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The computer program MECHEM is a tool for interactive elucidation of reaction mechan-
isms. Such programs confront severe combinatorial problems on complex multistep reac-
tions, hence the practicality of these efforts is doubtful. We report the first evidence that
MECHEM is successfully applicable to practical experimental problems, in this case, catalyzed
hydrogenolysis of ethane.
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1. Introduction

The computer program MECHEM, which has been developed over the last five
years [1-3], is intended as a tool for the interactive elucidation of reaction mechan-
isms. Given the observed reaction products and intermediates, and other con-
straints on plausible mechanisms, the program searches for all the simplest
mechanisms that can explain the evidence, i.e., that involve the fewest number of
conjectured species and the minimal number of elementary steps.

The various algorithms that make up the program’s design have been reported
within computational chemistry (the next section makes detailed citations). How-
ever, there is no hard evidence that the program is successfully applicable to real
problems of experimentalists. A healthy skepticism is warranted, given the long
experience with the combinatorial difficulties that confront programs that deal
with chemical reactions.

The aim of this letter is to present the first such evidence. MECHEM was
applied interactively to find several simplest mechanisms for ethane hydrogenoly-
sis, one of which, in its detail, contains interesting features. For completeness, we
make some attempts to evaluate the new mechanism in light of past experiments.
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The secondary aim of this letter is to acquaint experimentalists with the program,
whose further development is in progress.

2. Overview of the program

The great majority of computer programs for the synthesis (e.g., LHASA [4])
or prediction (e.g., CAMEO [5]) of organic reactions share one principle, whether
they work in the synthetic or retrosynthetic direction: a chemical reaction
reactants —> products is formulated as (and generated by) mechanistic “operators”
that express typical reactions that molecular structures (the reactants) undergo.
Since knowledge of the applicability of such operators, as well as their types, is far
from perfect, a large search problem ensues which presents combinatorial difficul-
ties in the case of complex reactions. The combinatorics is due to imperfect knowl-
edge: many operators have to be tried, and the recursive nature of the problem
leads to a large search space.

The approach underlying MECHEM, on the other hand, is to consider what is
the objective ““hypothesis space’ in an elucidation problem: the set of all mechan-
isms containing S total species, R total steps, and (as a practical compromise) at
most two reactants and two products per elementary step. Given a fixed S and R,
one can generate all possible mechanisms and test them against the constraints.
This formulation leads to the decision to search for mechanisms by successive incre-
ments in S and R. On any specific problem, the first S to try is Sy, the total number
of known starting materials (including the catalyst) and observed products and
intermediates; no S smaller than Sy can lead to a satisfactory mechanism, because
the presence of all the observed species must be explained.

If the class of mechanisms having Sy species is searched and finally rejected,
then S is set to Sg + 1, which means that one more species is introduced. How does
the program introduce species not given to it as input, if it does not use mechanistic
operators? MECHEM ““conjectures’” an unseen species X (literally, a variable)
and uses it to search for mechanisms as if it were just another given product or inter-
mediate. If S has reached, say, Sy + 4, then four variables, X7, X3, X3, and X} are
conjectured. After the program builds a mechanism or partial mechanism, it tries
to balance all the steps, thereby determining the molecular formulas for the vari-
ables. Then, another algorithm infers possible molecular structures for the new for-
mulas, by exploiting the context of the steps in which the variables take part,
together with the assumption that every elementary step involves at most N
changes to bonds (N = 3 by default, since most proposed elementary reactions
involve at most three changes to bonds).

If successful, MECHEM’s output is a list of simplest reaction mechanisms that
are fully balanced and specified structurally: each step is presented in detail and is
balanced, and all “conjectured” species are known structurally (although not yet
three-dimensionally). Our hypothesis is that by searching for the simplest mechan-
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isms, the inherent combinatorics (due to imperfect knowledge) in all such pro-
blems can be tamed sufficiently to achieve useful results on practical problems. Our
current applications focus is catalytic chemistry, since catalytic mechanisms are
complicated, hence computer-aided methods can have significant impact.

This section is necessarily a brief overview of the program. Further details can
be found as follows: initial conception [6], pathway generator [1], structural tests of
elementary steps [2], inferring the molecular structures of variables [3], heuristics
for taming the combinatorics [7], canonical ordering (and generation) of multi-step
mechanisms [8], verifying catalytic action [9], optimal overall stoichiometry [10],
and testing overall stoichiometry [11]. These are all rather technical papers; no
separate overview paper is yet available.

