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SUlMMARY 

Liquid-solid chromatography has been used for the separation and analysis of 
pentafluorophenyl organopolymetallic compounds. containing groups of the type 
Ge-Hg-Pt-Ge, Sn--H,o-Pt-Sn, Ge-Cd-Pt-Ge and germylated hydrides of platinum 
and palladium_ This technique provides a convenient method of monitoring the syn- 
thesis of the above compounds. Its use in the investigation of the reactivity of these 
compounds allows one to determine the direction of the reactions and to detect the 
formation of intermediate and by-products. the identification of which may be diffi- 
cult by other methods. This method is also useful for the determination of the 
relative stability of these substances. 

INTRODUCTION 

The recently discovered ability of zerovalent triphenylphosphine complexes 
of platinum and palladium to insert into Hg-C and M-M’ bonds (M = Hg, Cd, Zn; 
M’ = Ge, Sn) allowed us to synthesize a series of organometatlic compounds com- 
prisins polymetallic chains’. Germ+platinum or -palIadium complexes were also 
obtained by oxidative addition of ML, (M = Pt, Pd: L = PPh,) into the Ge-H’bond 
in pentafiuorophenylgermanium hydrides 3. All these product: have low volatility and 
thermal stability which prevents their analysis by _gas chromatography. Thin-layer 
chromatography provides limited information and is of little use for the. analysis of 
multi-component mixtures of such compounds’. 

We have found that liquid column molecular chromatography can bc used for 
the analysis of thermally unstable per-esters of silyl-substituted carbosylic acids’ and 
for peroxide products of the oxidation of silyl-substituted phenols’. This paper de- 
scribes the use of liquid-solid chromatography (LSC) for tk analysis and identifica- 
tion of involatile organopolymetaiiic complexes of platinum and palladium 
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TABLE I 
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REACl-lONS OF PENTAFLUOROPHENYL ORGANOPOLYMETALLIC COMPOUNDS, 
STUDIED BY LSC 
L = P(CbH,),r THF = tetrahydrofuran. 

benzene 
1 [(C,F,),Ge12Hg - PtL, ----;+ !C,F,),GeHgPtL,Ge(C,F,), 

benzene 
1 [(C,F&Ge]-Cd r PtL, - + (C,F,),GeCdPtL,Ge(C,F,), 

20’ 

benzene 
3 [(C,F,),SnllHg -- PtL, --- --ZF-+ (C,F~),SnHgPtL2Sn(C~FS), 

> 
4 (C6F&CirHgC2Hs - PtL, “f;” (CsF&GePtL2HgCrHS 

bfmzrne 
5 (C,Fs),GeHrPtL2Gc(C,F,), + (C,F,),GeBr 3 no reaction 

SO’ 

6 (C,F&GeHgPtLIGe(C,F,), f Brr -FngZv! (CbF,),GePtLIBr -C Hg2BrL +- (C,F&GeBr 

!xmzene 
7 (C.,F~)3GeHgPtL2Ge(C,F,), +- (_C,FS)3GrCI --i no reaction 

80’ 

S (C,F~)JGeHgPtLLGe(CbF,), 

9 (C,F,),GeHgPtL2Ge(C,F& 

10 ~C,F~),GrHgPtL2Ge(C,F~), 

benzene 
THCI-m- - 

80: 

7 

‘\; 

(C,F&GeH f Hg 

7 
(C6F5),GeHgH -t ClPtL,Ge(C,F& 

(,C,F,),GeHgCI - HPtL2Ge(ChFh 

benzene 
-: (CH&CO -~ --+ no reaction 

so: 

benzene 
TH: --i (C,F,),GePtL=H - 

SO- 

11 
-benzene 

(C,F,),GeH - PtL, m-_j (C,F&GePtL2H 
20: 

11 (C,F,),GeH --- PdL, 
benzene 

-+ (CbF5),GePdL2H 
20. 

