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Conversions of hydrocarbons treated with neodymium metal under 
the conditions of mechanochemicai activation at room temperature 
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The conversions of  cyclohexene and 1,3- and 1,4-cyclohexadienes treated with neody- 
mimu metal under the conditions of meehanochemical activation at 20 °C have been 
studied. A complicated cycle of conversions, including isomerization, disproportionation, 
and polymerization, occurs under the reaction conditions. A mechanism for the conversion 
of the hydrocarbons involving organometallic intermediates is proposed. 
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At present  a great  n u m b e r  o f  works have been pub-  
lished on the convers ion  o f  hydrocarbons  at low t empera -  
tures involving e i the r  isolated a toms  or  ions o f  t ransi t ion 
metals  (see, for example ,  Ref. I). Such react ions pro-  
ceed  via oxidat ive  addi t ion  o f  hydrocarbons  to a metal  at 
C - - H  or  C - - C  bonds  fo l lowed by convers ions  o f  orga-  
nometa l l i c  in te rmedia tes ,  z,3 Act ive  centers  that are close 
in the i r  react ivi ty  to isolated meta l  a toms  can appear  
af ter  mechan i ca l  de fo rma t ion  o f  metal .  Specif ical ly ,  
nickel carbonyl  was successful ly  synthes ized  from the  
meta l  and ca rbon  oxide  under  mild cond i t ions  using 
m e c h a n o c h e m i c a l  ac t ivat ion.  4 Studies  o f  the conve r -  
s ions o f  var ious  c o m p o u n d s  with meta l l ic  c h r o m i u m  and 
nickel  in a ba l l -mi l l  made  it possible to concl t tde  that  
p o l y m e r  products  are fo rmed  from benzene  and to luene  
in 0.014 and 0.094 % yields, respect ively ,  after 384 It 
unde r  con t i nuous  mechan i ca l  t r ea tment ;  s the p o l y m e r  
products  were  s imi lar  to polys tyrene  accord ing  to the i r  
IR spectra.  Earl ier  it was shown that  in the case o f  
m e c h a n o c h e m i c a l  ac t iva t ion  o f  n e o d y m i u m  and praseo-  
d y m i u m  in benzene  and to luene ,  c leavage o f  the aro-  
mat ic  ring occurs  to form carbene  act ive centers  result-  
ing in po lycon juga ted  l inear  po lymers ,  and c leavage o f  
C - - H  and C - - C  bonds  to give o rganome ta l l i c  i n t e rme-  
diates.  6 in this work  we present  the  results o f  s tudying 
convers io , ts  o f  c y c l o h e x e n e  and 1,3- and 1 ,4-cyclo-  
hexadienes  t reated with n e o d y m i u m  meta l  under  the 
cond i t ions  o f  m e c h a n o c h e m i c a l  ac t iva t ion  at 20 °C. 

Experimental 

stand with neophyl- or oligodienyl lithium, and recondensated 
in vacuo. Neodymium containing less than 0.3 % impurities 
of other lanthanides was used in the form of filings (particle 
size 0.1--0.5 ram). The reactions of the hydrocarbons with 
metals were carried out at 20 °C under conditions of  mecha- 
nochemical activation in a powered vibrator mill (frequency 
50 Hz, amplitude 4 ram) fitted with a temperature-controlled 
stainless steel working chamber with a volume of 105 mL. 
A weight of metal filings ( I - -2  g) was placed in the reaction 
chamber filled one/third ftdl with steel balls 3 mm in diameter 
under argon dried and purified from oxygen; a vacuum was 
applied to tire chamber for 2 h, the chamber was filled with 
argon, and a vacuum applied again. The hydrocarbon to be 
tested was placed in the chamber, hexane was added if neces- 
saw,* and the chamber was then filled with argon and placed 
in the vibrator mill. Prior to mechanical action, the metal 
filings collected at the bottom of the vessel within a fraction of 
second after they had been stirred tip in the hydrocarbon. After 
completion of  the mechanical treatment the reaction mixture 
was a dark colored (almost black) suspension, that took tens of 
hours to separate completely. Samples for GLC-analysis were 
taken by a syringe directly from the working chamber of the 
mill using a special self-sealing rubber membrane prior to 
mechanical action and just after its completion. In some 
experiments the engine of the mill was switched off between 
activation periods. In these cases the samples of the reaction 
mixture were taken from the working chamber just after the 
engine was switched off and before it was switched on, as well 
as during the exposure of the mixture with no activation. 
GLC-analysis was carried out on a LKhM-80 chromatograph 
with a flame-ionization detector (stainless steel column 
200 crux3 ram, l0 % Reoplex-400 on Chromaton N, carrier 
gas, nitrogen). After completion of the reaction the suspension 
from the working chamber of the mill was transferred into a 
glass tube under art argon atmosphere, and the chamber was 

