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The mechanism for the transformation of adsorbed cyclopropylmethyloxide into its ring-opened form,
3-butenyloxide, on the Mo(110) surface is explored theoretically. An alternative emerges to the radical clock
mechanism that involves the cleavage of the C-O bond in the adsorbate as the critical reaction step. The
alternative pathway involves the cleavage of a C-C bond in the three-membered ring leading to a diradical,
which could transform via a 1,2-H shift to the same reaction product. Density functional theory (DFT)
calculations for relevant reaction intermediates in molecular model systems show an energetic preference for
the C-C cleavage in the initial step. The barrier of the subsequent 1,2-H shift of the singlet diradical is
slightly lower than the barrier for the radical clock rearrangement, rendering the diradical pathway a possible
alternative. Adsorbate structures for the reactant and the product were obtained by DFT slab calculations. We
carry out a MO analysis of the bonding in the adsorbate, comparing also C-C and C-O bonding.

Introduction

Radical clocks are an established tool in organic chemistry
for probing the existence of radical reaction intermediates and
estimating their lifetimes.1 The clocks are themselves radicals
that, once they are generated as a free species, undergo a
characteristic rearrangement reaction on a well-known time
scale. Thus, a radical clock system as a substituent at a certain
atom serves as an indicator for the formation of a radical with
a certain lifetime at this specific site in the molecule.2

A collection of calibrated alkyl radical clocks was provided
by Ingold.3 The system with the shortest lifetime (∼10-8 s) from
the so-called primary alkyl horlogerie, is the cyclopropylmethyl
radical 1. It rearranges very rapidly by breaking the three-
membered ring to form the 3-butenyl radical2.

Recently, this same type of rearrangement has been observed
in the vicinity of an oxygen-covered molybdenum surface.4

More precisely speaking, FT-IR measurements obtained at
different temperatures indicated the formation of the adsorbed
3-butenyl species4 above 350 K from adsorbed cyclopropyl-
methyl 3, both attached to surface oxygen. This was possible
because the three-membered ring and the double bond are very

clearly distinguishable by their characteristic vibrations: 1394
and 1433 cm-1 for the ring and 1646 cm-1 for the double bond.
The conclusion drawn is that the C-O bond in the adsorbate
breaks at the elevated temperatures to yield the free radical clock
cyclopropylmethyl, which lives just long enough to undergo
the rearrangement before it gets trapped again at the surface.

It seems then possible to use radical clocks as mechanistic
and kinetic probes for surface reactions. Related radical clock
systems with slightly different lifetimes in the gas phase have
been studied on this surface as well and show the analogous
rearrangement.5 This development is particularly interesting, as
radicals are invoked as key intermediates for a number of
catalytically relevant surface reactions,6 while information on
the mechanisms of these reactions is still rare. It has been shown
recently that the lifetime of the radical clock systems is affected
by the influence of metal ions.7 Thus, it is also likely that the
surface influences the lifetime. New radical clocks with even
shorter lifetimes than the lifetime of the cyclopropylmethyl
radical have been proposed in a recent computational study.
These are the isoelectronic cyclopropoxy radical and cyclo-
propylaminium radical cation.8 Before we address these issues,
we need to be sure that the surface reaction mechanism indeed
involves the radical clock.

Thus, it is crucial to learn more about the reaction of the
cyclic alkoxide3 to the ring-opened alkoxide4, both proven
spectroscopically to exist on the surface. The formation of the
cyclic alkoxide on the surface was observed for different
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precursor molecules, cyclopropylmethylbromide9 and cyclo-
propylmethanol,5 which were dosed in small concentrations onto
the surface. In the first case, the alkyl moiety is transferred,
obviously without rearrangement, onto a surface oxygen. This
process may be viewed as a SN2 reaction with bromide as a
leaving group. In the second case, the O-H bond of the alcohol
dissociates at the oxygen-covered surface, leading to the
formation of surface OH groups, which could be detected
spectroscopically by their characteristic band at 3560 cm-1. The
alkoxide binds through its oxygen atom to a free surface Mo
atom. Thus, different routes for different precursor systems lead
to the observed cyclic alkoxide on the surface, which rearranges
subsequently to the ring-opened form.

The radical clock mechanism for the rearrangement hinges
on two suppositions: first, that the C-O bond breaks to form
the cyclopropylmethyl radical and, second, that the radical stays
long enough near the surface, once it is formed. Weak
interactions that would hold the free radical in the vicinity of
the surface are difficult to characterize. But, the other prereq-
uisite for this reaction pathway, the cleavage of the C-O bond
upon thermal excitation of the adsorbate, can be addressed
theoretically. In this and subsequent papers, we study the
cyclopropylmethyl radical clock reaction and related reactions
on surfaces.

