CpRuCl(PPh,),. 

Conclusions 

From the literature data it can be seen that as a result of the dissolution of 
CpRuCl(PPh,), in MeOH, a solvated cation, [CpRu(MeOH)(PPh,),] ‘, is formed 
[2,8]. Thus, the process of dissolution of CpRuCl(PPh3), in methanol may also 
occur with the formation of Cp’RuCl(PPh,)PPh,Cp’Ru+(q-C,H,)Cll, eq. 1. After 
removal of MedH, a mixture was obtained containing compound I, substrate 

CpRuCl(PPh~)~ and Ph,PO, as indicated by the “P NMR spectrum. The amounts 
of compound I and Ph,PO (formed from PPh,) confirm eq. 1. The action of the 
solution of NaBPh, on the obtained mixture gives compound II. 

Using ethylene glycol instead of MeOH in the dissolution of CpRuCl(PPh,), 
(reflux) causes a solution (see Experimental, “~1”) containing compound I but not 

containing the cation [CpRu(n-C,H,)PPh,]+ to be obtained, as shown in the 31P 
NMR spectrum. This spectrum also contains another signal, an intensive singlet at 
+ 32.0 ppm, to which the solvated cation [CpRu(solv)(PPh,),]’ was assigned. 
However a signal indicating the presence of CpRuCl(PPh,), was not found. The 
action of NaBPh, solution on the obtained mixture gives, in this case, tetraphenyl- 
borates II and VI. Therefore compound VI forms as a result of decomposition and 
rearrangement of hypothetical [CpRu(solv)(PPh~)~]BPh~. 

During longer reflux times (Fig. 1) the molecule of ethylene glycol decomposes 
with the formation of the CO ligand, to give the cation [CpRu(CO)(PPh,),]‘, which 
is isolated in the form of a stable tetraphenylborate. 

Experimental 

The reactions were carried out under argon. ‘H NMR spectra were recorded at 60 
and 80 MHz using Tesla spectrometers. The ‘H-decoupled ‘rP NMR spectra were 
recorded on a JEOL JNM-FX 60 (24.2 MHz) and a Bruker HFX 72 (36.4 MHz) 
apparatus. H,PO, was used as the external reference. Chemical shifts downfield of 
the reference have a positive sign. Mass spectra were recorded on a Varian MAT 711 
mass spectrometer using the FD technique at 8 + 3 kV and on an LKB Bromma 
2091 MS(E1) at variable ionizing voltage. IR spectra were recorded on a Perkin-Elmer 
577 spectrophotometer using KBr pellets and nujol mulls. Melting points were 
measured in sealed capillaries and are uncorrected. 

0.26 g of CpRuC1(PPh,)z and 25 cm3 of ethylene glycol were refluxed within the 
time range 0.004-90 h. From the post-reaction mixture, PPh,, RuCp,, CpRu- 
Cl(PPh,), (substrate), CpRuCl(CO)PPh, and CpRuH(CO)PPh, were extracted using 
benzene. To the remaining glycol phase, 50 cm3 of MeOH and 0.2 g of NaBPh, in 5 
cm3 of MeOH were added. In the resulting precipitate II, VI and [CpRu- 
(~O)(PPh~)~]BPh~ were determined. The yields of these compounds against reflux 
time are shown in Fig. 1. 



ii Preparatim of’ (CpRl~(C‘O)(Pl’h_~), JRPh, mu I( 17-C; H, Mc~)Rlr((~O)(PPh ;/- JBPIl, 

