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ABSTRACT: The mechanism of the Etard reaction of chro-
mylchloride in toluene, discovered more than a century ago, has
been investigated by DFT calculations (B3LYP/6-31G(d)).
The formation of the experimentally observed product can be

rationalized by multiple CH-abstraction reactions.

multiple intermediates
T—

7,\ 4

B INTRODUCTION

More than 120 years ago, Etard discovered that the reaction of
chromyl chloride (CrO,Cl,) with toluene leads to various
products, e.g. benzaldehyde (32%) and benzyl alcohol (5%)
together with chlorinated compounds after hydration of the
initial brown precipitate.' * It was proposed by Etard and
generally accepted until the 1960s, that a 2:1 chromyl chloride/
toluene complex (“Etard complex”, Figure 1) is initially
formed.>~® By measurin\g the magnetic susceptibilities Wheeler
also confirmed the Cr'" oxidation state which was originally
proposed by Etard.®

Based on ESR spectra questions were raised about the
structure of the complex. When Nenitzescu computed the ratio
of paramagnetic chromium centers for the toluene complex
from signal altitudes, this ratio was found to be 69%; e.g. 69% of
the chromium atoms were found to be paramagnetic, and only
31%, diamagnetic (= Cr'").? These results have been ques-
tioned later on by Stairs, who concluded with the help of IR
spectroscopy and new measurements of magnetic susceptibil-
ities that all chromium atoms in the Etard complex of toluene
are in the oxidation state +IV and proposed a polymeric Etard
complex (Figure 2)."

Not only the structure of the Etard complex but also the
reaction mechanism remained in the dark. More than 40 years
ago Gragerov proposed a free radical process based on ESR
observations,'""'? before in the 1990s detailed kinetic studies of
Mayer provided insight into the initial C—H abstraction of
CrO,Cl, with various hydrocarbons including toluene.> ™13
The observed product distribution based on a thorough analysis
of the products is given in Figure 3. Mayer concluded that the
Etard complex is not a simple stoichiometric product but an
oligomeric species with the final products surrounding the
chromium atoms as ligands, in agreement with the structure
shown in Figure 2. The average ratio of toluene and CrO,Cl, in
the complex indeed was found to be 1:2.
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Figure 1. “Etard complex” as proposed by Etard.
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Figure 2. Polymeric Etard product.

It is interesting to note that the formation of the chlorinated
product is competitive with the formation of the Etard complex,
which indicates that the Etard complex might evolve via a benzyl
radical which can either add a chlorine atom or a “chromyl
chloride (OH) radical”. The other toluene oxidation products are
then obtained during workup of the Etard complex with aqueous
potassium iodide solution.

Evidence for a radical mechanism comes from recent results of
Cr¥ as an intermediate in biochemistry and organic synthesis
(oxidation of styrenes). It is well-known from experimental
studies that Cr" is the biologically active oxidation state, which
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is responsible for the toxicity and carcinogenity of high-valent
chromium(VI) compounds.'®~>°

The formation of Cr" species in nonbiochemical szstems
has also been observed. We successfully synthesized Cr"-com-
pounds, which are 2:1-complexes of CrO,Cl, and aryl-substi-
tuted alkenes. According to DFT calculations this molecular
ensemble is exergonic by 41 kcal/mol compared to the starting
materials.>"

Using DFT methods Rappé calculated new pathways for the
chromylchloride oxidation of alkanes as well as alkenes, which
involve two metal centers.”>”** For isobutane he suggested a
high-energy intermediate generated by a C—H abstraction of
CrO,Cl, which can be seen as an alcohol complex at the chro-
mium center. This complex is then trapped by another molecule
chromyl chloride to form a CL,OCr—O—CrOCl, complex. For
the Etard reaction (in toluene) this model is difficult to apply as it
does not explain the experimentally observed product distribu-
tion. Only the formation of the alcohol byproduct could be
explained by this mechanism, but it does not explain the forma-
tion of the halogenated carbohydrate or the main products

CHs CH,CI
0% wEtarg
ar
Cro,Cl, + o Tt
CeHi, complex
aq. Kl benzyl chloride (18%)
[0} H
CH,0OH
+

benzaldehyde (32%)  benzyl alcohol (5%)

Figure 3. Products of the Etard reaction in toluene according to
Mayer.14

(ketone/aldehyde). Studying the interaction of metal—oxo systems
such as RuO, and MnO, " with alkanes we always observed that
different spin states have to be taken into account.”>*® From our
previous experience we thought it might be possible that different
spin states are also involved in the case of the Etard reaction. We
present the results of a thorough density functional (DFT)
study of a radical mechanism for the Etard reaction of toluene with
chromyl chloride. The results of the theoretical study are in
agreement with the experimental observations and the pathway
previously proposed by Mayer and explain the observed products.

