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During the steady state hydrogenation of ethylene over cobalt, C, hydrocarbons 
are formed. Such CL hydrocarbons are not formed from ethylene alone. The relative 
yield of Cd products is enhanced by chemisorbed hydrogen; the distribution of C, 
products is a function of the H,/CJL ratio in the reactant stream. These results are 
similar to those found for nickel catalysts but the yield of C, products is greater for 
cobalt than for nickel. Kinetic analysis suggests that both for nickel and cobalt the 
Cd hydrocarbons stem from an adsorbed CHICH species that undergoes surface 
reactions analogous to disproportionation and combination. 

Kinetic studies of olefin hydrogenation 
and exchange over metals suggest that such 
reactions proceed via an adsorbed ethyl 
radical (I) (I-5). Infrared st,udies (wj 
of adsorbed species formed by ethylene 
chemisorption on metals and its interaction 
with hydrogen do provide support for the 
existence of (I) but these studies also 
reveal one or more species with trisub- 
stituted CH groups as well as C, hydro- 
carbons. Hydrogen treatment of these 
residues produces C, hydrocarbons (9) but 
published evidence suggests that species 
other than (I) function substantially as 
inert residues during steady stat’e hydrogen- 
ation. 

Recently, (10) it has been shown that 
during the steady state hydrogenation of 
ethylene over unsupported nickel, C, hydro- 
carbons are produced. Such reactions are 
not completely unexpected for it has been 
found that adsorbed ethyl radicals in the 
presence of hydrogen atoms yield not only 
ethane but also sizeable amounts of dimer 
(11). Furthermore, transit’ion metal com- 
plexes catalyze dimerization of ethylene via 
the formation of an ethyl radical ligand 
(12). Over reduced nickel, however, the 
kinds of C, products produced competi- 

tively with ethane scemcd to require re- 
active intermediates other than adsorbed 
ethyl radical. Accordingly, it has been sug- 
gested (10) that a reactive species, CH,CH 
(II) is responsible for at least some of the 
products observed. Such a species has been 
suggested by Little (8) in connection with 
infrared studies and Eley (4) has suggested 
that such a species may be important at 
high ethylene coverages. This evidence, 
however, is not compelling; indeed, inten- 
sity data suggest that this species cannot 
be the sole source of! the trisubstituted 
CH groups observed ins infrared studies. 

In this paper we extend the study of 
dimer formation over metal catalysts to 
cobalt. Comparisons of these data with 
data previously reported for nickel (10) 
suggest a pattern of reactivity varying 
primarily in degree rather than kind from 
one metal to another. 

EXPERIMEKTAL 

Cobalt catalysts were prepared by re- 
duction of the oxide prepared as follows: 
About 140 ml of 29.7% NH, was added 
t’o a hot (70-80°C) stirred solution con- 
taining 290g of Co (NO,),.9H,O per liter 
of Water. The blue precipitate was washed 
repeatedly with 3 liters of hot 0.3% NH, 
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and filtered. This solid was air-dried at 
125”C, degassed in vacuum for 16 hr at 
125”C, and then further degassed for 1 hr 
at 300°C. 

For reduction, the temperature of the 
catalyst was gradually increased in a 
stream of tank hydrogen until water ap- 
peared (at about 200-225°C) in the exit 
tube. Reduction was continued at this 
temperature for several hours at an SVH 
of about 5000. When water evolution was 
no longer evident, the temperature was 
increased to 350°C and reduction was 
continued overnight. After this the catalyst 
was regarded as reduced and was cooled 
in hydrogen for the first sequence of ex- 
periments. Prior to each later sequence, the 
catalyst was purged at room temperature 
with a hydrogen stream purified by pas- 
sage through charcoal at -195°C and re- 
reduced in this stream at 325°C for about 
21/ hr. The catalyst was either degassed 
for 1 hr at 325°C or cooled in hydrogen. 
(The results were the same whether the 
hydrogen used for reduction was purified 
by passage over charcoal or not). Surface 
area and adsorptive properties for such 
catalysts have been reported (IS). 