0.577 g of C~RUCI(PP~,)~ and 25 cm’ of ethylene glycol u’erc’ rzfluxrd for 6 11. 1 
cm’ of a colourless liquid U;IS distilled off (Lvater. ruthznctcene, ph(l.sph~,roorgllnic 
compounds). The glycol phase was extracted using hcnzcne i?U and 25 cmi ). 
rejecting the extacts. To :he -emaining glycol phase. 50 cnl’ of t?tOH and 0.7 g of 
NaBPh, in 5 cm’ of EK)II were added. ‘I’he resulting white precipitate \\;ts filtered 
after IO min. 0.485 g of [C‘pRu(~‘O)(PPh,),]BPh, (59’;; VieId) \v;i\ obtained. Using 
MeOH instead of F,tOH C;\LIXS the yield to decreahc by .XY cr,kl per- bunt. h1.p. 
216 224OC (lit. 226~~227°C‘. f71). “1~ NMK (CIH,Clli 13 i+ill.Z (s). L sing ( tp 
CiH,Me)RuCi(PPh,), innt?ad of CpRuCl(PPh 3 jz results in the formation of \rllow 

[( q-C~H,Me)Ru (C’O)(PPh 2 ~,]BI-‘h,, “P NMR(CHIC’l~)o‘ --41 4 i>). 

The combined benzene extracts obtained according to (in) were r\.aporated and 
separated on a column (silica gel. benzene). The first colourless fraction contained 
0.0138 g of CpRuH(CO)PPh; (3’1 yield. m.p. 135 140°C~. After twporation c~f the 
lemon-yellou second fraction. yellow crystals of ~‘pRuC‘l(CO)PPh i (0.01 17 g. 3’: 
yield. m.p. 220~-222°C) cr\,,stallir.ed. “P NMR (C‘HC‘l,)S mc4x.4 (hi. ‘H NMR. 
MS( FD) data and the dr+&mination of the structure of t hc ~~qm~nd h> S-r+! 
analysis indicated the identity of this compound Lvith the Cpliu(‘l(<‘OiPPh > c~‘n- 
pound obtained by Blackm~~rc et al. 171. 

Cl..551 g of CpRuCl(PPh ;)? and 50 cm’ of diethylene glycol dimethyl ether 
(diglyme) were refluxed for 4 min. Next 100 cm’ of MeOH and 0.6 g of NaBPh, in 5 
cm’ of MeOH were added. The resulting orange-yellow xolution v.w, left for 24 h at 
room temperature. 0.02 g (II’ CpRuCl(PPh,), (substrate) W;I~ filtered off and the 
filtrate was stored for 26 day>. After this time. colourless cr?t:tla of C‘pRu( q- 
C,HI)BPhi (0.181 g, 49’3 yield. m.p. 292-~294°C) were filtered off. MS( 13)) ~11 /c# 
486. Prolongation of the storage time (2 -.? months) did not cause an inc.rt’aw in the 
yield of compound VIII. 

3.912 g of powdered CpRuCl(,PPh,)z and 300 cm’ of ethylene glycol were heated 
at boiling temperature for 1 min. After fast cooling to room temperature. 500 cm’ of 
MeOH was added. The yellw~-orange solution obtained was sttwed for 3 da\,x at 
room temperature. \\ith occasional stirring. 4 yellwv-orange precipitate of 
CpRuCl(PPh,), (1.287 g, .3.:? recovery) was filtered. -10 the cleared filtrate a 
solution of 1.8 g NaBPh, in 20 cm MeOH was added. As a result. ;I precipitate 
containing II and VI was filtered after I day. After leashing the precipitate bvith 
MeOH and drying. 1.411 g of a mixture of II and VI ~vas obtained. Compound II 

was extracted from the precipitate aith chloroform (25 cm’ ) and the dark-vrllnw 
filtrate obtained was evaporated at 30°C to give 0.698 g 01’ II C’HC’I ( in the form of 
a lemon-yellow precipitate (1% yield). 

Crystallization of precipitate II can be carried out in two way. 
(a) 0.063 g of II was dissolved in 3 cm3 diglyme and 5 cm’ MeOH. After 14 d of 
storage, yellow-brown crvstals of II were filtered (0.005 g). IK(KRr) 3057111. .3OOOw~. 
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2988w, 2926w, 1571m, 1472s 1430s 1411w, 1386w, 1268w, 1185w, 1151w, 1094m. 
107Ow, 1035w, 1004w, 921vw, 858s 813m, 755m, 742s 712~s 613m, 589w, 534~. 
522s 513w, 493w, 463m, 444w, 418~. 