B COMPUTATIONAL DETAILS

All calculations were performed with Gaussian03.>” The density
functional hybrid model B3LYP** ' was used together with the
6-31G(d)***" basis set. No symmetry or internal coordinate con-
straints were applied during optimizations. All reported intermediates
were verified as true minima by the absence of negative eigenvalues in
the vibrational frequency analysis. Transition-state structures (indicated
by TS) were located using the Berny algorithm until the Hessian matrix
had only one imaginary eigenvalue.*® The identity of all transition states
was confirmed by animating the negative eigenvector coordinate with
MOLDEN? or GaussView* and in many cases by an IRC-calculation,
given in the Supporting Information.

Approximate free energies were obtained through thermochemical
analysis, using the thermal correction to Gibbs free energy as reported by
Gaussian03. This takes into account zero-point effects, thermal enthalpy
corrections, and entropy. All energies reported in this paper, unless
otherwise noted, are free energies at standard conditions (T = 298 K,
p =1 atm), using unscaled frequencies. All transition states are saddle points
on the electronic potential energy surface. The energies reported have been
calculated relative to the sum of all starting materials (0 kcal/mol).

The first CH-activation via TSI is given relative to toluene and
CrO,Cl, and forms a chromium(V) species CrO(OH)Cl,. During the
next reaction step either the chromium(VI) species CrO,Cl, or the
chromium(V) species CrO(OH)Cl, can be added. For every CH-
activation step we have to distinguish between these two situations
which are described in detail in Schemes 1 and 2 as well as summarized in
Scheme 3.

Scheme 1. Cr'—Cr"—Cr" Radical Pathway of the Etard Reaction of Chromylchloride with Toluene
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TS3A (CH abstraction) TS4A (addition) 2:1 complex
2A - :
+ CrO.Cl, + CrO,Cl, 4A
- CrO(OH)Cl, 3A
ocrv v v ocrY
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Scheme 2. Proposed Cr'V—Cr'"V—Cr" Radical Pathway
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Formation of 2A requires an additional CrO,Cl,; consequently, the
energies given are relative to the following equation:

CH; CH,oCrY

JE——

+2.Cro,Cl, + CrO(OH)Cl,

The calculated energy for the formation of 6A (Scheme 1) is therefore
given as: toluene + 6 equiv CrO,Cl, — 6A + 3 equiv CrO(OH)Cl,,
while 6B is formed from toluene + 3 equiv CrO,Cl, . To be able to
compare the possible pathways we in every case added the correspond-
ing starting materials; e.g. for the formation of 2A and 2B we used the
following equations:

CHs TS 2A
—— 2A +2 CrO(OH)Cl,
+2 CrO,Cl, —
+ CrO(OH)Cl, —— 2B+ CrO(OH)Cl, + CrO,Cl,

TS 2B

To ensure that the energy differences of all different individual steps
can easily be extracted, the Supporting Information contains a table with
the energies of every single step.

B RESULTS AND DISCUSSION

The Radical Pathway. According to the experimental obser-
vations described in the literature, the Etard complex is expected
to be a nonstoichiometric complex compound and all quantum
chemical efforts to discover the appropriate mechanism have to
use model systems based on experimental observations.">'* For
the oxidation of toluene we propose a stepwise radical mecha-
nism (Schemes 1,2). Considering that the products of the Etard
reaction require multiple CH-abstractions, there have to be
different pathways we need to consider. Following an initial
CHe-abstraction at toluene, these pathways individually consist of
various CH-activation transition states, radical intermediates,

Scheme 3. Overview of All Possible Pathways Leading to the
1:1, 2:1, and 3:1 Adducts”

6A

4A/TS5A/5A
-40.4/-13.8/-87.7

6C
-19.5/+10.6/-41.9 -58.5
S e
g -]
1 i 4C/TS5C/5C
+154 ] -39.4/-10.2/-91.2
(%
6D