Details of the procedure are similar to 
those reported earlier (10). Most runs 
were made at 25°C with an ethylene flow 

of 6 to 7 cc/min and hydrogen-olefin ratios 
varying from 2 to 0. Under these conditions, 
reaction was complete insofar as when H,: 
C,H, was greater than unity, no unreacted 
olefin was found in the effluent, and when 
H,: C&H, has less than unity no unreacted 
hydrogen was found in the efhuent. Dimeric 
products were not observed when pure 
ethylene was the reactant. All reported 
yields were those obtained after the cata- 
lyst had established a steady state. 

RESULTS 

Figure 1 shows the overall yield of 
dimeric products relative to ethane as a 
function of reactant composition. The upper 
curve represents data for a catalyst cooled 
in hydrogen; presumably this catalyst 
contains chemisorbed hydrogen. The dashed 
line represents results obtained in the 
second sequence, prior to which the cata- 
lyst was rereduced, evacuated at the 
reduction temperature, and cooled in vacua; 
hence, data for this run were presumably 
obtained on a catalyst without chemi- 
sorbed hydrogen. The single solid point was 
obtained in a third sequence prior to which 
the catalyst was again rereduced and cooled 
in hydrogen; hence, this point provides a 
gauge of the reproducibility of results from 
one sequence to another. 

FIG. 1. Total yield of C, dimer relative to ethane during the steady state hydrogenation of ethylene over 
cobalt aa a function of reactant composition: 0, Sequence 1, catalyst cooled in hydrogen; 0, Sequence 2, 
catalyst cooled in. um~~; m, Sequence 3, catalyst cooled in hydrogen. 
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FIG. 2. Total yield of Cd dimer relative to ethane during the steady state hydrogenation of ethylene over 
nickel ELI a function of reactant composition. Points show results for a catalyst cooled in hydrogen; the 
cross-hatched segment shows the spread for several runs with a catalyst cooled in VUCUO. [These results were 
calculated from data reported in ref. (IO).] 

For comparison, we have recalculated (a) Both curves are similar in shape. As 
the data in ref. (IO) on the same basis as one passes from HI: C,H, = 1 to lower 
in Fig. 1 and these data, for nickel, are values, there is a steep rise to a maximum. 
shown in Fig. 2. The results for nickel and This is followed by a minimum so that 
cobalt show the following similarities: t,here is a nonzero intercept on the ordinate. 
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FIG. 3. Amounts of Ci products/8 cc of effluent during the steady state hydrogenation of ethylene over 
cobalt as a function of reactant composition. Open symbols are for decreasing H&I&H4 ratio; closed symbols 
are for increasing Hs/CSH, ratio; 0, 0, CaHIO; Q,*, cis-2-C4Ha; 0, n , trans-2-C4Hs; A, A, I-GHI: 
X, check points, Sequence 3. 
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FIG. 4. Ratio of dimeric products to ethane over cobalt as a function of reactant composition: 0, GHw; 
Q, cis-C4Hs-2; 0, truns-C4Hs-2; A, CJHB-1; X, check points (Sequence 3). 

(b) The relative yield of dimer to ethane (ii) The yield of dimer for cobalt (com- 
is enhanced by the presence of chemisorbed pared to nickel) is a factor of 5 greater 
hydrogen. The results for nickel and cobalt for catalysts with chemisorbed hydrogen 
show the following differences: and roughly a factor of 25 greater for 

(i) Although the maximum and minimum catalysts without chemisorbed hydrogen. 
are apparent in both Fig. 1 and Fig. 2 they (iii) The promotion effect of chemisorbed 
are more pronounced for cobalt than for hydrogen is much more dramatic for nickel 
nickel. than for cobalt. For nickel, chemisorbed 

FIG. 5. Ratio of cis- to trans-butene formed during hydrogenation of ethylene over cobalt as a function of 
reactant composition: 0, Sequence 1, catalyst cooled in hydrogen; 0, Sequence 2, catalyst cooled in uacuo; 
a, Sequence 3, catalyst cooled in hydrogen. 
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hydrogen raises the yield by a factor of 5; 
for cobalt, chemisorbed hydrogen raises the 
yield by a factor of 1.4. 

