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CRYOSYNTHESIS OF ORGANOMETALLIC COMPOUNDS 
IN THE SOLID PHASE 

V.V.ZAGORSKY and G.B.SERGEEV 
Moscow State Univeraity 119899 Moscow USSR 

Abstract Under conditions of joint condensation of me- 
tallic wpour with organic eubetancee, metal may parti- 
cipate in reactlone in the form of atom (mainly on the 
eurface) or clueterra in the solid-state cocondeneate. 
The systeme Mg-RHal and Sm-ROH have been considered as 
examples of different products from "atomic" and Ilclus- 
tern mechanieum. 

Slmultaneoue condensation of metal vapors with various 
organic compounds at 80-100 K reeults in the formation of 
solid phase cocondeneatee in which syntheels of organometal- 
lic compounde occure. Explosive development of work on me- 
talloorganic compound cryoeyntheeis began in the 70-iee 
( 1 ,  2, 3 , ) .  

Moat metals are single-atomic in vapor8 but, during the 
cocondensation procaasee with moderate exceesea of  reagente, 
clusters may form from the atone and further enter into reac- 
t ions:  Applications of metal atoms and clusters h syntheeis 
have aome thermodynamic and kinetic advantage8 a8 compared 
with bulk metal. The atoms react with most compounde actual- 
ly without any activations energy; reaction of bulk metal is 
usually limited by emall specific surface and formation of 
barely penetrable product films. 

eded in demonstrating the poseibility of ad jus t ing ,unde r  con- 
ditions of solid state cryochemical eyntheaie, the reaction 
connected With metal atoms and clusters, t o  .give d i f f e r e n t  
products for the same eyatem. The relation between natomlcll 
and "clustern reaction paths depend on a number of factors: 
metal and ligand nature, reagent ratio and condensation rate, 
temperature and nature of the eurface where condensatoin 
occurs 1. 

Based on examplesof some metal-ligand ayetern, we eucce- 

Based on the studies of magnesium fnteraction with 
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82 V .V , ZAGORSKY and G , B. SEEiGEEV 

halogenated hydrocarbons ( 4 )  we have proposed a reaction 
mechanism including different  reaction paths f o r  magnesium 
atoms and t h e i r  aggregates ( c lus t e r s ) :  

r R X  t 

pix*- 
f 

*g n + 

f + Mg5 + R' 

A t  n=l (atomic magneaiumbradical path is real ised resul- 
t i n g  i n  great yields  of  recombination products. A t  the  sa- 
me time, f o r  metal-ligand r a t io s  equal t o  1 : 100-200 which 
is  usual f o r  cryochemistry, most of the magnesium reacts  i n  
aggregate ( c lus t e r )  form giving the Grignard reagent. Accor- 
ding t o  I R  and ESR spectroscopio data, the reaction of ato-  
mic magneeium is realised mostly a t  cocondensate surfacea 
jus t  at the moment of condensation. The ion-radical reaction 
occurs en m s s e  when heating the specimen. With increase of 
metal di lut ion by ligand, the radical  process become6 domi- 
nating - actually a Wurtz reaction proceeds instead of a 
Grignard one ( 4 ) .  

For mono derivatives of d i f fe ren t  halogens, the  depen- 
dency of the radical  path on the  r a t i o  of  starting reagents 
I s  different .  Such dependence is most pronounced f o r  mono- 
iodoalkanes. A t  the  same t i m e  monofluoro- and monochloroben- 
zene do not give any remarkable amounts of rad ica l  products 
fo r  any r a t i o  w i t h  magnesium. 

We have recently found one more example of d i f fe ren t  re- 
action paths f o r  a tom and c lus te rs  of the same metal. h e n  
metals react with a l ipha t ic  alkohols under the usual condi- 
t ions,  as i n  simultaneous condensation (cryosynthesis) , cor- 
responding alCOhOlate8 of metal a re  generally obtained. But 
with decrease of the  metal part  in COCOndenEateS down t o  
ratios o f  1 : 500 and lower, the yield of alcoholate6 of me- 
t a l  is decreased under conditions of cryochemical synthesis. 
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CRY0 S Y E?TIZE S I S 0 F 0 F-GAITOPE TALL I C COMPOUNDS 83 

I n  that  case a l coho l  is reduced t o  the corresponding hydro- 
carbon. We have proceeded t o  such a B  y e t  unknown r e a c t i o n s  
between normal and branched a l i p h a t i c  a l coho l s ,  C -C and 
t h r e e  metals: sodium, magnesium and samarium, The i n t e r a c t i -  
on w i t h  Sm has been s tudied  the most completely ( 5 ) ,  e.g., 
a f t e r  hea t ing  cooperative condensates of samarium wi th  n-pen- 
tanol-1 a t  a r a t i o  of 1 :  1000 ( su r face  temperature when con- 
densing vapor w a s  about 80 K),Sm (111) hydroxyalcoholate,  
n-pentane and traces of decane were observed w i t h  pentane 
y i e l d s  of 1 .5  moles t o  1 mole of cocondensated samarium. A t  
t he  same condi t ions and metal : a lcoho l  r a t i o  equal  t o  1 :  50 
the  y i e l d  of pentane w a s  l e s s  than 0 . 1  mol. 