Starting hydrocarbons of commercially pure or reagent- 
grade were dried over calcined aluminum oxide, allowed to 

t Deceased. 

* Tile conversion of hexane under tile conditions used for the 
reactions with cyclohexene and cyclohexadienes varies only 
slightly, which makes it possible to use hexane as the internal 
standard. 
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washed with a fresh portion of hexane, which was then 
combined with the main bulk of the reaction mixture. To 
isolate polymer products all volatiles were initially distilled off 
in vactto fronl the reaction mixture, benzene (containing a 
small anlotmt of methanol) was added to the dry residue, and 
the mixture was stirred. The benzene became brown. The 
colored solution was allowed to stand, the precipitate was 
decanted, and a polymer material remained after the benzene 
was distilled off h; vacuo. The content of metal in tile isolated 
polymer did not exceed I--2 %. The polymers were investi- 
gated by I R and NMR spectroscopy and elemental analysis. A 
polymer fihn, prepared by drying from a benzene solution on a 
KBr plate was used to record IR spectra. The spectra were 
measured on a Specord M-82 instrument within a range 600 to 
4000 cm -I. The assignments of absorption bands were per- 
formed by a well known procedure. 7 The NMR spectra were 
recorded in CCI 4 or CDCI 3 on a Bruker MSL-300 instrument. 

Resul ts  and Di scuss ion  

The reaction of cyclohexane with neodymit, nt was 
carried out both in the presence and in the absence of 
hexane at a cyclohexel le /neodymium molar ratio equal 
to 13.0~16.2.  The experimental  data presented in 
Table I demonstrate that after a relatively short period 
of mechanochemical  activation (5--8 I1) cyclohexene is 
consumed with no formation any liquid products deter- 
ruinable by GLC.  All consumed cyclohexene is con- 
verted to polymer (oligomer) products. More prolonged 
mechanochemica l  activation rest, Its in a significant 
amount  of cyclohexane in the conversion products (see 
Table I ). 

Cyclohexane units were recorded by N M R spectros- 
copy in the polymers isolated after a short activation 

Table I. Conversion of cyclohcxene with neodymium 
20 *C (solvent -- hexane) 

time. The polymers contained sequences of methylene 
units (absorption bands at 1465, 2840, and 2960 c m - t ) ,  
but virtually no double bonds. The data obtained indi- 
cate that additive polymerization of cyclohexene occurs 
to yield a saturated polymer in the presence of lan- 
thanides after a short activation time. We found isolated 
double bonds and moieties with polyconjugated double 
bonds along with cyclohexane units in the polymer 
isolated after prolonged activation (-40 I1). Elemental 
analysis of this polymer demonstrated that the atomic 
ratio (H : C) in it is lower than the theoretical value for 
polycyclohexene, and is equal to 1.53, instead of 1.67. 
Taken as a whole, these data indicates that the polymer 
is formed from cyclohexane as well as from cyclo- 
hexadiene and benzene; the latter is supported by the 
presence of po lyconjuga ted  double  bonds  in the 
polymer. 