Figure 3 shows the distribution of 
products in the effluent stream. The study 
was initiated in the hydrogen-rich region. 
Open circles represent points obtained by 
decreasing the H,: C&H, ratio to zero. The 
yield of dimeric product was less than 5 X 
104 cc in the absence of hydrogen, i.e., 
essentially zero. Solid points were obtained 
after exposure to pure ethylene. To obtain 
all of these point,s which represent steady 
st,ate values, the catalyst was on stream 
for 32 hr. Three aspects of the results merit 
special comment: 

(1) The point at H,: C&H, = 0.81 rep- 
resents values in which the catalyst was 
on stream at that reactant composition for 
15 hr. During this period, the total yield 
of ethane was about 5200 cc, and the total 
yield of dimer was about 400 cc. Such large 
total yields of products relative to the 
available surface (V, z 1 cc STP) , clearly 
indicate catalysis rather than reaction with 
the surface. Moreover, the agreement of 
this “long-time” point with adjacent points 
is strong evidence that we are dealing with 
steady state catalysis. Further evidence 
that this is the case is that two points for 
H,: C&H, = 0.95 taken at t = 3 hr and t = 
26 hr (with intervening variation in react- 
ant composition) differed in product yield 
by less than 2%. 

(2) As shown in Fig. 3, a check point on 
this catalyst after several rereductions 
(with intervening runs) yielded essentially 
identical results ; hence, the product 
distribution, like the overall product yield, 
is not a sensitive function of the history 
of the catalyst. 

(3) For cobalt, the products also con- 
tained polymeric hydrocarbons in higher 
amounts than was found over nickel. No 
detailed study was made but it was 
estimated that as much as 1% of the 
product were C, hydrocarbons. 

Figure 4 shows the production of dimer 
relative to the production of ethane as a 
function of the H,:C,H, ratio. It is evident 
that cis-butene and 1-butene compete ef- 
fect,ively with ethylene for the hydrogen 

as the HP: C,H, ratio approaches zero, 
whereas butane and trans-butene do not. 
Similar behavior was found for nickel but, 
as noted earlier, the yields are much 
greater for cobalt. 

Figure 5 shows the variation of the ratio 
of cis- to trans-butene with product com- 
position. The ratio aproaches a value of 
about 10 for H,:C,H, = 0 for the catalyst 
cooled in hydrogen. The values for this 
ratio are lower by a factor of 2 than those 
for nickel. Furthermore, whereas for nickel 
t#he value of this ratio was increased by the 
presence of chemisorbed hydrogen, for 
cobalt the value of this ratio was decreased 
by the presence of chemisorbed hydrogen. 

Finally, a few runs were made at HZ: 
C&H, = 0.5 and 125°C. The yields in- 
creased with increasing temperature but 
not as much as previously reported for 
nickel (IO), i.e., 50% for cobalt vs a 
factor of 10 for nickel (10). Accompany- 
ing this change there was an increase in the 
&s/bans yield from 3.7 to 5.0. 

DISCUSSION 

The fact that cobalt produces higher 
dimer yields than nickel suggests that the 
stability of reactive hydrogen-poor species 
(which lead to butene formation) is greater 
over cobalt, than nickel. A similar con- 
clusion was reached by Phillipson and 
Wells (14), who found that, cobalt iso- 
merized 1-butene in the absence of hy- 
drogen, and postulated a mechanism involv- 
ing an adsorbed C,H, species. By way of 
contrast, unsupported nickel (2, IO), as 
well as unsupported osmium, iridium, and 
platinum, (15) arc not effective for butene 
isomerization in the absence of hydrogen. 
The effect of chemisorbed hydrogen is 
smaller for cobalt than for nickel (compare 
Figs. 1 and 2) but in both cases it acts in 
the same direction, i.e., it promotes dimer 
formation. Hall and Hassell (16’) have 
noted that ethylene hydrogenation over 
cobalt and nickel is inhibited by chemi- 
sorbed hydrogen. Apparently, then, the 
ethane formation is inhibited more by 
chemisorbed hydrogen than dimer forma- 
tion and this leads to the increase in 
relative tlimer yield in the presence of 
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chemisorbed hydrogen. The fact that chemi- 
sorbed hydrogen has a greater effect on 
nickel than cobalt is also suggested by 
the data of Hall and Hassell (16). 

Chemisorbed hydrogen increases the 
c&-trczns ratio for nickel (10) and de- 
creases it for cobalt. This difference may be 
a consequence of the operation of different 
isomerization mechanisms on these metals 
(2, 14). 