13 (C,F&GePtL,H - (C,F,),GeH 
benzene 

-- no reaction 
80’ 

L 
(C6FS),GeCl - Hg 

Hg i (C,F,),GeH 

13 (C,F,),GePtL:H - (C,H,),Hg 
benzene 

--+ no reaction 
: 30:. so= 
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TABLE I (continued) 
__- 

benzene 
(C,F&GePtL?H f HCl --------+ (C6F&GeH f CI,PtL2 

SO’, 17 h 

benzene 
(CeFS)3GePtL2H f (C,F,),GeBr -so=+ no reaction 

(CbF,),GePtLzH + Br2 -“~~~n~ (C,F,),GeBr - BrzPtLz + (C,FAGeP&Br 

benzene 
(C,F,),GePtL,H f S --2by+ no reaction 

THF 
iCbF,),GePtL_H i; (C,FAGeGe(C,F& ---+ no reaction 

looC 

(C,F&GeH, + PtL, be:;! (C,F&Ge(H)Pt4H 

THF 
(C,F&Ge(H)PtL,H f (CzH&Hg - no reaction , 

100’ 

benzene 
(C6F&Ge(H)PtL2H 1m PtL, - --+ drstrkion of products occurs 

80; 

benzene 
(CaF,),Ge(H!Ge(H) (C,F,), f PtL, -.zoT- (CbF5)lGe(PtL2H)Ge(PtL9i) (C,FS)L 

benzene 
(C,F,),GeSH + PtL, mmm-----+ (C,F5),GeSPtLLH T KC~F5)3GeSlZtL~ 

20’ 

(C,F,),GeSeH f PtL, FF (C,F5),GeSePtLLH c [(C,F,),GeSe],PtL, 

EXPERIMENTAL 

The investigations were performed on a Tsvet 304 liquid chromatograph 
equipped with a UV detector (254 nm) and at an inlet pressure of SO-100 atm. As in 
a previous paper6, stainless-steel columns (25 or 30 cm long, 1 or 4 mm I.D.1 packed 
with Silochrom C-SO (specific surface areas SO m’/g; gain size, 5-8 pm and -15 pm) 
were used. Mixtures of n-hexane with diethyl ether (32:l and 24:l) served as the 
eluent. The analyses were performed at room temperature and at 45’. Samples were 
injected with a IO-~1 syrin_ee. 

RESULTS AND DISCUSSION 

Liquid-solid chromatography was preferred over liquid-liquid chromato- 
gaphy for the separation and analysis of pentafluorophenyl organopolymetallic 
compounds since use of the latter method results in depletion of the stationary phase 
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by the eluents. Macroporous Silochrom C-SO was used in this study since pentafluoro- 
phenyl organopolymetallic compounds are stron_gly retained on microporous silica 
gels. The best separations were achieved when using tl-hexane with different amounts 
of diethyl ether as eluent. 

Table I gives oxidative-addition reactions of triphenylphosphine complexes of 
platinum and palladium investigated by LSC. The reaction mixtures were sampled at 
intervals and introduced into the chromatogaph. A decrease in the peak area of the 
starting reagent and the appearance and growth of a new peak enabled the course of 
the reaction to be followed. Chromatographic investigations showed that reactions 
14 (Table I) proceed readily at toom temperature. The purity of the components iso- 
lated from the reaction mixture was also determined by LSC, while their structure was 
determined by elemental analysis and IR spectroscopy_ 

The retention times of the organopolymetallic products obtained differ greatly 
from those of the starting reagents (Fig. l)_ Preliminary X-ray and “P NMR investi_ga- 
tions showed that most of the compounds have a square-planar c&configuration. 
However. in some cases, trajzs-isomers’ were expected to be present in the products 
but we could not confirm this by LSC. 

It was found that compounds with Ge-Hg-Pt-Ge, Sn-Hg-Pt-Sn and Ge-Hz-- 
Pt chains are stable in air while the Ge-Cd-Pt-Ge analogues underwent trans- 

I; = Ge, s2 

x’ = c 1, X6 

L = F(C ii_)- 
631 

Fig. 1. Chromatogram of pcntafluorophengl organopolymetallic compounds (reactions I-4 in Table 
I). Column, 35 cm ..’ 1 mm I.D.; adsorbent, Silochrom C-SO (grain size 15 rlrn): eluent. n-hesane- 
diethyi ether (X:1) (flow-rate 135 cm-‘/min): column inlet pressure, 55 atm: temperature, 45”: I-N 
detector (251 nm). 
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,? formation on exposure to air (Fi_g_ 2). Thus the peak area of the compound (C,F,), 
:q GeCdPtLIGe(C,F,), was greatly reduced and some unidentified peaks were present in 
. : . . the chromatogram. 
: r ,; 

(C6F~)3C-cd-pt~-GB<~F~)~ 

L 

a 2 4 6 8 m.7.a 

Fig_ 2. Chromatogram of (C,F,),GeCdPtL,Ge(C,F,), after exposure to air for (a) 5 min, (b) 18 b. 
Operating conditions as in Fig. 1. . 