As a rule, the reaction of cyclohexadienes with neo- 
dymium was carried out in the presence of C6H~4 
(Table 2). Table 2 (experiments / and 2) presents the 
data on the composition of the end products of the 
reaction carried out under conditions of cont inuous 
activation. These data indicate that the main liquid 
products of cyclohexadiene conversion are cyclohexene 
and benzene. Additionally, we found cyclohexane and 
cyclohexadiene (isomer of the starting compound)  in 
the reaction mixture, but other hydrocarbons up to and 
including Ct2 were not found, The total yield of liquid 
products was significantly lower than the amount  of 
cyclohexadiene reacted. This difference went to polymer 
(olygomer) products. 

The IR spectra of the polymers isolated in the case of 
more than 90 % conversion of cyclohexadiene are very 

metal under conditions of mcchanochemical activation at 

Run Cyclohcxene/Nd, C6H 14/cyclohexene, Reaction 
tool. rat io vol. rat io t ime/h 

Conversion of Reaction products 
cyclohexene (% of reacted 

(%) cyclohexene) 

Cyclohexane Polymer 

1 13.0 2/3 5 20.8 0 100 
2 16.2 I/I 8 25.3 0 100 
3 14.3 2/3 25 66.5 19.3 80.7 
4 13.4 0 23 45.4 20.7 79.3 

Table 2. Composition of tile products of cyclohexadiene conversion with Nd ° tinder conditions of continuous (experiments / and 3) 
and periodic (experiments 2 and 4) mechanochemical activation at 20 °C 

Run Starting Cyclohexadienc/Nd, Reaction Conversion of 
cyclohexa- tool. ratio time*/h cyclohexadiene 

diene (%) 

Reaction products (% of reacted 
cyclohexadiene) 

Cyclohexadiene- Cyclo- Benzene Polymer 

1,3 1,4 hcxcne 

/ 1,3 12.5 8.0 97.0 -- 2.0 38.0 37.0 23.0 
2 1,3 10.5 3.4 (7.0) 98.5 -- 3.3 32.4 38.6 25.7 
3 1,4 12.6 9.0 86.7 0.8 -- 22.8 37.4 39.0 
4 1,4 8.4 5.4 (48.2) 90.7 1.2 -- 24.7 25.7 48.4 

* Tile first figure defines the t ime o f  nlccl lanochemical activation, figure in parenthesis defines tile total duration o f  ti le reaction 
including tile exposure t ime with no activation. 
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Table 3. Composition of the products of cyclohexadienc conversion with Nd ° under conditions of periodic 
mechanochemic~d activation at 20 *C 

Reac0on Initial Cyclohexadienc 
(activation) cyclo- conversion 

timc/h hexadiene (%) 

Yield of the reaction products (% of reacled 
cyclohexadiene) 

cyclohcxadienc- Cyclohexene Benzene Polymer 

1,3 1,4 

0.8 (0.5) 1,3 15.5 - 8.5 2.3 6.8 82.4 
4.3 (I.0) 1,3 25.7 - 28.7 6.1 10.2 55.0 
27.0 (I.9) 1,3 63.3 - 28.9 15.8 23.1 32.2 
50.0 (3.4) 1,3 87.6 -- 10.7 30.8 30.6 27.9 
73.0 (3.4) 1,3 98.5 - 3.3 32.4 38.6 25.7 
0.5 (0.5) 1,4 11.2 47.0 -- 16.2 14.7 22.1 
2.9 (0.5) 1,4 27.8 45.0 - 7. I 20.6 27.3 
4.9 (I.3) 1,4 43.0 38.4 -- 10.6 26.2 24.8 
5.7 (I .3) 1,4 46.6 40.3 -- 11.6 23.5 24.6 
21.7 (1.3) 1,4 73.0 26.4 -- 17.0 20.8 35.8 
26.5 (3.2) 1,4 80.7 18.0 -- 21.2 24.3 36.5 
46.2 (3.2) 1,4 81.1 11.2 -- 23.8 27.2 37.8 
48.2 (5.4) 1,4 90.7 1.2 -- 24.7 25.7 48.4 