To expla in  the  results obtained,  w e  have used a k i n e t i c  
model of  r eac t ions  i n  vapors condensed toge the r ,  which was 
first proposed by Hoskovitz e t  a1 ( 6 ) .  According t o  t h e  mo- 
d e l ,  metal atom aggregat ions and t h e i r  r e a c t i o n  w i t h  l igand  
on the sur face  of metal and llgand condensate films are com- 
p e t i t i v e  during the formation of the  f i l m .  A l l  the atom reac- 
t i o n s  I n  the  case  of a c t i v e  l igand are terminated on conden- 
sate surfaces. After f i n i s h i n g ,  the r eac t ion  specimens con- 
t a i n  mostly products of the r e a c t i o n  of  metal atoms and 
small aggregates wi th  the l igand and a l s o  large metal aggre- 
ga te s  r e a c t i n g  w i t h  less a c t i v i t y  w i t h  excess l i g a n d .  

Spec ia l  experiments have shown that i n  the alcohol-  Sm 
system, hydrocarbons are obtained only i n  the condensation 
a t  80 H. When the  cocondensate is hea ted ,  formation of  sama- 
rium a l coho la t e s  occurs.  Based on the results obtained we 
have suggest the fol lowing r eac t ion  scheme: 

1 7 '  

ROH ROH 
Sm -------) RSmOH ----+ 1 .5 RH + (HO), .5Sm(OH), .5 

8o The formula show6 the 
averaged composition of 
products 

80 K 
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84 V.V.ZAGORSKY and G.B.SERGEEV 

This scheme includee the organometallic compound RSmOH 
eimilar to Grignard reagents as tranaition etate. The expe- 
rimental dependence of hydrocarbon yield on alcohol-metal 
ratio (Fig.1) agreee well with theoretic ones obtained on 
the baeis of kinetic analyafe of the reaction echeme propoeed. 

FIGURE 1 
(pointe) for the yield of RH in Sm-ROH cocondenaatee. 

The kinetic analyeie make6 it poseible to determine a160 the 
ratio of effective rate conetante for eamarium atom dlmeri- 
eation and for the Sm a t o m  inserting themaelves into the 
C-0 bond of the alcohol moleculee. According to the kinetic 
model of Moekovitz, two rate conetante, K, and 5, are auf- 
ficient for the dsecription of proceeeee taking place in 
condenaatea : 

Theoretical curvee and experimental data 

Kl 

% 
Sm + ROH -----=--.) RSmOH 

Sm + Sm + Sm2 u-_---- 

if t = o ==+ Ism] = [~rn], 
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CRYOSYNTHESIS OF ORGANOMETALLIC COMPOUNDS 85 

Because the vapor of Sm is single-atomic, the Initial Sm con- 
centration is equalto its full concentration in the cocon- 
densate. 

t 

+ 1.5- " 1 I n ( = 2 )  -T (3) y&d0 = 1.5 1 [ S m J o  
Kt 

K2 52 K 1  
The solution of kinetic differential equation (1 ) gives the 
yield of hydrocmbons y calculated by equation (3). The ra- 
tios of the effective samarium a&om aggregation constant to 
the effective reaction constant with alcohols are given in 
the next table: 

TABLE 1 Ratios of the effective constants, K,/ g2 

CH30H 

n-C 4H90H 

n-C5H1 OH 

nX6H1 3oH 

n-C7H1 50H 

5 (5 ,+ 0 . 5 ) ~  10 

35 f 5 
690 ,+ 20 

46 2 5 
1660 f 70 

~-~ ~ ~ 

In solid cocondensates of samarium with alcohol, when 
heated from 80 K, the formation of Sm(II1) alcoholate and 
hydrogen occurs. For this reaction, as for the magnesium - 
chloroalkane system (7),  etep-wise klnetice are characteris- 
tic. Reaction is accelerated during the heatfng procese and 
progressively stops upon etabilising the temperature. The 
evaluation of activation energy gives 4 kJ/mol, which is 
characteristic for diffusion processes. The step-wise mode 
of the reaction seems to be connected with the presence of 
metal aggregates (cluatera) in solid cocondensates, due to 
differences in their dimensions. 

Hence, two reaction types have been found in studied 
system of metal-halogenohydrocarbon and metal-alcohol: metal 
atoms react with ligand or with each other mostly auring the 
cocondensation process. When heating solid cocondensate, 
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86 V.V.ZAG0RSKY and G.B.SERGEEV 

metal clusters enter into reaetion. If metal is condensed 
with small active ligand molecules, e.g. CC14 (7) or C0,(8), 
most of the metal reacts as atom at 80 K and after fini- 
shing the condensation the cocondenaate does not contain me- 
tal cluatera. When heating up to room temperature, chemical 
composition changes to a leaeer degree - mostly at the expen- 
se of the transformation of primary unstable products. 

tale with ligand molecules which generally have one 
action center connected with the inert (hydrocarbon) part. 
Activation energy of such reactions is very small and i e  
associated with proceesee lilnited by diffusion in the solid 
state. 

True solid phase reactions proceed in condensates of me- 
re- 
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