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Supercritical carbon dioxide (scCO,) is an alternative
medium for sustainable chemistry!!l that is competitive in
a variety of chemical processes of technological impor-
tance.l"”) Carbon dioxide has zero dipole moment and very
low polarizability,”! and most polarity studies describe scCO,
as a nonpolar medium with a very low dielectric constant and
no hydrogen-bonding behavior, comparable to n-hexane or
carbon tetrachloride.P! These properties limit the applications
of scCO, in chemical processes. However, carbon dioxide has
a strong quadrupolar moment (—14.3 x 107*°Cm?)™ arising
from two opposed dipoles in the linear molecule, which allows
for significant interactions with bond dipoles in solute
molecules and justifies the ability of scCO, to dissolve solutes
carrying structural motifs such as perfluorinated chains,
sulfonate and phosphate groups, or carboxylic acid esters.”!
These peculiar properties prompted us to investigate strongly
solvent-dependent reactions in scCO, as a method for probing
intermolecular solute-solvent interactions,” which may con-
tribute to expand the range of applications of this medium.

Unimolecular nucleophilic substitution (Sy1, Scheme 1) is
a strongly solvent-sensitive reaction”® as the leaving group
departs from the carbon atom prior to the entrance of the
nucleophile. Polar protic solvents with high dielectric con-
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Scheme 1. Reaction conditions for Sy1 reactions.
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stants promote polar bond heterolysis by providing effective
H-bonding and electron-pair donation interactions to the
leaving group and the incipient carbocation, respectively.
Then, the solvent captures the carbocation intermediate to
give the corresponding Syl products. Conversely, polar non-
nucleophilic solvents, such as dichloromethane, nitrome-
thane, SO,CIF, or SO,F,, which are commonly used for the
generation and observation of carbocations,®! are unable to
ionize polar covalent bonds and require the presence of
strong Brgnsted or Lewis acids to promote the departure of
the leaving group.

According to these features, scCO, is far from being an
ideal solvent for Sy1 reactions in the absence of strong acids.
Acid-catalyzed reactions, such as Friedel-Crafts alkylation
with alcohols,”! alkane isomerization,”®! glycosidation,” and
etherification,'”! are known to proceed efficiently in scCO,,
although the involvement of carbocation intermediates has
not been specifically ascertained. As these reports suggest
that scCO, is able to sustain ionic processes, they prompted us
to test the ability of scCO, to promote Syl reactions in the
absence of acid catalysts.

1-Chloro-1-phenylethane (1aCl), a secondary benzylic
substrate with well-known reactivity under conventional Sy1
conditions,'!! was first selected as the ionogen. 13-
Dimethoxybenzene (2), a highly activated aromatic com-
pound that is unable to assist polar o-bond ionization through
hydrogen bonding, was selected to trap any electrophilic
species formed. Nucleophiles, such as azide or halide anions,
which are commonly used to trap carbocationic intermediates
in Sy1 reactions, are not appropriate in this case as their salts
are insoluble in scCO,. The reaction was performed at 60°C
and 250 bar by pressurizing with CO, a stainless-steel reactor
containing 1-chloro-1-phenylethane (1aCl, 0.03m) and 1,3-
dimethoxybenzene (4 equiv). After 5h under these condi-
tions, the reactor was depressurized at 0°C and the products
were collected at —78°C. The organic residues in the reactor
and the trap were dissolved into diethyl ether and treated with
sodium hydrogen carbonate. The GC and GC-MS analyses of
the solution showed the complete conversion of 1aCl into
a mixture of the corresponding Friedel-Crafts adducts, 2,4-
dimethoxy-1-(1-phenylethyl)benzene (3a,,) and 1,3-dime-
thoxy-2-(1-phenylethyl)benzene (3a,,) [Eq.(1)]. Substrate

HsCO OCHs OCHjg OCHj OCHjg
\©/2 (4 equiv.) R R (1)
RX ——————— + + R
scCOy, 250 bar
' H
1rX 3rop . 8 HQCO 3ro0 4r R OCH3

a R= PhCHCHj3 b R= PhCHj, ¢ R= tert-butyl, d R= 1-adamantyl; X = CI, Br
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Table 1: Reaction of ionogens 1 with 1,3-dimethoxybenzene (2) in
5¢CO,."!

Run 1rX T[°C] t[h] 3 4

1 PhCH (CH;)Cl (1aCl) 60 5 82 18
2 PhCH (CH;)Br (1aBr) 40 5 81 19
3 PhCH,Br (1bBr) 60 24 82 18
4 PhCH,CI (1bCl) 70 8! 83 17
5 tBuBr (1cBr) 60 5 100 -
6 1-AdBr (1dBr) 70 54 88 8
7 1-AdCl (1dcCl) 70 54 100 -

[a] Reactions were carried out at 250 bar with 4 equiv of 2. scCO,
densities at 40, 60, and 70°C are 887, 775, and 719 Kgm >, respectively.
Substrate conversion were complete except where noted. [b] 9%
substrate conversion. [c] 52% substrate conversion. Adamantane (4 %)
was obtained as a side product. [d] 23 % substrate conversion.

conversion was insensitive to pressure in the 75-250 bar range
for a substrate concentration of 0.03M and at 60°C.