complicated.  They contain bands assigned to vibrations of  
the double bond in the cyclohexene unit: 1650 cm -I  
(v(C=C)) ,  3025 cm -I (v (=CH)) ,  750 cm -I (6(=CH)) ,  
indicating that additive polymerization of  cyclohexadiene 
occurs. In addition, the I R spectra contain the absorption 
bands that characterize sequences of methylene traits 
(1465, 2840 and 2960 cm- t ) ;  the band at 1370 cm -I  
assigned to methyl groups, very slightly pronounced ab- 
sorption bands of  polyconjugated double bonds (1020, 
1605--1620 c m - I ) ,  absorption bands of  a monosubsti-  
tuted aromatic ring at 700, 740, 1500, and 1600 cm - I ,  
and a band at 888 cm - I ,  which can be assigned to the 
absorption of  >C=CH2 grot, ps. These data suggest that a 
mixtt, re conta in ing cyc lohexadiene  and cyclohexene 
polymers was obtained in the course of  the reaction. 
Evidently, benzene is also involved in the formation of 
polymers, which is supported by the presence of  polycon- 
jugated double bonds. The elemental  analysis data also 
indicate the formation of  a polymer mixture: the (H : C) 
atomic ratio in them is 1.58, which is higher that the 
corresponding theoretical vahle for a homopolymer  of  
cyclohexadiene (H : C = 1.33). 

We found that the conversion of  cyclohexadiene on 
Nd that occurs with mechanochemica l  activation, also 
occurs with no activation,  al though at the lower rate. A 
series of  exper iments  was carried out in which shori 
periods of  activation were al ternated with more pro- 
longed periods of  quiet. This way of  performing the 
reactio~ls al lowed us to reveal some differences in the 
reactions of  1,3- and 1,4-cyclohexadienes,  which are the 
most pronounced  at the first s tep of  the process. Thus, 
30 mi,~ after begintling the activation the major amount  
of  consumed 1,3-cyclohexadiene is converted to poly- 
mer, whereas the main prodt,ct of  the conversion of  
1 ,4-cyclohexadieue is 1 ,3-cyclohexadiene (Table 3). 

Later in the course of  the reaction the quantitative 
composit ion of the products of cyclohexadiene conver- 
sion remained unchanged,  but their ratio was changed. In 

particular, the content of  polymer sharply decreased in 
the products of  1,3-cyclohexadiene, cyclohexene and 
benzene were gradually accumulated in the products of  
the reaction of  1,3- and 1,4-cyclohexadienes, and, as a 
rule, the quantity of  benzene surpassed the quantity of  
cyclohexene. Tile date presented in Table 2 indicate that 
the compos i t ion  and the ratio of  end products  of  
1,3-cyclohexadiene conversion under condit ions of  peri- 
odic (experiments 2 and 4) and continuous (experiments 
1 and 3) activation are almost identical. In the case of  
complete  conversion of  1,4-cyclohexadiene the yield of 
polymer  under conditions of  periodic activation is some-  
what higher than that under continuous activation. Under  
continttous activation of  1,4-cyclohexadiene the content 
of  benzene is approximately 1.6 times higher than the 
content of  cyclohexene, whereas under periodic activa- 
tion this difference is not so big. Cyclohexane appears if 
1,3- and 1,4-cyclohexadieues contact  neodymiunl  under 
the activation conditions for a prolonged period. 