-60.6
4B/TS5B/5B
-38.9/-8.8/-78.1
6B
-61.7

“Free energies are given relative to the corresponding number of
chromylchlorides and toluene.

and radical addition transition states to consecutively form the
1:1 (2), 2:1 (4), and 3:1 (6) complexes (Scheme 3) of chromyl
chloride and toluene. Only small amounts of benzoate have been
observed experimentally, and most of the redox equi-
valents have been accounted for. Therefore, only small amounts
of the 3:1 complex might have been formed. It serves as an
interesting test for our calculations as they need to explain why
the reaction stops after the formation of the 2:1 complex.
During the course of the radical process several different
radicals can interact based on their relative energies. All possible
radical reactions/combinations and additions which were considered
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Figure 4. Transition states of the initial C—H activation on the singlet (TS1s) and triplet (TS1t) PES.

TS2A

H18
010

TS2B

Figure S. Transition states for the reaction of 1 on the doublet (TS2A, left) and triplet surface (TS2B, right).

are shown in Scheme 3. To reduce the complexity the individual
C—H-abstraction reactions were always calculated to be a
product of the reaction of chromylchloride with the substrate,
but for the addition reactions we considered Cr"" (CrO,Cl,) as
well as Cr¥ (CrO(OH)Cl,) compounds.

To make it readable we broke up the complex process into
separate steps and describe them in individual schemes. The first
reaction is the CH-abstraction reaction by chrorr\llyl chloride,
leading to the formation of a benzyl radical and a Cr" O(OH)Cl,
radical. As every CH-abstraction reaction of chromylchloride
produces a Cr" species, the following reaction of the benzyl
radical can lead to two different species. If it reacts with CrO,Cl,
(which is the more probable reaction, considering the excess of
available chromylchloride), 2A is formed (Scheme 1). However,
in principle, also the formation of the Cr'"" species 2B is possible
(Scheme 2). As these possibilities exist for every CH-abstraction
reaction step, Schemes 1 and 2 only show the two extreme pathways
with the corresponding structures. In between these two extreme
situations various other pathways could exist and lead to the 2:1 and
the (nonobserved) 3:1 complexes. Scheme 3 provides the overview
of all possible pathways with the corresponding calculated energies.

We first considered the initial CH-activation and found that
the transition state TS1s (Figure 4) on the singlet potential
energy surface (PES) is energetically unfavorable with AG* =
+44.2 keal/mol (AH' = +34.7 keal/mol), in agreement with

previous computational results,* but not with the experimental
value determined by Mayer (AH' = +15.5 keal/mol, AG® =
+24.2 kcal/ mol).14

However, the experimental results are in good agreement with
the transition state TS1t (Figure 4) on the triglet PES. TS1tis an
earlier transition state with a lower barrier (AG™ = +28.8 kcal/mol;
AH' = 419.0 kcal/mol) which is consistent with the change
of the bond lengths of breaking (C—H) and forming (O—H)
bonds. It is therefore likely that already in the first CH-abstraction a
change in multiplicity of the chromylchloride from the singlet to
the triplet PES occurs.

The first CH-abstraction leads to the endergonic formation of
the benzyl radical 1 and the Cr" species CrO(OH)Cl, (AG =
+15.4 kcal/mol) followed by reaction of 1 with either CrO,Cl,
or CrO(OH)Cl, (Scheme 3), leading to the formation of two
different 1:1 adducts, 2A and 2B.

For the corresponding transition states TS2A (AG* = +14
kcal/mol) and TS2B (AGﬂF = 43.7 kcal/mol), shown above in
Figure S, only small barriers are calculated (Scheme S1, Support-
ing Information), consistent with an early transition state with
long C—O bond distances between the benzyl radical carbon and
the oxygen atom of the corresponding chromium—oxo species
(TS2A: 2.72 A/TS2B: 2.86 A) The formation of the two
subsequent adducts is exergonic with AG = —19.5 kcal/mol
(2A) and AG = —17.1 kcal/mol (2B). We also checked 2B on
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Figure 7. Products SA—S5C.

the singlet surface, but it was found to be unfavorable by 34.2
kcal/mol. Structures and multiplicities are given in the Support-
ing Information.