The reactivity of pentatluorophenyl orSanopolymetallic compounds has been 
investigated by LSC using (C,F,),GeH_gPtL,Ge(C,F,), (I) as a test compound (re- 

_ actions 5-10 in Table I). The chromatogram of the reaction of this compound with 
bromide showed the appearance of two peaks (Fig_ 3). The retention time of the ex- 

-; petted product tris(pentafluorophenyl)Sermanium bromide was shown to coincide 
:.I with that of the starting complex (I). Therefore this compound was identified by as- 
‘_ liquid chromatography (GLC) and IR spectroscopy after its isolation from the 
” reaction mixture. The products identified by chromatography confirm the. reaction 

scheme reported previously2_ 
Complex I reacts slowly with HCI in boiling benzene. Chromatograms (Fig. 4) 

.f recorded at intervals showed that the process is practically complete in 2 h. Tris- 
s (pentafluorophenyl)Sermane, tris(pentafluorophenyl)Sermanium chloride and plati- 

:: num hydrides (C6F&GePtL2H were identified by chromatography. The reaction 
: products also contain a small amount of an unidentified component, apparently, (Ct,FA 
T GePtLZCI. An attempt to isolate this compound failed. Tris(pentafluorophenyl)- 
; germanium chloride was isolated from the reaction mixture by recrystallization and 
i identified by GLC; LSC was in this case -unsuccessful. 
:j 
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0 2 4 6 a 40 9.2 f4 f6 zis ~ 

Fig. 3. Chromatogram of products of reaction between (C,F,),C;eHgPtL,Ge(C,F,)I and Br2. 
Operating conditions as in Fig. 1. but flow-rate 1.0 cm3,1min. 

0 2 L 6 8 iD !Z lizl 

Fig. 4. Chromarogram of products of reaction ktween (C,F,),GrHgPtL,Ge(C,F,), and HCI: (a) 
after 30 min; ib) after 3 h. Oprating conditions 3s in Fig. 1. 
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LSC analysis of the mixture obtained after the reaction of complex I with 
hydrogen showed the presence of six components, four of which were identified (Fig. 

5). 
LSC investigations showed that the synthesis of the hydrides (C6F&GePtL,H 

and (C6F&GePdL2H (reactions 11 and 12 inTable I) proceeds readily at room tem- 
perature. The peak area of the initial compound (C,F,XGeH had greatly decreased 
(by a factor of cu. 10 ) 30 min after the start of the reaction. 

L = P(C6Eqj 

I- , 
-j Fig. 5. Chromatogram of the products of reaction between (C,F,),GeHgPtL,Ge(CsF,h and HZ. 
-1 Operating conditions as in Fig_ 1. -.: 

: Fig. 6. Chromatogram of the products of reaction between GF&3eFTL2H and HCI: (a) at 23” 

_: for 15 min; (b) at 80” for 9 h; (c) at 80” fcr 17 h. Eluent:’ n-hexane-diethyl ether (32:iI; flow-rate. 
;<: 7.15 cm3/min Pressure on the column inlet, 75 atm. Other conditions as in Fig. 1. 
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Fig. 6 shows that the reaction of (C,F,),GePtL,H (complex II) with HCI is 
neariy complete in 17 h. The product (C,F,),GeH was isolated by LSC and its struc- 
ture was confirmed by IR spectroscopy, LSC and elemental analysis_ 

The analysis of the mixture obtained in the reaction of complex II with Br2 
showed the presence of five components (Fi g. 7). During the reaction the peak area 
of the initial hydride (II) decreases and the peaks of the components (C,F,),GeBr and 
(C,HS),GePtL2Br simultaneously increase. Tris(pentafIuorophenyl)germanium bro- 
mide was identified from the expected stoichiomerry of the mixture. (C,F,),GePtL2Br 
(Fig.. 7bj was isolated from the reaction mixture by repeated recrystallization in ben- 
zene-hexane. 