These data indicate that cyclohexadiene conversion 
by the act ion of  neodymium with mechanochemica l  
activation proceeds in three directions: polymerizat ion,  
isomerizat ion of  1,3- and 1,4-cyclohexadienes,  alld dis- 
propor t ionat ion leading to benzene and cyclohexene.  
The reaction mixtures obtained i,1 the reactions of  cyclo- 
hexene and cyclohexadienes with neodymium are effec- 
tive catalysts for polymerizat ion of  butadiene and iso- 
prene with no additives. 8 The polymers formed contain 
to 98 % 1,4-cis-units, which directly indicates the coor-  
dinat ion mechanism of  polymerizat ion involving or- 
ganometal l ic  neodymium compounds .  

Thus, t he interaction of  cyclohexadie,le wit h neodym- 
ium results in the formation of  organometa l l ic  com-  
pounds,  as is the case of  reactions of  hydrocarbo, ls  with 
isolated metal a toms obtained by vaporization,  z Obvi- 
ously, formation of  organometal l ic  intermediates  occurs 
via oxidative addit ion of  hydrocarbons to the metal with 
cleavage of  the C - - H :  
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Tlie cycloliexadie~iyl~~eodyniium liydrides fornied are 
capable of reacting will1 the starting cycloliexadiene at 
the Nd-H bond according to tlie followi~ig sclieme: 

Apparently, tlie furtlier direction of tlie reaction is 
determined by the stability and reactivity of tlie or- 
ganonietallic intermediates fornied, the reactivity of the 
liydrocarbo~~s in interaction with tlie C-Nd bo~id ,  and 
other factors. Specifically, in the course of tlie reactio~i 
(especially under c o ~ i t i ~ i u o t ~ s  meclianocheniical activa- 
tioii) the number of active centers increases, which can 
significantly affect the direction of tlie reactions. 

Isomeric cyclol~exadienes can be formed as a result 
of p-elimination of tlie liydrogen atom from tlie cyclo- 
liexenyl group by tlie scheme: 

Disproportionation leading to cycloliexe~ie and ben- 
z e m  proceeds by p(a)-elirninatio~i of the Iiydrogen from 
tlie cyclol~exadie~iyl group of tlie organonietallic ititer- 

The fact Illat more be~ize~ie  formed tlia~i cyclol~exe~ie 
can be explained, OII 1I1c one Ilarid, by tlic rnore fiicilc 
poly~iierizatio~i of cycloliexe~ie and, on tlie other Iiand, 
by deconipositio~i of tlie cycloliexadienylrieody~iiii~ni 
ltydrides fornied in tlie oxidative addition of cyclol~exadi- 
erie to Nd. In the case of l,3-cycloliexadiene there is 
decompositio~i with elimiriation of the (I-hydrogel1 atom 
of the cyclohexadie~iyl group and direct forniation of 
benzene. Deco~iiposit io~~ (wliicll is typical of many tran- 
sitio~i metals and Ia~itlla~iides) i~ivolving tlie a-hydrogen 
atom, with i~iterniediate fornlatiori of a carbene coniplex 
stabilized by conjtgation with two double bonds, fol- 
lowed by isomerizatio~i of carbene to benzene, is pos- 
sible in tlie case of 1,4-cyclohexadiene: 

Tlie presence of >C=CH2 and PI1 groups in the 
polynier can also be explai~ied by formation of a carbene 

complex 0 :NdH2.  These groups may appear in 

tile polymer as a result of tlie reactio~l of carbelie 

coniplex O:N~H* with (lie double bond of the 
Ld 

polymeric c l ia~n according to a metatliesis mechanism 
followed by isornerization: 

yJ 
-CH 

I 
HC: 

+ 
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The dispropor t ionat ion of  cyclohexene can be pre- 
sented similarly to the conversion of  cyclohexadiene:  

+ Nd ~ ~ N d H  
© 

~ ~ + ~ ) + N d  

Obviously,  tile po lymer  (ol igomer)  products  are 
formed it1 the course of  the successive addit ion of  tin- 
saturated hydrocarbons to the N d - - C  bo~lds of  or- 
ganometal l ic  intermediates.  
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