MECHEM is used interactively. First, the experimentalist (henceforth, the
““user”’) states the starting materials, what species have been observed experimen-
tally, and other constraints on the reaction. The program than reports the simplest
mechanisms, which typically prompt the user to object to various aspects of the
proposed mechanisms; these objections may lead to rejecting all of the reported
mechanisms. The user then draws on his chemical intuition to formulate new con-
straints, and the program is re-run with these. This interactive process continues
until the user is satisfied that none of the reported mechanisms is objectionable.
(Some reactions are too complex for the program to handle currently, but many are
within its competence.) What to do with this knowledge (e.g., try a different cata-
lyst, design an experiment, carry out a kinetic analysis) is outside the current scope
of thisresearch, and is left to the expert or to other techniques.

The rest of this letter examines the reaction of catalyzed ethane hydrogenolysis
and some previous proposals regarding its mechanism. MECHEM’s output on a
small number of constraints is then analyzed in some detail. Again, the aim is to
report the first available evidence that the program is not merely an implementa-
tion of inapplicable algorithmic inventions, but rather can assist usefully the work
of experimentalists.

3. Hydrogenolysis of ethane

The most detailed study of ethane hydrogenolysis was reported by Sinfelt
[12,13] about 20 years ago. Goddard et al. [14] proposed a mechanism*! for the
reaction, as did earlier workers, e.g., Gudkov, Guczi, and Tétényi [15]. In a recent
article, Rudd and Dumesic[16] made the following observations:

“Several different mechanisms have been proposed in the literature for ethane
hydrogenolysis over supported metals. Although there is disagreement on the
detailed nature of individual steps, there is general agreement on the nature and the
sequence of these steps. Qualitatively, general aspects of the mechanism can be

#1 In this paper, the term “mechanism” signifies a list of elementary reaction steps that are fully ba-
lanced and with full structural information on all species.
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summarized as follows. Hydrogen is adsorbed on the surface in an atomic form.
Ethane is adsorbed dissociatively, undergoing cleavage of a C—H bond. Further
dehydrogenation of the C;H, species occurs, accompanied by the creation of addi-
tional bonds between the C,H, species and the metal surface. The C-C bond
breaks and CH,, species are produced. Hydrogenation of the CH, species takes
place, followed by the desorption of methane.”

Rudd and Dumesic proceed to give the following working mechanism (hence-
forth, RDM) for ethane hydrogenolysis:

1. H; + 2% < 2Hx

ethane + 2x « C;Hsx + Hx
CyHs* + 2% > CyHg* + Hx
CoHyx + x — CyHz* + Hx
C;Hj3x + x & CyHy* + Hx
CoHyx 4+ 2% < 2CHox
C,H;3x + 2% « CHx 4+ CHj*
C,Hox + 2+ > 2CHx
CHx* 4+ Hx <« CHy* + *
CHy* + H*x < CHjs* + 2%
CH;3* + Hx < methane + 2%

A A ol

—_
—_— O

4.Results

We have used MECHEM to see whether simple alternative mechanisms could
be found for ethane hydrogenolysis. After several runs in interactive mode (in colla-
boration with an experimentalist), the following constraints led to an acceptable
output:

— The overall stoichiometry is 1(ethane) +1(H;) = 2(methane).

— A catalyst reaction site (modelled as *) forms one bond. Two reaction sites
are modelled as 2x (this notation does not by itself imply a bond across the two
sites).

— CH,#%-CHy* and CHx-CHx are required intermediates (these do form
“bridges’’ over two reaction sites on the catalyst).

— H,isnot a product of a step (except as the reverse of initial dissociation).

— Every reaction intermediate is adsorbed on the catalyst, i.e., every intermedi-
ate contains .

— No species contains three carbons nor spans three catalyst reaction sites.

— There is a maximum of three bond changes (cleavage or formation) per step.
(This constraint is justified by the observation that most proposed elementary reac-
tions involve at most three changes to bonds.)
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— CH,*—CH,x is a precursor (not necessarily single-step) of CH+—CHx.

There is no constraint that carbon is required to be fully coordinated; for exam-
ple, the mechanism presented below contains an intermediate CH# in which the car-
bon atom has two free valences.

The program reported #2 several equally-simple mechanisms, among which the
exact mechanism given by Gudkov et al. [15] was included (the RDM version above
contains the Gudkov mechanism, but also includes the extra steps 6 and 7 which
MECHEM did not find necessary to account for the given constraints). One
mechanism reported by the program, shown below, differed substantially from the
others mentioned. The intermediate species not given as input to the program are
shown within angular brackets for readability.