The abstraction of the second hydrogen at the benzyl position
requires a significantly higher activation energy of 30.1 kcal/mol
(relative to 2A) or 20.9 kcal/mol (relative to 2B). Figure 6 shows
the transition states TS3A (AG® = +10.6) and TS3B (AG" =
+3.7), which are found on the same PES as the 1:1 complexes 2A
and 2B. TS3A (on the doublet PES) is a late transition state with a
C—H distance of 1.42 A and an almost formed H—OCr bond of
1.15 A. In contrast, for TS3B (on the triplet PES) both distances
between C—H and H—OCr along the reaction coordinate are
calculated to be 1.26 A (Scheme S2, Supporting Information).

The second CH-abstraction leads to 3A and 3B which are
exergonic by about 20 kcal/mol with respect to their precursors

TS7 TSTA

Figure 8. Structures of TS7 and TS7A.

2A and 3A and about 40 kcal/mol relative to the starting
materials. Both structures show an extended planar system from
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Figure 9. Structures of TS8 (left) and the 2:1 adduct 8 (right).

the phenyl ring over the benzyl carbon atom to the oxygen atom
of the metal —oxo compound. The oxygen—carbon bond lengths
in both 3A and 3B are shortened to 1.24 A, while the oxygen—
chromium distance is elongated to 2.00 A.

Complexes 3A and 3B can react with either CrO,Cl, or
CrO(OH)Cl,, leading to four different transition states TS4A—D
and three corresponding 2:1 (Etard) complexes 4A—C (Scheme 2,
Supporting Information). 3A can either lead to Ph—CH-
(OCr'OCL,), (4A, AG = —40.4 kcal/mol) via TS4A (AG' =
—32.9 kcal/mol) with a barrier of 9.0 kcal/mol or to 4C (AG =
—39.4 keal/mol) via TS4C (AG* = —20.4 kcal/mol) with a
higher barrier of 21.5 kcal/mol. In the case of 3B the barriers are
lower. 3B could add CrO(OH)Cl, to form the complex
Ph—CH—(OCr"(OH)CL,), (4B, AG = —38.9 kcal/mol) with
a barrier of 5.0 kcal/mol via TS4B (AG¢ = —34.0) or overcome a
barrier of 4.4 kcal/mol with CrO,Cl, via TS4D.

Only for TS4C a larger barrier was calculated; all other
transition states have small activation energies of only 5—8
kcal/mol relative to 3A or 3B. The relatively high activation
energy of +21.5 kcal/mol (relative to 3A) found for TS4C can be
explained by the missing stabilizing Cr—O-interaction found in
the other transition states. The corresponding products (2:1-
adducts) are calculated to be endergonic by only 0.1—2.5 keal/mol
with respect to the 1:1-intermediates 3A or 3B.

Starting from the 2:1 species one more CH-activation could
occur (Scheme S3, Supporting Information). However, the
calculated activation energies for this reaction via transition
states TSSA—TSSC are significantly higher compared to those
of the previously discussed CH-abstraction reactions and require
activation energies of about 30 kcal/mol (relative 4A—C).
Intermediates SA—C (Figure 7) are the most exergonic species
of the different reaction pathways with calculated free energies of
—78.1 to —91.2 kcal/mol (relative to all starting materials).

They are significantly more stable than the four different 3:1
complexes on the quartet (6A), quintet (6C), hextet (6D), and
heptet (6B) PES. Although we tried hard, we could not find any
transition state, but if we had, they would certainly be very
unfavorable. Therefore, these species should not be accessible via
the presented radical pathways. According to the calculations,
complexes SA—SC should be the final products of these reac-
tions, which is also in good agreement with the experimentally
determined two successive “hydrogen replacement reactions”**
and the large primary isotope effects reported by Wheeler.*

Are Two Metal Centers Involved? A recent investigation of
the reaction of chromylchloride with isobutene proposed a
reaction mechanism where two metal centers are involved in
the alkane oxidation.”>** Although not all of the experimentally

observed products of the toluene oxidation can be explained by
this pathway, we looked into it as the calculated CH-activation
energy for isobutene was found to be around 23 kcal/mol
(depending on the functional used), similar to the energies we
calculated for the pathways described above.

Rappe suggested that after an initial C—H activation by
CrO,Cl, a 1:1 complex is formed in a concerted fashion with
CrO(OH)Cl, via the OH group at the Cr center rather than the
oxo group. He reported that this pathway might decrease the
barrier, but our calculations show that an analogous reaction
pathway in the system CrO,Cl, and toluene proceeds via a very
unfavorable transition state TS7 (Figure 8, AG" = 4413 keal/ mol)
to form the intermediate 7, a complex where the chromium
center interacts with the toluene via the OH group (see Sup-
porting Information).