The reactions of a series of ionizable substrates 1 with 2 in
scCO, [Eq. (1), Table 1] illustrate the scope of this unconven-
tional solvent-promoted Friedel-Crafts reaction. The reaction
products were identified by comparison with independently
prepared authentic samples. The mass balances determined in
the presence of mesitylene (1 equiv) as an internal standard
or with adamantane as external standard were correct
(>90%) in all cases.

Control experiments performed by introducing reagents
1 and 2 into the reactor separately, and collecting the reaction
products by flowing scCO, through the reactor for 3 h at the
same reaction conditions and depressurizing the supercritical
solution into a cold trap, led to the same results shown in
Table 1. These results indicate that the reactions take place in
a homogeneous supercritical solution and not in any con-
densed phase formed prior to the presence of scCO, in the
system or during the depressurization step. This fact was
further ascertained by visual inspection of the reaction
mixtures in a cell-view. Experimental details are provided in
the Supporting Information.

These results strongly support the proposal that scCO, is
able to ionize tertiary or benzylic carbon-halogen o-bonds
and to dissociate the resulting ion pairs in the absence of any
acidic or polar protic solvent, catalyst, or additive. The
relative stability of the carbocation intermediates,
PhCHCH; > fert-Bu > PhCH,, and the performance of hal-
ides as leaving groups, Br>Cl, determine the reaction
conditions for ionogens 1, which require different temper-
atures and reaction times in each case (Table 1). The reactions
of 1-adamantyl halides 1dBr and 1dCl (Table 1, Runs 6,7) are
noteworthy as the bicyclic structure prevents backside
assistance by solvent or nucleophile molecules to the leaving
group departure.

Further evidences of heterolytic processes promoted by
scCO, were found in the reactions of 1-adamantyl bromide
(1dBr) with triethylsilane (5) (4 equiv) at 60°C for 24 h to
give adamantane, and 2-cyclobutyl-2-bromopropane (1eBr)
at 60°C for 22 h to give 1-bromo-2,2-dimethylcyclopentane
(1fBr; Scheme 2a,b). These transformations are best inter-
preted respectively as the hydride abstraction'” and rear-
rangement!"*'*l reactions of the corresponding carbocations
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Scheme 2. Hydride abstraction (a), rearrangement (b), and halogen
exchange (c,d) reactions in scCO,.

that would be generated in scCO, from the corresponding
alkyl halides in the absence of strong acids.

In a series of competitive experiments with two different
ionogens 1 and 1,3-dimethoxybenzene (2) in scCO,, we
noticed halogen exchange reactions™ under our standard
conditions. Thus, [1-D]-1-chloro-1-phenylethane ([D]-1aCl,
98 atom % D) and 1-bromo-1-phenylethane (1aBr) reacted in
scCO, at 250 bar and 40°C for 5 h to give equimolar amounts
of [D]-1aCl and [D]-1aBr (both 49 atom % D; Scheme 2c¢).
The halogen exchange reaction also took place between 1-
chloro-1-phenylethane (1aCl) and 1-bromoadamantane
(1dBr) in scCO, at 250bar and 60°C for 15h to give
equimolar amounts of 1aCl, 1aBr, 1dBr, and 1dCl
(Scheme 2d). In this case, C—Cl bond formation at the
bridgehead position through nucleophilic displacement of
bromide by 1aCl or chloride anion cannot take place on the
undissociated ion pair formed from 1dBr (Scheme 3). There-
fore, this result evidences the formation of unpaired carbo-
cations in scCO, in the absence of strong acids.
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Scheme 3. Reaction pathways proposed for the halogen exchange
reaction of 1aCl and 1dBr observed in scCO,. Square brackets
represent the solvation shells.

www.angewandte.org

13299


http://www.angewandte.org

Angewandte

13300

Communications

Products derived from the capture of CO, were not
detected in these reactions, which is in agreement with the
known inertness of carbon dioxide towards activation by
Lewis acids.I"! Oxygen was present in the reaction system in
all of the experiments reported in Table 1 and Schemes 2 and
3. Products characteristic of radical reactions, such as mono-
meric or dimeric alkanes or oxygenated products derived
from peroxydic intermediates,>'*!7 were not detected in any
case. These results allow for disregarding the involvement of
radical intermediates in these reactions. Water, ethanol, or
organic solvents present in the supercritical medium strongly
inhibited the reaction rates' and led to the recovery of the
unchanged starting materials in all the cases. Control experi-
ments performed in a stainless steel autoclave by heating
solutions of ionogens 1 (0.03M) in n-hexane, diethyl ether,
carbon disulfide, acetonitrile, or dimethylformamide, led to
the recovery of the unreacted starting materials in all of the
cases, which permit us to rule out that the inner wall of the
stainless steel reactor might catalyze the reactions.