1. Hy+ 2% — 2(Hx)

2. 2%+ ethane 4 {Hx» + {4+ (CH3—CHj*)

3. 2%+ (CH;—CHy> — CHapx—CHyp + (H#)

4. %+ CHyx—CHax > (Hx) + (CH,%—CHs)

5. 2(CH*—CHx) LN CH,*—CH,* + CHx—CHx*

6. CHx—CHx — 2(CHx)

7. (Hx)> 4+ (CH#> 25 % 4 (CHp)

8. 2(CH,#) = (CH#) + (CH3#)

9. (Hx)+ (CHz+> > 2% + methane
A set of stoichiometric numbers that generates the required overall stoichiometry
is shown over the arrows; these numbers are not to be confused with rate constants.
Weighted summation of all the steps according to the indicated numbers gives the

stoichiometry 1(ethane) 4+ 1(H;) — 2(methane). Although the symbol — has been
used, the possible reversibility of any or all steps is not excluded.

5. Discussion

The mechanism found by human/computer interaction (henceforth, HCIM) is
of comparable simplicity, exhibits somewhat different chemistry, and seems a plau-
sible account of some catalytic ethane hydrogenolysis processes. This section will

# In its run on the final set of ethane hydrogenolysis constraints, the program takes about ten min-
utes or so on a high-end workstation.
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also examine how well HCIM explains some previous data from isotopic labelling
experiments.

Comparison with RDM. An interesting feature of HCIM occurs at step 8, in
which one singly-adsorbed CH,# transfers a hydrogen atom to a second adsorbed
CH,*. This hydrogen transfer of disproportionation gives rise to CHs*, which pro-
ceeds to form methane at step 9, and leaves behind another CHx, which then under-
goes hydrogen addition via the previous step 7. Steps 4-6 involve a similar
pattern, in which the CHx—CHx product of step 5 goes on to cleave the C—-C bond at
step 6, while the CH,*—CHy* product falls back one step in the mechanism. Here,
methane is not formed by the successive hydrogenation of adsorbed hydrocarbon
species, contrary to the other mechanisms. Rather, one adsorbed hydrocarbon
intermediate hydrogenates another adsorbate. While HCIM contains the same
intermediates as RDM, their roles in the reaction differ.

One can examine the hydrogenation phase in HCIM more closely (a similar ana-
lysis holds for the dehydrogenation phase):

7. Hx 4+ CHx—x+ CHy*
8. 2(CHjx)—>CHx + CHjx
9. Hx + CH3x— 2+ + methane

Stoichiometrically, step 8 could be written as the following two steps in which
hydrogen is transferred first to its own site on the catalyst, then on to the second
adsorbate:

8a. *+ CHyx— Hx + CHx
8b. Hx + CHy*x—>x + CHsx

It could be argued that steps 8a and 8b are experimentally indistinguishable from
step 8. However, step 8a is actually the reverse of step 7: if step 8 in HCIM is
replaced by steps 8a and 8b, and the result is simplified (leaving only steps 8b and
9), then the successive hydrogenation steps of the RDM mechanism are obtained.
That this can be accomplished is not too surprising because the two mechanisms
must generate the same stoichiometry 1(ethane) + 1(H;) —2(methane). Despite
such formalistic manipulations, the chemical implications of the two mechanisms
differ somewhat.

The two disproportionation reaction steps 5 and 8 in HCIM imply a relative sur-
face abundance of the reactants CHy#—CHx* and CH,* (the two disproportiona-
tion schemes are independent, in the sense that one or the other could be replaced
with a successive-(de)hydrogenation scheme). The likelihood of such abundances is
unclear, and is a drawback to this mechanism. In compensation, a point in favor
of HCIM is as follows.

Evidence from isotopic labelling. HCIM provides an alternative explanation for
the product distributions from ethane/deuterium experiments carried out by Guczi
et al. [17], who found high production of CD, over a nickel powder catalyst.
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HCIM predicts that a significant fraction of the products will consist of CDy
formed via the following pathway, in which the CDx* formed by steps i and ii feeds
the (replicated) step ii:
i. Dx+ CHx— x +CDHx (step 7)
ii. 2(CDHx)—>CDx* + CDHyx [50%] (step 8)
—CHx + CD;Hx  [50%]

iii. Dx+ CD*—> x +CD,* (step 7)
iv. 2(CDy%) = CDx* + CDj3x (step 8)
v. Dx*x+ CD3*x—>2x +CDy (step 9)

On the other hand, the cited proposed mechanisms (RDM in particular) can form
CD; only by ethane exchange with deuterium, or by methane exchange with deuter-
ium. For example, one route for ethane exchange would begin with these two steps
from RDM:

CyHg + 2x— C;Hsx + Hx  (step 2)
CyHs* + D* — C,DH;s (reverse of step 2)

which are followed by adsorption and successive dehydrogenation of C,DHs,
cleavage of the C—C bond to form CDx* and CHx, and successive deuteration of
CD+ eventually to form desorbed CDy,.