Computational Details

For the surface slab calculations, the plane-wave density
functional theory (DFT) code fhi98md10 was used. It employs
pseudopotentials representing the core and inner electrons of
the atoms. The Troullier-Martins type of pseudopotential11 was
chosen for this study and generated with the fhi98pp code.12

The transferability of the pseudopotentials was tested and the
absence of unphysical ghost states was verified using Gonze’s
analysis.13 With a cutoff energy of 60 Ry for the plane-wave
expansion, the total energy per atom in the adsorbate slab
converged within 0.01 eV/atom. The sampling of the k space
employed a 4× 4 × 1 Monkhorst-Pack mesh14 (4 × 4 × 4
for bulk calculations).

As a first test calculation, the bulk lattice constant of the bcc
Mo lattice was optimized, yielding 3.096 Å using the LDA
functional15 and 3.155 Å for the Becke-Perdew GGA func-
tional.16 The accepted experimental value17 is 3.147 Å. In
accordance with general experience, LDA underestimates the
lattice parameter whereas GGA overestimates it slightly. The
difference of 0.25% between the GGA result and the experi-
mental value is acceptable.

In another test calculation, the surface relaxation was
calculated using slabs with three, four, and five atomic layers
with a vacuum spacing of 15 Å between the slabs. The first
atomic layer was allowed to relax, and the others were kept
fixed at the optimized bulk positions. Atomic positions were
allowed to relax until the residual forces were below 0.01 eV/
Å. The relaxation of this stable surface has a minor structural
effect, the first interlayer spacing d12 decreases slightly.
Experimentally18 this contraction relative to the bulk distance
has been found to be∆d12 ) -1.6(2%, corresponding to an
absolute value for the contraction of only 0.03-0.07 Å. The
calculation with the three-layer slab resulted in∆d12 ) -4.7%,
already a reasonable value. Four- and five-layer slab calculations
yielded smaller contractions of around-1%.

For the molecular DFT calculations, we used the B3LYP19

hybrid functional as implemented in the Gaussian 98 package.20

The unrestricted formalism was applied for open-shell species.
The LanL2DZ basis set option was used applying a Dunning-
Huzinaga-type full double-ú basis21 set for C, O, and H and a

Los Alamos effective core potential22 along with a double-ú
basis set for Mo. All structures were fully optimized, except
for a few special cases where this is explicitly stated. Frequency
analyses were carried out for all fully optimized structures to
characterize the obtained minima and transition states (TSs).
Reported relative energies based on fully optimized structures
are zero-point-energy corrected and thermally corrected
(298 K).

Extended Hu¨ckel calculations (eH) based on the optimized
structures for the molecular systems as well as for the infinite
slabs were performed with the YAeHMOP package,23 which
allows also eH calculations with periodic boundary conditions.
The standard atomic Hu¨ckel parameters for Mo, C, O, and H
were used and are listed in Table 1. Visualization of molecular
orbitals was carried out with the CACAO program.26 To
visualize MOs of extended structures, sufficiently large finite
systems were generated that could be treated with CACAO.

Results and Discussion

I. Surface Slab Calculations.To determine reliable adsorbate
geometries, we used DFT slab calculations. The fhi98md code
allows geometry optimization for extended systems. Test
calculations for the surface relaxation showed that a three-layer
slab is sufficient for our purposes. The surface unit cell has to
be chosen to be sufficiently large to avoid severe steric problems
between the adsorbed organic molecules. We chose a surface
unit cell consisting of two adjacent centered rectangles in the a
direction of the Mo (110) plane, as indicated by the lattice
vectors a and b in Figure 1. Important adsorption sites on this
surface are the quasi-3-fold (QT) and the long-bridge position
(LB).27

An oxygen overlayer with a coverage ofθ ) 2/3 (as used in
the experiments and analyzed with LEED)9 requires a surface
unit cell that consists of three adjacent centered rectangles in
the b direction. A calculation of the adsorbed molecule including
the real oxygen coverage would therefore necessitate a large
surface unit cell consisting of six centered rectangles (two in
the a and three in the b direction). This is currently not possible

Figure 1. (110) plane in the bcc lattice and in a top view of the surface.
a and b indicate the lattice vectors of the chosen surface unit cell; labeled
dots indicate quasi-3-fold and long-bridge adsorption site

TABLE 1: Extended Hu1ckel Parameters

atom orbital Hii(eV) ú1 c1 ú2 c2 ref

Mo 5S -8.34 1.96 24
5P -5.24 1.90
4D -10.5 4.54 0.5899 1.9 0.5899

C 2S -21.4 1.625 25
2P -11.4 1.625

O 2S -32.3 2.275 25
2P -14.8 2.275

H 1S -13.6 1.3 25
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for us to do. With the surface unit cell shown above, which
includes 4 Mo atoms, we could model coverages ofθ ) 1/2
andθ ) 1/4 (i.e., include two or one O atoms per unit cell).

For the calculations presented here, we chose to include the
alkoxide species in the unit cell, which corresponds formally
to an oxygen coverage ofθ ) 1/4. (We are aware of the fact
that the probability of trapping again the emerging radical after
its rearrangement at the surface might well be dependent on
the number of available surface oxygen atoms. In fact, the
amount of 3-butenyl oxide yielded by selective reaction
increases with oxygen coverage in the experiments.) The
adsorbate geometries, however, are not likely to be influenced
much by additional adsorbed oxygen.