Differences for cobalt and nickel could 
arise from bulk structural differences; 
under the conditions of these experiments, 
cobalt has a hexagonal close-packed 
structure (17, 18), whereas nickel has a 
cubic close-packed structure. In our view, 
however, the differences are in degree rather 
than kind.* Accordingly, we believe that 
the same mechanisms operate both for 
nickel and cobalt and the differences stem 
from differences in rate constants. 

In an earlier paper (10) it was shown 
that the results for nickel seemed to require 
the presence of a reactive l,l-diadsorbed 
species CH,CH (II). A reaction sequence 
was presented in outline form that seemed 
capable of explaining the qualitative fea- 
tures of these results. Since the phenom- 
enon, i.e., selective formation of dimeric 
products during hydrogenation, seems to 
be general, it is worthwhile to consider 
more carefully the experimental conse- 
quences of such a sequence in terms of the 
data presented in Fig. 4. 

The sequence discussed earlier (10) is 
summarized (in greater detail) below: 

(Ht) + 2’ + 2H* (1) 
(CZH,) + 2* * CH&Hz** (2) 

CH,CHP + H* S CH!;Hz* + 2’ (3) 

CH&H2* + H” + (CHaCHa) -I- 2’ 
CHsCH** + 2’ --) CH,CH’* + H‘ It{ 

(11) 

*It might be argued that one would predict 
these differences in dimer production on the basis 
that cobalt is a more effective Fischer-Tropsch 
catalyst than nickel. However, except for Poison- 
ing effects, supported nickel can be an effective 
Fischer-Tropsch catalyst (19). In this connection, 
however, the observation of Eidus et al. (20) that 
an ethylene-hydrogen feed over a cobalt catalyst 
previousIy used for synthesis leads to synthesis 
of higher hydrocarbons is suggestive of the 
results reported herein. 

KOKES 

CHaCB” -+ CHzCHz** 
PCH&H** --f cis** + 2* 
cis** + H’ * set* + 2* 
set* + H’ -+ (C4HI,) + 2* 
sect + 2* + tr~n.s** + II’ 

CH&Hd + CH#ZH2** -+ pri’ + 2” 
pri* + ** + bu-l*’ + H’ 

pri* + H” + (GHIo) + 2* 
bu-1** --, (I-CdHs) + 2* 

cis** -+ (cis-CaHg) + 2’ 
truns** -+ (trans-CdHs) + 2’ 

(‘3) 
(7) 
(8) 
(9) 

(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 

The notation is as follows: The symbol * 
stands for a surface site, e.g., CH,CH2** 
refers to 1,2-diadsorbed ethylene and 
CH,CH”* refers to the l,l-diadsorbed 
isomer; bu-l**, cis”“, trans** refer to cy,p- 
diadsorbed C, olefins; set* and pri* refer 
to monoadsorbed primary and secondary 
radicals. For clarity, gas-phase species are 
indicated in parentheses. In order to be 
specific we have assumed the intermediate 
CH,CH** is adsorbed on two sites. 

The formation of (II) via (5) merits 
some comment. It is the same as the 
reverse of (3) except for the fact that the 
methylene carbon rather than the methyl 
carbon loses the hydrogen. It is then as- 
sumed that (II) can either isomeriee to 
form adsorbed ethylene (6) or dimerize to 
form adsorbed cis-butene (7). [The reasons 
for selective formation of cis-butene have 
been summarized in ref. (IO).] Step (11)) 
or its equivalent, is commonly proposed as 
a step in the dimerization of ethylene by 
homogeneous catalysts (12). The other 
steps are the traditional ones listed for 
reactions of olefins over metals (5) except 
that no pathway has been considered for 
double-bond migration since this reaction 
contributes little to the products over 
nickel (10). 

First consider the formation of ethane 

d(CzH,)/dt = iL(CH&H2*) (II*) 

There is abundant evidence (1) that step 
(4) is slow relative to step (3) and its 
reverse; hence, it is reasonable to assume 
that equilibrium is maintained for step (3). 
Therefore 

d(CzH,)/dt = k.&[(CH&H:‘) (H*)*/(V 

If we assume step (1) is also an equilibrium 
step, we can write 
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d(CzHs)/dt = k&aKKXLCHZ**) (Hz) (17) 

In the limiting case where the surface is 
nearly saturated with ethylene, this expres- 
sion would lead to a rate first order in 
hydrogen and zero order in ethylene, 
kinetics often approximated by metal 
catalysts. 