Since HCIM can also undergo ethane exchange in addition to the CDy4-produ-
cing pathway above, the two mechanisms differ qualitatively in their CD4 produc-
tivity: the HCIM mechanism predicts more completely-deuterated methane than
mechanisms based on successive hydrogenations.

Hydrogen-transfer mechanisms. Previously, it has been proposed (e.g., by Zaera
and Somorjai [18]) that hydrogen is transferred between adsorbates, for example,
in the context of hydrogenation of ethylene over a single-crystal platinum surface,
although they do no provide a detailed pathway. The nine-step pathway reported
here could be regarded as a confirmation and elaboration of such proposals (but
for hydrogenolysis of ethane into methane), since the mechanism is as simple as
other proposed mechanisms.

We have examined in some detail the properties of the reaction mechanism
found by human/computer interaction in order to show that such interaction can
lead to interesting results of potential value to experimentalists. The goal is not to
establish the primacy of this mechanism; disproving it would not change the basic
aim of this letter, which is to report initial evidence on the usefulness of a new tech-
nique. It would be interesting to follow up by devising and carrying out an experi-
ment to discriminate between the above mechanisms, but these steps are beyond
our own expertise.
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6. Methodology

No kinetic analysis has been carried out in this letter, since our aim has been to
show the value of an interactive technique for consideration of reaction mechan-
isms. More generally, chemical kinetics has played a minor research role in
MECHEM so far* since this project has focused on the reasoning that occurs
before a detailed kinetic analysis is warranted. None of this implies any disregard
for chemical kinetics: we hope to include some capabilities in a future comprehen-
sive aid for experimentalists. One may regard MECHEM and the work on microki-
netic analysis [19] as natural complements. The results here do show, though, that
much can be achieved prior to a kinetic analysis.

There arises the natural question of whether interactive elucidation methods
will resultin a plethora of possible mechanisms. This is a concern in the case of com-
puter-aided synthesis programs, since the user may be left suspecting that the com-
puter program, due to deficient knowledge, will report a majority of impractical
synthesis, and hence has the potential to distract rather than to guide. However, the
situation in mechanism elucidation is subtly different. If the human/computer
interaction leads to a number of simplest reaction mechanisms that cannot be dis-
criminated further based on scientific knowledge or available experimental evi-
dence, then this is a deficiency neither of the program nor of the interactive method,
but rather of the current state of scientific knowledge or of experimental techni-
que. Perhaps widespread use of computer tools will serve to explicate these issues, if
indeed they are present **.

MECHEM is not yet available for external use, partly because it is still under
development, and partly because of the complete lack of a user interface that would
allow routine autonomous use. Our future plans include taking the steps that will
enable independent use, and also implementing the program on distributed work-
stations to achieve an order-of-magnitude speed-up. In the meantime, the author
invites collaborations with interested experimentalists.

7. Conclusion

This letter describes the first available evidence that MECHEM, an interactive
aid for elucidation of reaction mechanisms, can be applied successfully (i.e., with
interesting results) to practical problems of experimentalists in catalytic chemistry.

#3 However, the program can test — using nonkinetic algebra — whether a given mechanism can ac-
count for individual transitions in concentration levels. This capability was used above, for exam-
ple, to verify that HCIM accounts for the given overall stoichiometry.

# Our experience so far indicates that the simplest reaction mechanisms, in terms of number of steps
and conjectured species, tend not to be numerous. However, increments in these two simplicity
parameters can result in a sizable number of non-simplest mechanisms.
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Presenting such evidence is important, since the combinatorial difficulties that
have hampered computer programs dealing with complex reactions make it, today,
a priori doubtful whether a new program can have any practical success.

Further work on MECHEM is in progress, with the goal being to show that an
interaction that combines chemical insight and knowledge with search and calcula-
tion, thus drawing on the respective strengths of human and machine, can be a fruit-
ful new approach in catalytic chemistry.
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