Geometry optimizations of cyclopropylmethyloxide and of
3-butenyloxide on the Mo (110) surface resulted in the adsorbate
structures shown in Figure 2 and Table 2. For these calculations,
the Mo atoms of the slab were fixed to the ideal bulk positions.
(Calculations of the slab with an oxygen overlayer and the first
Mo layer allowed to relax showed that this is reasonable and
that the position of these atoms is not affected much by an

adsorbate.)28 In the optimized structure, the oxygen atom of the
alkoxides adopts a quasi-3-fold adsorption site with one short
Mo-O bond (∼2.2 Å) and two longer Mo-O bonds (∼2.4 Å).

In accordance with the experimental observation, we obtain
a lower total energy for the reaction product, the adsorbed ring-
opened alkoxide. The energy difference between the two
structures shown is 31.0 kJ/mol. Other conformers of the
molecules, which result from rotations around the C-O bond
and the C-C single bonds, are expected to cause at most an
energetic effect of 2 kJ/mol, based on molecular calculations.
An optimization of the isolated cyclopropylmethanol molecule
in the gas phase with the same method (using a large unit cell
with a lattice constant of 25 Å) shows the structural effects of
the chemisorption. Mainly, the C-O bond of the molecule is
noticably elongated in the adsorbate by 9 pm, which is in the
range of what was found before in adsorbates of organic
molecules.29 Closer inspection of Table 2 shows that the C-O
bond for the cyclic species is slightly longer than that of the
linear species (1.613 vs 1.580 Å).

It is not practical to pursue alternative reaction mechanisms
and calculate all possible reaction intermediates at this high level
of theory. Moreover, the treatment of open-shell species with
broken bonds, required here, is inherently not easy, as the
definition of the spin state in periodic calculations is not well
determined. At the same time, there is a lot of experience and
lore on adequate procedures for treating bond breaking and
diradicals in discrete molecular systems. We therefore turn to
smaller model systems to limit and yet more definitely define
the search for the mechanism of the surface reactions.

II. The Intrinsic Reactivity of the Molecule. How would
the molecule in the gas phase, were it not bound to the surface,
transform from the cyclic to the ring-opened form? Several
reaction pathways from cyclopropylmethanol to 3-butenol come
to mind. In principle, there are two main routes; one starts with
the cleavage of the C-O bond (which can happen homo- or
heterolytically), and the other one proceeds via an initial
cleavage of a C-C bond in the cyclopropyl ring.

Homolytic cleavage of the C-O bond would lead to the
cyclopropylmethyl radical and thus to the radical clock reaction,
as shown in Scheme 1. The corresponding carbocation resulting
from a putative heterolytic cleavage can also undergo this
rearrangement very easily.30

The other main alternative, C-C cleavage (Scheme 2), would
not lead to a fragmentation of the system into two parts. It
would instead yield a diradical (f), which we, in a first
approximation, assumed to be a triplet diradical. The possibility
of a singlet diradical was investigated31 and proved to be relevant
too.

With respect to singlet and triplet diradical (f), the important
singly occupied MOs are the same as for the well-studied
trimethylene diradical32 and are shown in5 and6.

Figure 2. Optimized structures of (a) cyclopropylmethyloxide and (b)
3-butenyloxide on Mo (110). The atom numbering for the adsorbed
molecules carries no mechanistic implication. Italic atom numbers refer
to Mo atoms.

TABLE 2: Selected Bond Lengths in the Optimized
Structures of Cyclopropylmethyloxide and 3-Butenyloxide on
Mo (110) in Comparison with Isolated Cyclopropylmethanol

r/Å

Mo1-O 2.153 2.174
Mo2-O 2.439 2.364
Mo3-O 2.416 2.347
O-Cl 1.613 1.580 1.519
C1-C2 1.497 1.545 1.525
C2-C3 1.551 1.502 1.542
C3-C4 1.536 1.362 1.537
C2-C4 1.581 1.548

SCHEME 1. Radical Clock Reaction Mechanism
Starting with a Homolytic C -O Bond Cleavage
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In the triplet state, these two MOs are occupied by electrons
with parallel spin, whereas in the singlet case, they are occupied
by electrons with opposing spin. For the parent trimethylene
system, the minimum for the singlet diradical is very shallow.
Therefore, some of the calculations report a singlet diradical33

and some do not.34 The existence of the singlet trimethylene
diradical is now generally agreed on;35 indeed, a femtosecond
lifetime for this species has been determined.36

There are two variations for the C-C cleavage: one is the
cleavage of the vicinal bond, as shown in Scheme 2. The other
possibility is the cleavage of the distal C-C bond, leading to a
diradical with two primary carbon radicals. The diradicals
formed from the cleavage of a C-C bond stabilize themselves
by a 1,2-H shift. If a vicinal C-C bond is broken, an H atom
from the unaffected carbon of the cyclopropyl ring may move
to either the primary or the secondary radical carbon next to it,
leading to final products 2-butenol and 3-butenol, respectively.
If the diradical route were followed, both isomers are likely to
be formed. The butenyl species with the doubly substituted
CdC bond, 2-butenol, is expected to be found in higher
concentrations because the 1,2-H shift toward the primary carbon
atom is likely to be slightly preferred.