Although we could confirm the synchronicity of the hydrogen
atom transfer and an approach of the forming O—H group to the
carbon atom by IRC calculations, from a thermodynamic point of
view this is unlikely to be the transition state to form the 1:1
complex 7 (AG = —12.8 kcal/mol).

Intermediate 7 could also be formed by reaction of the benzyl
radical 1 with CrO(OH)Cl, via transition state TS7A (AGjF =
+19.7 kecal/mol) with a barrier of 4.3 kcal/mol with respect to
the benzyl radical 1 and CrO(OH)Cl,, where the OH group of
CrO(OH)Cl, reacts with the benzyl radical. We can conclude
that in the case of the toluene oxidation the formation of the 1:1-
complex 7 on the triplet surface is not accessible via a concerted
reaction.

A stabilizing effect was proposed for the addition of another
equivalent of chromzl chloride, which forms a dimer with a
Cr—O—Crbridge.””* This is also true in the toluene system, the
reaction pathway on the triplet surface via the calculated barrier
of +11.6 kcal/mol (TS8) leads to a favored 2:1 chromyl chloride
dimer—benzylic alcohol complex 8 with AG = —16.6 kecal/mol
relative to the 1:1 complex 7 (see Figure 9.

Compared to the pathways discussed above, intermediate 8 is
unfavorable compared to the intermediates 2A and 2B and is
therefore not likely to be involved. It is certainly possible that a side
reaction, e.g. the formation of benzyl alcohol, which is experimen-
tally observed in yields of about 5%, proceeds via adduct 8, but for
the general reaction we can conclude that it does not play a role.

Scheme 4 describes two possible pathways based on the data
given in Scheme 3. It gives the relative energies of the lowest
transition states and intermediates we calculated. The multiplicities
of the pathways differ; the green line re}z)resents the pathway where
the multiplicities are lower (*TS2A, *2A, *TS3A, *3A, *TS4A,
34A, >TSSA, *5A) compared to the corresponding structures of
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Scheme 4. Pathways Considered for the Etard Reaction: (Black) Pathway Involving Two Metal Centers (in analogy to the
proposal by Rappe et al.) As Well As the Pathway to Intermediate 1; (Green) Radical Pathway, Starting at 1, Formation of 2A by
Addition of CrO,Cl, and Consecutive Steps towards SA (dashed = unfeasible pathway to the 3:1 complex 6C); (Red) Pathway
Starting from 1 towards 2B by Addition of CrO(OH)CI, Continuing to SC (dashed = unfeasible pathway to 3:1 complex 6D)“

40
288  TSTAITS2A/TS2B

19.7

o

T81
20

-100

TS8/TS3A/TS3BE

i2 TS5A/TS5C

-91.2

“ All free energies given are relative to the respective equivalents of starting materials (see also Supporting Information).

the red line (*TS2B, *2B, *TS3B, *3B, *TS4D, *4C, *TS5C,
35C). Pathways involving very high barriers (e.g, TS4C) are
intentionally not included, but we added the pathway via two
chromium centers (black line). Generally, the species with higher
multiplicities turned out to be less favorable.

It is interesting to note that according to the computational
results it would be possible to abstract also the third hydrogen
atom, but the formation of any 3:1 complex is thermodynami-
cally prohibited, in agreement with the observation of 2:1
complexes by Etard and others. These complexes can be hydro-
lyzed to the experimentally observed products and could also
lead to the assumption of oligo- or polymerized Etard complexes
as previously postulated by Stairs.'® On the basis of the DFT
results we can conclude that the Etard reaction is a complex
reaction with a nonstochiometric character.

Bl CONCLUSION

In the present work we studied the mechanism of the Etard
reaction (CH-activation of toluene by chromylchloride) by
density functional theory calculations. Although it is possible
to cleave all three CH-bonds at toluene through a set of con-
secutive CH-abstraction reactions followed by different combi-
nations of the carbon radicals with the two chromium species,
CrO,Cl, and CrO(OH)Cl,, only two chromium molecules can
add to the toluene to form a 2:1 complex, which had previously
been reported in experimental papers. The results are also in
agreement with kinetic and isotope effect data which indicated
that two CH-activation steps are rate determining.
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