Two assumptions are necessary before 
kinetic analysis is feasible.” Accordingly, 
we assume 

(a) The steady state concentration of 
(II) is dominated by (5) and (6), 

(b) in the hydrogen-poor region, the 
surface is nearly saturated with ethylene 
and the gaps in this near-monolayer, i.e., 
the empty sites, are independent of the 
hydrogen pressure. 

Then, the steady state requirement for 
surface species leads to an expression for 
the production of products which is a power 
series in (H,). The lead term, which is 
most important as H, goes to zero, can be 
determined simply by neglecting terms 
first order in a surface species and first 
order in (H*) with respect to terms first 
order in the same surface species and zero 
order in (H”). This yields the following 
expressions : 

d(cis-CdHs) 
dt 

= Ic, g K~“K~(CH,CH,‘*)2(*)2(H,) (18) 

d(trans-CdH,J k,oks ICT ks2 -- 
dt = k-s + ho ICI5 k2 

x K32K13’2(CHZCHo**)2(‘)3(H2)3’2 (19) 
d(l-GHs) 

dt 

a reaction that is xth order in hydrogen 
with the rate expression 

dni/dt = kiw(PHJz 

where ni represents the moles of product i 
and w is the weight of catalyst. The yield 
in a flow system is given by the following 
equation : 

“(P& dV 

where ni@ is the moles of the products at 
the exit per nBo moles of ethylene at the 
inlet, F” is the inlet flow of ethylene in 
moles per unit time, and V, is the volume 
of the bed. Since butenes are the major C, 
products in the region of interest and 
hydrogen is not consumed in their pro- 
duction, the variation of PHz with bed 
length is determined by the extent of the 
reaction to form et,hane. For this reaction 
we can write 

%A 

- = exp - 
nA” 

nA - nA” 
.,o 

where nA is the number of moles of hydro- 
gen at position V in the bed and %A0 is the 
number of moles of hydrogen at the inlet. 
Provided nA”/nBo is less than 0.10 the 
second term in the exponential can be 
dropped and the following approximation 
will be valid to about 10%: 

Accordingly, in this approximation, the 
general expression for the ratio of product 
i at the exit to the inlet ethylene (exit 
ethane) is given by 

d(CJLo) &(H*) d(l-C&J 
~ = L12(*)2 dt dt 

Yields of the above products were ob- 
tained in a flow reactor in which the 
hydrogen was totally consumed. Consider 

*We have assumed in this treatment only that 
steps (1) and (3) are essentially equilibrium 
steps, but similar results would obtain even if 
equilibrium was not maintained in step (1). 

VO 
X exp-SdV 

0 / 

/ 

VO 

0 

exp - go dV} (22) 

Consider first the yields, relative to 
ethane, of cis- and trans-2-butene. As the 
ratio of hydrogen to ethylene (nA”/ngo) 
goes to zero, cis-2-butene [wit,h x = 1 ac- 
cording to Eq. (18)] should approach a 



90 R. J. KOKES 

constant value, whereas the yield of trans- 
2-butene [with x = 34 according to Eq. 
(19) ] should go to zero. This is in accord 
with results shown in Fig. 4. 

The yield of butane can be related to 
the yield of 1-butene [Eq. (21)]. The 
factor k,, (H”) /k,, ( *)2 (the ratio of hydro- 
genation to form alkane to alkyl reversal) 
is small even in a hydrogen-rich reactant 
mixture and in a hydrogen-poor reactant 
mixture, the factor will be even smaller; 
hence, we would expect the yield of butane 
to be much smaller than the yield of l- 
butene. Since the yield, relative to ethane, 
of 1-butene is quite small, we expect the 
relative yield of butane to effectively ap- 
proach zero, as observed. 

At first it was believed that dimerization 
of adsorbed ethyl radicals led to butane. 
Such a pathway would lead to a rate ex- 
pression for butane proportional to (H,). 
According to Eq. (22) (with z = 1) this 
would lead to a nonzero value in the limit 
(nAo/nBo) = 0. Since this is not consistent 
with the data (Fig. 4), we must reject this 
as an important pathway to butane. 