By means of DFT calculations, we were able to follow these
four reaction paths, homolytic and heterolytic C-O bond
cleavage and distal and vicinal C-C bond cleavage. We
compare the relative energies (with respect to cyclopropyl-
methanol) of intermediates and TSs along these pathways in
Figure 3. Note several things about Figure 3, of necessity
complex, because it tries to represent several pathways. The
left most sequence is the radical clock. The right most is the
singlet diradical route. The central sequence follows the triplet
diradical route showing only triplets except the reactant and
the products.

Two alternatives could be excluded right away (not shown
in Figure 3) by inspection of the first intermediates. One is the
heterolytic C-O bond cleavage, which requires, not unexpect-
edly, a very high energy (Erel ) +950 kJ/mol), in the gas-phase
reaction. The actual energy required for a heterolytic cleavage
might be lower. In the surface reaction, the surface could act
as a kind of solvent. The surface could stabilize both components
of a heterolytic cleavage, the anionic part by accepting its
electrons into empty surface bulk states and the cationic part
by image charge stabilization (effectively screening the charge).
The details of this stabilization remain to be worked out. In
future work, we will come back to the solvent-like properties
of surfaces. The other possibility that appears as relatively
unlikely is the homolytic cleavage of the distal C-C bond. The
resulting diradical with two primary radicals is slightly higher

in energy (by 6 kJ/mol) than the diradical emerging from the
cleavage of the vicinal C-C bond.

Thus, the radical clock mechanism and the diradical mech-
anism are the two alternatives that have to be considered.
Optimized geometries of selected species along the two alterna-
tive pathways are shown in Figure 4. The calculated atomic
spin densities for the open-shell species are shown in the
Appendix. These show spin distributions that are as expected
for the various triplet, doublet, and singlet states. As can be
seen from the relative energies in Figure 3, the C-C bond
breakage is clearly preferred over the breakage of the C-O bond

SCHEME 2. Diradical Reaction Mechanism Starting
with the Cleavage of a Vicinal C-C Bonda

a The speciesj and i are only relevant in the triplet case.

Figure 3. Energy profiles for the two reaction paths involving the
radical clock (b) or the diradical (f) in the triplet and singlet state.
Triplet species are marked withTri. Dashed horizontal lines indicate
estimated energies of TSs for dissociation and radical recombination
that were not calculated. The structure labels (a)-(k) refer to Schemes
1 and 2.

Figure 4. Calculated structures of selected species along the reaction
paths: (a) cyclopropylmethanol; (e) 3-butenol; (c) TS of the radical
clock rearrangement, a doublet; (f) diradical after breakage of vicinal
C-C bond in singlet and triplet state (Tri); (g) TS of the 1,2-H shift
toward the primary carbon radical in the singlet state; (h) TS of the
1,2-H shift toward the secondary carbon radical in the singlet state.
Striped bars indicate breaking and forming bonds in the TS.

Cyclopropylmethyl-3-Butenyl Rearrangement on Mo(110) J. Phys. Chem. A, Vol. 108, No. 15, 20042975



in the initial step. (We presume that these highly endothermic
first steps are not activated much over and above their
thermodynamic energy difference.) In fact, this is not surprising,
as the lability of the cyclopropyl ring toward C-C cleavage is
well known for strained systems37,38and is used for instance in
the activation of aliphatic molecules.39,40

The singlet, as well as the triplet, diradical resulting from
the C-C cleavage was considered. The triplet and the singlet
diradicals proved to be very similar in energy. The following
reaction step on the diradical route, the 1,2-H shift, however,
is different for singlet and triplet state. The TS for the H-shift
of the singlet is considerably lower than the one for the triplet.
This is understandable, because in the singlet TS the CdC
double bond can already be partially formed. This is indicated
by the coplanar arrangement of the terminal methylene group.
In the triplet TS, this CH2 group is oriented perpendicular to
the σ frame of the molecule (see (h) in Figure 4), consistent
with an ethylene triplet geometry.

The 1,2-H shift is the rate-determining step (the step with
the highest-lying TS)41 on the singlet diradical route. We obtain
a TS for the H-shift of the singlet diradical that is lower than
the TS of the radical clock rearrangement.

We can compare the energetics of our singlet diradical route
with the well-studied isomerization of cycloprane to propene
via singlet trimethylene.35,42The activation barrier for the C-C
cleavage was found to be around 230 kJ/mol (55 kcal/mol).
The subsequent barrier for the 1,2-H shift was estimated to be
in the order of 25 kJ/mol (6 kcal/mol). Our values for the
substituted system are in the same range (compare with Figure
3).