Some reactions (20-23, Table I) of zerovalent triphenylphosphineplatinum 
complexes with the series of hydrides (C,F&GeH,, (C,F&Ge(H)PtLIH and (C,F,)? 
Ge(H)-Ge(H) (C,F5)2 were studied by LSC. The interaction of (C6F&GeHI with 
PtL, did not give a diplatinum derivative (Fi g. 8). The chromato_gram shows that the 
main product is (C6F5)?Ge( H)PtL?H. IR spectroscopic investigations showed that the 
compound obtained possesses Ge-H and Pt-H bonds. i.e., a PtL, fragment has been 

Fig. 7. Chromatogram of the products of reaction between (C6F&GePtL2H and Br2: (a) the mix 
ture: ib) the component (CbF5)3GePtL2Br after two recqstallizations. Operating conditions as ir 
Fig. 1. 
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: 
inserted into one of the Ge-H bonds. The chromatogram of this product when exposed 

;’ to air for 2.5 h showed that the hydride is unstable and undergoes transformations. 
The chromatogram of the mixture (Fig. 9) formed in the reaction of (C,F,),Ge _. 

j (H)-Ge(H) (C,F& with PtL, (reaction 23 in Table I) exhibited three peaks, due to the 
’ starting digermane, the product of insertion of PtL, into one Ge-H bond and the 
Yi diplatinum complex (C,F&Ge( PtL,H)- Ge PtL2H) (C,F&. The yields of these prod- ( 
.f: ucts were dependent on the molar ratio of the starting compounds. Moreover, moni- 
_~’ toring of the reaction by LSC showed that the addition of the first PtL, fragment 
.- proceeds slightly more readily than the second one. 

The chromatogram of the reaction of (C,F,),GeSH with PtL, (reaction 24 in 
’ Table I) shows (Fig. . . 10) that the mixture contains four components_ The presence of 
: (C,F&GePtL,H is due to the existence of tris(pentafluorophenyl)germane in the 
-’ starting germanethiol. The thio-derivatives were isolated by fractional cristallization 

from hexane-benzene, and their purity was controlled by LSC. 

L = PG6H.& 

0 2 1 6 8 fO ;z & 

i Fig. 5. Chromatogram of the products of reaction between (C,F&GeI% and PK. SamPh Fr- 
formed: (a) in 5 min: (b) in 2.5 h: (c) in 3.5 h. Operating conditions as in Fig. 1. 
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0 2 + 6 ZirI 

L = I’CC&)~ 

0 2 4 6 d f0 Elin 

Fig. 9. Chromatoqram of the products of reaction of (C,F&Ge(H)Ge(H) (C^,F& with PtL,: (a) 
untreated misture: (b) after re_pcated recrystallization from n-hexane. Column, 15 cm :- 4 mm I.D.: 
adsorbent, Silochrom C-SO (grain size 5-S t(m): eluent. whexane-diethyl ether 132:I) (flow-rate 1.7 
cm,/min); column inlet pressure, 50 atm; temperature, 35’ : UV detector (2.54 nm). 

Fig. 10. Chromatogram of the products of reaction between (C,F,),GeSH and PtL,. Eluent flow- 
rate, 0.4 cm3jmin: pressure on column inlet, SO atm Other operating conditions as in Fig. 9. 

The interaction of (C,F,),GeSeH with PtL, (reaction 25 in Table I) proceeds 
in a similar way (Fig. 11). In this case the starting selenol contained tris(pentafluoro- 
phenyl)germanium bromide. It was shown in a separate experiment that this com- 
pound does not react with PtLj under the same conditions. Therefore a peak due to 
(C6F&GeBr is present in the chromatogram of the reaction mixture. We could not 
identify the last peak in this chromatcgram since this product was not isolated, but 
this compound is probably the diselenide [(C,F,),GeSe]ZPtL1. 

Thus, vve have demonstrated the possibility of using LSC for the separation and 
analysis of pentafluorophenyl organopolymetallic compounds having low volatility 
and relatively low thermal stability. Good separations of the compounds has been 
achieved on unmodified commercial macroporous Silochrom C-SO. 

It should be noted that the retention times of the products containins Pt or Pd 
is appreciably longer than those of the starting compounds_ This may be explained 
in terms of differences in the intermolecular interactions of organometallic compounds 
with the adsorbent surface. These differences may be due to changes in the configra- 
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a 2 4 6 d fU f‘? lain 

Fig. 11. Chromatogram of the products of reaction between (C,F&GeSeH and PtL,; (a) untreated 
mixture; (b) after repeated recrystallization from whexane. Eluent: n-hexane-diethyl ether (32:l); 
how-rate. 1-S cm-‘/min, column inlet pressure, 50 atm. Other operating conditions as in Fig. 1. 

tions of the or,oanometallic compounds after addition of ML2 fragments and the 
appearance of new donor-acceptor properties. 

LSC allows one to investigate and monitor the course of reactions of organo- 
polymetallic compounds. The data obtained provide information concerning the 

: mechanism of reaction, the relative rates of reaction and the stability of the reaction 
products. 
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