For 1-butene formation [Eq. (20) ] z = 
l/s; hence, the relative yield of 1-butene 
should increase as nAo/ngo goes to zero. 
Instead of this, however, the relative yield 
of 1-butene increases only slightly; in fact, 
the shape of the curve for 1-butene is 
much like that for cis-2-butene (Fig. 4). 
[Results of this analysis were correctly 
stated in ref. (10) but, there, the nonzero 
intercept for l-butene and cis-2-butene was 
stressed rather than the shape of the 
curves.] In this one respect, then, the 
proposed scheme is unsatisfactory. Ac- 
cordingly, let us look for an alternative 
pathway to 1-butene. To do so, let us 
accept the proposed scheme except for the 
step leading to 1-butene. 

In the gas phase, ethyl radicals dimerize 
to form butane or disproportionate to form 
ethane plus ethylene (31, 2.2). When an 
ethyl radical forms one bond to a surface 
metal atom, however, the accompanying 
stabilization is sufficient to inhibit these 
reactions; as a consequence, no butane is 
formed via the bimolecular reaction of 
adsorbed ethyl radicals. By way of 
contrast, when two surface bonds are 

formed t.o a given carbon atom, some 
radical character is retained insofar as 
reaction (7) can be viewed as the dimeri- 
zation reaction for a substituted radical. 
To emphasize this similarity let us re- 
write reaction (7) as follows: 

H H H 
10 

2CH3-C + CHa-C : C-CH,+20 
0’ .o .o 

wherein the symbol 0 represents the ele- 
tron from the metal in the carbon surface 
bond. What then would be the analog to 
disproportionation? Isotopic studies in the 
gas phase (dl, ZZ), show that disproportion- 
ation occurs by transfer of a methyl 
hydrogen from one radical to another. It 
is suggested that this involves a head-to- 
tail encounter* that can be pictorially rep- 
resented by 

J 
ClL-CH, + g+ 

Such a sequence, with significant ionic 
contributions to the transition complex, is 
consistent with many of the details of 
radical reaction kinetics. We can pictorially 
represent a similar surface encounter as 
follows : 

* Alternative interpretations of isotopic experi- 
ments involve ring formation in the activated 
complex @I). Such a pathway for the surface 
reaction would lead to similar conclusions but 
steric requirements are somewhat excessive. 
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[This sequence can also be viewed as the 
analog of a carbene insertion reaction 
(23) .] The resulting surface species can 
rearrange via the equivalent of reaction (6) 
to form adsorbed 1-butene or it can react 
further with the CH,-CH species to give 
rise to the C, hydrocarbons found in the 
products, Thus, if for reaction (11) we 
substitute 

ZCH,-CH** + CH3-CH2-CX-CH” + 2** 
(11’) 

and 

CHS-CHz-CHQ-CH” ---f bu-l** (11”) 

the yield of I-butene would have the same 
limiting functional dependence on nAo/nBo 
as the yield of c&2-butene, in line with 
the experimental observations (Fig. 4). 

In conclusion, then, it appears that an 
adsorbed ethyl radical on a metal is so 
much stabilized that it does not undergo 
radical-type reactions, i.e., dimerization or 
disproportionation. There does exist a 
species, however, that does yield C, prod- 
ucts. It is proposed that this species is 
an #a,sy-diadsorbed CZ species that retains 
radical reactivity and undergoes the analog 
of disproportionation and combination to 
yield initially 1-butene and cis-2-butene, 
respectively, and that other C, products 
arise from subsequent reactions of the 
initial products. Evidence for a,a-diad- 
sorbed species on the surface is somewhat 
sketchy (10) but recent X-ray studies of 
transition metal compounds (64) have 
shown that substituted carbenes can bond 
directly to the metal atom. Such bonds 
represent the analog of the bonding in (II). 
It is recognized, of course, that the proposed 
intermediate and its reactions do not rep- 
resent a unique interpretation, but this 
proposal does have t,he advantage that it 
seems to be consistent with t’he facts and 
involves a species which is at least 
plausible in view of the existing experi- 
mental data. 
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