The calculations also yield thermodynamic and kinetic
information for the gas-phase radical clock system7 (which is
available from experiment and theory on a range of different
levels)43 and, thus, provide us with another chance to evaluate
our calculations. We obtain an activation barrierEa for the
radical clock of 27.5 kJ/mol and a∆E value of-26.8 kJ/mol.
Among the reported experimental values are 24.9 kJ/mol44 for
Ea and -21.0 kJ/mol45 for ∆E. The current best calculations
available using the CBS-RAD method43 give 31.2 kJ/mol for
Ea and-10.8 kJ/mol for∆E.

In general, the strain in the three-membered ring is obviously
the driving force for the reaction. The distinction between the
two alternative mechanisms is merely whether the ring breaks
first to yield a diradical or the C-O bond breaks first to yield
two radicals, of which one would then open the ring. The ring
strain energy of cyclopropane is 116 kJ/mol.46 Incidentally, the

radical clock for the five-membered ring homologue8, also part
of the primary alkyl horlogerie3, reacts via ring closure. The
experimentally determined ring strain for cyclopentane is 21
kJ/mol46 and significantly lower than that for cyclopropane.

In the surface context, the question arises how the cyclopro-
pylmethyl radical clock can be formed without the complication
of the ring cleavage. In organic applications1,2 as well as in the
calibration3,44 of the system, the reaction conditions were
somewhat different. In studies of organic reactions, the radical
clock is formed from a nonradical precursor, in the simplest
case by H abstraction.1 In the calibration of the radical clock,
a photolabile precursor molecule44 was used, as shown in9.
The cyclopropylmethyltert-butyl peracetate undoubtedly decays
into radicals and CO2 upon exposure to light. Other precursors
are, for example, azoalkanes.2

In one example,47 10, the tentative precursor system, an ester
that was expected to break the C-O bond upon excitation, reacts
via cyclopropyl bond cleavage. In this specific case, it was
concluded that this is caused by the steric orientation of the
chromophore, the 4-methoxy-1-naphthyl substituent, which
induces the formation of a diradical rather than excitation of
the C-O bond.

On the basis of our calculations, we are not prepared to rule
out either of the two alternatives on the surface. An oxygen
atom on a surface might bind to the cyclopropylmethyl moiety
with a much different strength than the oxygen in the isolated
cyclopropylmethanol molecule. This would yield a C-O bond
that is more likely to break than a C-C bond of the ring, thus
favoring the radical clock pathway even more- also in the
initial step.

III. A Molecular Model System. To model the chemical
environment of the adsorbed molecule somewhat realistically
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yet remain with a molecular system, the cluster approach is the
method of choice. Though widely and successfully applied for
ionic or covalent substrates,29 for metals the usual saturation or
passivation strategies (point charges or hydrogen atoms) are not
chemically intuitive. If metal clusters are used, they are often
not saturated at all47 or treated with special embedding
techniques.48

In this specific case, we chose to base our cluster model on
a well-known molybdenum compound, the trinuclear cluster
[Mo3O4(H2O)9]4+, 11, which is abundant in aqueous solutions
of MoIV. It is also found in crystal structures with some
variations on the water ligands (e.g., exchange by oxalato
ligands).50,51The cluster is related to a large family of triangular
Mo clusters with single Mo-Mo bonds.52 Calculations of the
oxygen overlayer on Mo showed that the oxygen adopts quasi-
3-fold and long-bridging sites, which are clearly geometrically
similar to this compound.28 Also, the surface Mo atoms are
slightly oxidized, which justifies the use of a MoIV cluster.

For the actual cluster model, the nine water ligands were
exchanged for nine OH- ligands (to reduce the number of
orientational degrees of freedom), which leads us to a species
[Mo3O4(OH)9]5-. We want to attach the organic molecule in
the 3-fold position (the oxygen is already there). Thus, we bring
in the alkyl part as a cation, formally, and calculate the system
[Mo3O4C4H7(OH)9]4-. If we were to add the alkyl as a radical,
we would end up with an open-shell system for the model
reactant. Compound12shows the reactant, the cyclic alkoxide,
in the cluster model. By use of this model, we follow again the
two main alternative mechanisms, diradical mechanism and
radical clock path. Figure 5 shows optimized structures for
species along these routes. Relative energies and CdC stretching
frequencies are shown in Table 3 along with the data for the
isolated molecules for comparison.

In general, the cluster calculations follow the trend of the
intrinsic (i.e., gas-phase calculated) reactivity of the molecule.
However, the differences between the two pathways are
significantly diminished if one takes into account some aspects
of the surface. The energy of the 1,3 diradical species formed
from an initial C-C cleavage is by some kJ/mol lower than
the energy of the two fragments, cyclopropylmethyl and
[Mo3O4(OH)9]•4-, resulting from a C-O bond cleavage. Note
that the difference between the C-O cleavage and C-C
cleavage in the cluster model is very small. This is mainly due
the distribution of the radical character of•OR over the Mo
atoms of the cluster. The barrier for the 1,2-H shift on the
diradical pathway is again slightly lower than the one for the
rearrangement of the radical clock radical, if the singlet state
of the diradical is considered. However, the energy difference
between the TS of the radical clock rearrangement and the 1,2-H
shift is, in our cluster model, so small (compare in Table 3 the
relative energies for the 1,2-H-shift TS of 222 kJ/mol and the
TS of the radical clock rearrangement of 227 kJ/mol) that we
cannot conclude from this which mechanism would be preferred.