By changing the composition of the solution, higher yields of compound II can be 
obtained. 0.698 g of II was dissolved in 10 cm3 diglyme and 10 cm3 MeOH. Next the 
solution was rendered turbid using drops of MeOH and returned to clarity by the 
use of one drop of diglyme. After 3 days, a yellow substance (0.408 g; m.p. 
178-187°C) was filtered off. 
(b) From the solution of II . CHCl, in pyridine, compound II was precipitated using 
MeOH. The IR(KBr) spectra of the compounds obtained above are practically 
identical. 

‘H NMR(CDC1,) spectrum 4.03 (s) Cp’, 4.31 (s) Cp*, 5.6 (m) and 4.8 (m) 
(q-C,H,), 7.12 (m), 6.89 (m), 6.79 (m) PPh,, PPh,. BPh,. The ‘H NMR spectrum 
was taken some hours after the preparation of solution II in CDCl, using the 
external reference. The location of the signals in the spectrum was recalculated with 
respect to the internal reference HMDSO. 

The white precipitate obtained after washing the mixture II and VI with chloro- 
form was compound VI (0.681 g, 17% yield). To recrystallize compound VI, the 
substance was dissolved in 15 cm3 of pyridine, filtered and 5.5 cm’ H,O was added. 
The suspension was stored for 3 days and then white-yellow crystals of compound 
VI were filtered and washed with water and MeOH. Ater drying 0.545 g of VI was 
obtained. M.p. 225-231°C. IR(KBr) 3053m, 3OOOw, 2984vw, 2926w, 2851w, 1569w, 
1470m, 1427m, 141Ow, 1385w, 132Ovw, 1311vw, 128Ow, 7268w, 118Ow, 115Ow, 
1095vw, 107Ow, 103Ow, 1005w, 925w, 852~s 752s. 740s 718s 662vw, 625w, 615w, 
604s 53Ow, 5OOw, 435m. 

vi Preparation of IV-VII using methyl derivative of the substrate 

3.023 g of a mixture containing 70% (q-C,H,Me)RuCl(PPh,), and 30% 
CpRuCl(PPh,), and 300 cm3 ethylene glycol were heated at boiling temperature for 
1 min. After cooling the solution, 500 cm3 MeOH was added and after 4 days of 
storage the isolated substrate mixture (0.528 g, 18% recovery) containing 60% 
(q-C,H,Me)RuCl(PPh,), and 40% CpRuCl(PPh,), was filtered. To the filtrate, a 

solution of 1.4 g NaBPh, in 20 cm3 MeOH was added and after 1 day of storage a 
precipitate containing IV and V (0.930 g, 37% yield) was filtered. To the dry 
substance obtained, 25 cm3 of chloroform was added and after filtration, the filtrate 
was evaporated at 30°C yielding 1.021 g (IV and V). CHCl, in the form of 
yellow-gold flakes. The mass spectrum of this compound had signal groups, with 
maxima at m/e 921 (IV), 907 (V) and a weak signal at 893 (trace of II). From the 
‘H NMR(CDC1,) spectrum and the ratio signal intensity at 4.0 and 4.3 ppm, the 
ratio Cp’/Cp* could be determined. In the range 1.73-1.60 ppm, signals of methyl 
groups connected with Cp’ and Cp* were present. The obtained mixture contained 
approximately 40% IV and 60% V. 

The filtrate, after removal of IV and V (volume ca 820 cm3), was evaporated to 
half the initial volume, and after 2 h of storage the yellow precipitate was filtered, 
washed with MeOH and dried, yielding 1.405 g of a mixture, containing IV, V and 
VII. Using 20 cm3 of chloroform IV and V were extracted from the mixture, giving 
0.848 g (IV and V). CHCl, (30% yield). The white precipitate obtained after washing 
the substance with chloroform was in practice the pure compound VII (13% yield). 
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