We point out that the energy for the radical [Mo3O4(OH)9]•4-

(which is a Jahn-Teller system with three electrons in two
degenerate MOs of e symmetry) is based on a single point
calculation at the geometry of the cluster part of the systems
containing the molecule [Mo3O4C4H7(OH)9]4-. The geometry
of the Mo3O4(OH)9 unit of these systems does not differ
significantly for the various alkyl groups attached (cyclo-
propylmethyl, butenyl, or diradical). Bond distances and angles
of the same type are almost equal, consistent with theC3

pseudosymmetry of the cluster part of the systems. If we allow
deformations, the Mo3O4(OH)9 radical species without the alkyl
bound undergoes a strong Jahn-Teller distortion, which makes
the three Mo-Mo bonds unequal (calculated Mo-Mo bond
lengths 3.28, 2.83, and 2.69 Å). If our energetic comparison
were based on the energy of the optimized [Mo3O4(OH)9]•4-

unit, the initial C-O cleavage would be preferred because of
the stabilization of the distorted Mo cluster. This distortion,
however, is a result of the finite size of our cluster model, and
we do not consider it relevant for modeling the surface reaction.

An interesting effect in the cluster model, relevant to the
surface chemistry, is the depletion of spin density at the radical

Figure 5. Optimized geometries of selected species [Mo3O4C4H7(OH)9]4-

along the two reaction paths. (a′) Cyclopropylmethoxide on [Mo3O3-
(OH)9]4-, distances in molecule indicated at left (side view) and in
cluster at right (top view); (f ′) 1,3 diradical in the singlet state; (g′)
TS for the 1,2-H shift toward the primary carbon radical in the singlet
state; (e′) 3-butenoxide; (k′) 2-butenoxide. Singlet diradical species
(f ′ and g′) were calculated at the optimized geometry of the corre-
sponding isolated molecules.
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carbon atoms in the diradical species relative to the isolated
molecules (see calculated spin densities in the Appendix).
Obviously, the metal atoms of the substrate can accommodate,
at least partially, unpaired electrons from the adsorbed species.
This could be the reason, overall, why the energetic barriers
that have to be overcome for the reaction are lower in the cluster
model (and presumably also on the surface) than in the isolated
gas-phase molecules.

The frequency analyses for the molecular species showed,
in agreement with the experimental data, a CdC stretching
normal mode around 1700 cm-1 that does not involve other
motions in the molecules. A similarly distinct C-O stretching
mode is not found; the C-O stretching motion is strongly
coupled to other motions in the system

IV. MO Analysis of the Bonding in the Adsorbate.
Analysis of bonding in surface reactions is often easier if one
looks at a simpler one-electron calculation. This led us to try
periodic eH calculations, performed using the optimized adsor-
bate slab geometries from the DFT slab calculations. By means
of the crystal orbital overlap population (COOP), we can obtain
information on contributions to bonding at various energies.

Figure 6 shows this analysis for the Mo-O, C-O, and C-C
bonds in the adsorbed cyclic alkoxide, the reactant under
consideration. As expected, all three interactions are overall
bonding in character, which is obvious from the (on balance)
positive COOP curves up to the Fermi level. Further, it can be
seen that the dominant regions of Mo-O and C-O bonding

lie effectively below the C-C bond in energy. In fact, the C-C
bonding levels are the highest occupied orbitals primarily
localized on the adsorbate. The DOS (density of states) and
band structure, not shown here, do have higher-lying crystal
orbitals up to the Fermi level. But these are merely related to
the substrate and involve Mo atoms other than the three
interacting with the molecule.

Interestingly, the peaks of the Mo-O bond and C-O COOP
coincide. This is a strong indication that the C-O bonding
orbitals also carry the most important Mo-O bonding contribu-
tions. And, more interestingly, a region of C-O antibonding
orbitals below the Fermi level is also Mo-O bonding in
character. A detailed examination of the orbitals, discussed
below, shows that the wave functions are indeed delocalized
over Mo-O-C, so this is not an accidental coincidence of
energy levels of different orbitals.

It is surprising, perhaps, to see C-O antibonding character
in the chemisorbed cyclopropylmethoxide. This antibonding
interaction is not due to adsorption but is already present in the
isolated molecule. The effect is also found in the more
symmetric molecule methoxide itself. What is happening here
is that theπσ orbital of the methyl group53 forms bonding and
antibonding interactions with oxygen lone pairs, resulting in
two pairs of degenerate orbitals as shown schematically in13.
These frontier orbitals of methoxide have been discussed before
by our group in connection with adsorption on a nickel surface.54

TABLE 3: Calculated Relative Energies in kJ/mol and CdC Stretching Frequencies in cm-1 of Cluster Species
[Mo3O4C4H7(OH)9]4- and Molecular Species C4H7OH along Two Alternative Reaction Paths (TSs Indicated by Dashed Bonds)

triplet singlet triplet singlet

Erel

R: Mo3O3(OH)9a 0 199 227 173 -61 -52 188 196c 355 222c

R: Hb 0 319 347 292 -43 -50 213 220 378 264

Frequency
R: Mo3O3(OH)9a 1696 1650 1689
R: Hb 1696 1702d 1743e

a The spin state of radical fragments is doublet, of diradicals is triplet and singlet as indicated, and of closed-shell sytems is singlet.b 〈S2〉 values
after spin annihilation for all open-shell species differ by not more than 3× 10-3 from expected values of 0.75 for doublets and 2.0 for triplets.
c Single-point calculation for singlet diradical cluster species at optimized geometry of the isolated molecules.d Experimental value for gas-phase
species (NIST database): 1641 cm-1. e Experimental value for gas-phase species (NIST database): 1675 cm-1.

Figure 6. COOPs for the Mo-O bond, the C-O bond, and one vicinal C-C bond of the three-membered ring in the adsorbate of
cyclopropylmethoxide on a 3-layer Mo(110) slab. Computed total overlap populations Mo-O 0.26, C-O 0.41, and C-C 0.62. The dotted line is
the Fermi energy.
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In the unsymmetric cyclopropylmethanol molecule, these MOs
are in principle the same, only somewhat distorted, due toσ-π
mixing.

In the adsorbate, these C-O bonding and antibonding MOs
interact with crystal orbitals of the Mo surface atoms and
facilitate adsorbate formation. We show the orbitals here for
adsorbed methoxide because they are less distorted by mixing.
But we observed the same orbital interaction for cyclopropyl-
methoxide and believe that this bonding applies to other alkoxide
adsorbates as well. Compounds14 and15 depict local cutouts
of the Mo-O bonding crystal orbitals, corresponding to the two
positive Mo-O COOP peaks in Figure 6. The orbital in14 has
Mo-O bonding and C-O bonding character, while15 shows
an orbital that is Mo-O bonding and C-O antibonding. Each
of the orbitals shown has a quasidegenerate counterpart, not
illustrated here, as implied in13. Note in15 that, in the case of
a π-type interaction between O and the Mo atom closest to it,
the two other Mo atoms of the quasi-3-fold site can interact
with the O atom as well.

Because the C-O bonding and the C-O π-antibonding
orbitals are occupied prior to adsorption, the result of the
interaction with the metal substrate is the weakening of both.
These two effects could, in principle, cancel each other out (no
effect on the C-O bond strength). As the calculation shows, a
net slight weakening of the C-O bond results; in the case of
cyclopropylmethoxide, the C-O bond is elongated in the
adsorbate by 9 pm. For methoxide, it is elongated by 4 pm,
compared to the respective free alcohols.

The C-C bonds of the cyclopropane ring are not expected
to be significantly influenced by the adsorption. In fact, the two
almost degenerate HOMOs of the molecule are also the highest

occupied crystal orbitals in the adsorbate (substrate surface states
disregarded) shown in16 and17. They are the so-called Walsh
orbitals55 of cyclopropane, slightly distorted because of the
asymmetry in the molecule. Because of this distortion, one of
the Walsh orbitals involves not only the distal C-C bond but
also the C-C bond that is antiperiplanar to the C-O bond.

Overall, this orbital analysis based on the alcohol molecule
and the adsorbed cyclic alkoxide shows that upon thermal
excitation of this species the C-C bonds of the three-membered
ring will be affected most. Specifically, we expect the greatest
effect of a temperature increase for the C-C bond that is
antiperiplanar to the C-O bond. The C-O bond is slightly
weakened in the adsorbate but not as much to reverse the
intrinsic reactivity of the isolated molecule.

Experimental Implications

The radical clock mechanism is, apparently, not the only
mechanism that would lead to the observed transformation. The
C-O bond cleavage, the initial step of the radical clock
mechanism, requires in our computations on a gas phase isolated
molecule a clearly higher energy than the competing C-C bond
cleavage of the cyclopropyl ring.

Both mechanisms are consistent with the primary experi-
mental evidence for this transformation, the vanishing ring mode
and emerging CdC stretching mode at higher temperatures.
Therefore, the reported results about the preference of C-C
cleavage in model intermediates do not contradict the experi-
ments. If the species are in close contact with the surface, the
C-O bond is expected to be affected somewhat (according to
our slab calculations and MO analysis not by much). That’s
why, on the basis of this analysis, we cannot exclude either
mechanism. In the current work, we merely bring up and follow
an alternative route for the observed transformation, one that
comes to mind from past chemical experience with radical
formation and the reactivity of the cyclopropyl ring. We hope
to stimulate new theoretical and experimental probes which
might eventually determine unambiguously the preferred mech-
anism and develop further or other radical clocks on surfaces.

For the isolated molecule, the barrier for the rearrangement
of the radical clock following C-O cleavage is so low that
overall the radical clock mechanism is still in the same energy
range as the competing pathway via a diradical and a 1,2-H
shift. This competing pathway has the advantage that it would
not involve fragmentation and recombination of the adsorbate.
So, the crucial question for the radical clock pathway is whether
the cyclopropylmethyl radical stays somehow in the vicinity of
the surface so that it is trapped again after its practically
instantaneous rearrangement. If it does so, it is possible to have
radical clocks for surface reactions. And we have maybe seen
in the experiment cited the first radical clock on a surface. To
obtain further evidence for this mechanism, we can suggest, on
the basis of this theoretical study, some experimental indications.

The stretching frequency of the terminal CdC double bond
is about 40 cm-1 lower than that for the doubly substituted
double bond, as calculated for the isolated butenol molecules
and in the cluster models (Table 3). On the radical clock
pathway, only the butenol species with a terminal CdC double
bond, 3-butenol, can result. In the experiment4 that led to the
proposed radical clock mechanism, one CdC stretching fre-
quency at 1645 cm-1 was found and assigned to adsorbed
3-butenol by comparison with the spectrum of the adsorbate
known to be 3-butenol. On the diradical pathway, 2-butenol,
with a doubly substituted double bond, would be formed as well.
A second, higher-lying frequency, indicating the presence of
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2-butenol in the experiment, is not reported. This is a strong
indication that only adsorbed 3-butenol is formed and that indeed
the radical clock rearrangement occurs. A spectrum of 2-butenol
on the surface would be an easy test case; a signal (around 1700
cm-1) can be expected (maybe with low intensity because of
the special selection rules of surface-IR spectroscopy) that would
not be found in the reported spectrum at 460 K for the reaction
product. Studies of the surface chemistry of 2-butenol are
currently underway.56

Isotope-labeling experiments can bring further clarity to the
problem. If one would, for example, label one of the carbon
atoms with D or13C as indicated by the asterisk in18, the two
pathways would be distinguishable in the reaction product. In
the case of the radical clock mechanism, the labeled carbon
atom would be theR carbon; in the diradical case, the labeled
carbon atom would be theω carbon. If a carbon isotope labeling
would be used, the presence of the13C in the double bond of
the product resulting from the diradical mechanism should lead
to an observable shift ofν(CdC) to lower frequencies in the
infrared spectrum recorded at 460 K.

The synthesis of the cyclopropylmethanol deuterium labeled
in the C1 position was successful, and IR experiments with the
labeled molecule are currently being carried out.57 Preliminary
results from this investigation suggest strongly that more than
one mechanism for the transformation is at work.

In 18O-labeling experiments already carried out, it was
observed that the C-O bond partly incorporates surface oxygen
above 460 K, i.e., if the experiment is performed with cyclo-
propylmethanol on18O-covered Mo(110).4 This strongly sug-
gests cleavage of some of the C-O bonds in the course of the
reaction.

Finally, a different radical clock could be used, one that does
not involve strong ring strain. The above-mentioned cyclopen-
tylmethyl radical clock would react from the ring-opened
hexenyl form to the cyclic form.3 This transformation could be
observed by IR spectroscopy in a similar way. Corresponding
experiments are being currently carried out. The homologous
system with the five-membered ring is somewhat different, as
the radical rearranges at a significantly lower rate and the C-O
bond strength might vary as well, causing possibly a change of
the temperature at which the rearrangement would happen. If it
is observed at approximately the same temperature, the radical
clock mechanism is at work. The reverse cannot be concluded.

Conclusions

We investigated the possibility of a radical clock mechanism
for the observed rearrangement of cyclopropylmethyloxide to
the ring-opened butenyloxide on a surface. There is a possible
alternative mechanism that does not involve fragmentation via
an initial C-O bond cleavage and recombination of the
fragments after the radical clock rearrangement. This mechanism

is indicated by cleavage of the strained three-membered ring
and subsequent 1,2-H shift.

Calculated gas-phase relative energies of model systems along
the reaction paths show that in the initial step a breakage of the
three-membered ring is preferred over a C-O cleavage. This
is further supported by an MO analysis. However, the energy
barrier for the subsequent 1,2-H shift of the diradical is
significantly higher than the barrier for the rearrangement of
the cyclopropylmethyl radical. In the gas phase calculations on
the isolated molecule, the preference for the singlet diradical
pathway is relatively clear. But the two highest points along
the pathways become energetically almost indistiguishable if
one looks at the cluster model calculations. Therefore, the radical
clock mechanism is overall in a reasonable energy region, and
the competing pathway is in our molecular model calculations
only insignificantly preferred.

We think it is likely that on the surface both mechanisms are
at work. To get a more definite answer on the preferred
mechanism from calculations, one would have to be able to
calculate a diradical on an extended surface slab model in a
defined singlet spin state. This pushes the limit of currently
available theoretical methods. Several further experimental
probes of the reaction mechanism are suggested.
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Appendix

In Figures 7 and 8, we show significant atomic spin densities
that were calculated for open-shell doublet, singlet, and triplet
systems.
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