Solvent-promoted heterolysis of o-bonds initially forms
solvated contact ion pairs, which then dissociate by the
progressive penetration of the solvent molecules between the
ions to eventually reach the unpaired solvated-ion stage.['**
To gain insight into the ion pair dynamics in scCO,, we
determined the stereochemical course of the reaction and the
secondary kinetic a-deuterium isotope effect. (R)-1-Chloro-1-
phenylethane ((4+)-1aCl) with 70-80% ee completely race-
mized on standing in scCO, at 60°C and 250 bar for 5 h, and
gave racemic Friedel-Crafts adducts 3a, , in the reaction with
1,3-dimethoxybenzene (2) in scCO, under the same condi-
tions. Control experiments showed that Friedel-Crafts
adducts 3a do not undergo 1-phenylethyl group transfer
reactions in scCO, at 60°C for 5 h in the presence of hydrogen
chloride (2 equiv) and 1,4-dimethoxybenzene (4 equiv). This
result allowed us to rule out that Friedel-Crafts adducts 3a
undergo acid catalyzed racemization under these reaction
conditions. A secondary kinetic a-deuterium isotope effect
was determined from the competitive reactions of equimolar
amounts of 1aCl and [1-D]-1-chloro-1-phenylethane ([D]-
1aCl, 98 atom % D) with 2 (4 equiv) in scCO, at 40°C and
250 bar for 1 h to achieve alkyl halide conversions of about
20% . An averaged ky/kp, value of 1.168 £+ 0.014 was obtained
for both isomeric Friedel-Crafts adducts 3a from 5 inde-
pendent runs.

Racemization of (4)-1aCl in scCO, indicates that the
reaction medium dissociates the contact ion pair enough to
allow carbocation rotation prior to collapse with the chloride
anion. By way of comparison, the solvolysis of the optically
active (4)-1aCl in absolute ethanol at 70°C has been
reported to proceed with about 5-15% net inversion.'!! The
kinetic a-deuterium isotope effect, ky/kp=1.168, found for
the reaction of 1aCl with 2 in scCO,, suggests that the rate-
determining step of the reaction is the dissociation of the ion
pair.®!l Accordingly, the electrophilic species involved in this
Friedel-Crafts reaction would be unpaired carbocations.
Values of about 1.15 for the kinetic a-deuterium isotope
effects in the solvolysis of organic chlorides have been
considered indicative of limiting Sy1 reactions!"?! in which
the solvent does not provide nucleophilic assistance to the
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departure of the leaving group. These results are in agreement
with the reactivity exhibited by 1-bromoadamantane (1dBr)
in scCO, (Table 1, Scheme 2a,c). Remarkably, the ky/kp, value
reported for the solvolysis of 1aCl in 97% aqueous 2,2,2-
trifluoroethanol at 25°C was 1.158.111¢!

The ability of scCO, to ionize polar carbon—halogen bonds
and to dissociate the resulting ion pairs can be related to the
well-established clustering effect of scCO, around polar
solute molecules.*>??! The spectroscopic and theoretical
studies reported®! for the ion-quadrupole complexes of
halide anions with carbon dioxide in the gas phase have
evidenced the transference of charge density from the
halogen to the oxygen atoms with concomitant distortion of
the CO, molecule from linearity. Solvent clustering around
the polarized carbon dioxide molecules coordinated to the
leaving group would further disperse the negative charge
density and contribute to dissociate the ion pair. In this way,
carbon dioxide would play the role of an H-bonding solvent
by efficiently accepting electron density from leaving
groups.’! The negative charge densities localized at the
oxygen atoms of the carbon dioxide molecule might stabilize
the increasingly electron-deficient carbon atom of the ion-
ogen. Nevertheless, these interactions fail to activate carbon
dioxide to react with the highly activated nucleophiles present
in the reaction medium.

In summary, we have found that scCO, ionizes polar
carbon-halogen bonds, dissociates the resulting ion pairs, and
escapes from the capture by the carbocation intermediates at
temperatures above 40°C. This behavior allows carbocation
reactions to be observed in scCO, in the absence of any acidic
or protic additive. The ionizing and dissociating abilities
exhibited by scCO, in these reactions are unprecedented for
a reaction medium with a lower dielectric constant than
pentane and non-hydrogen-bonding behavior. This informa-
tion is valuable for designing efficient and competitive
chemical processes in scCO, and also for a better under-
standing of the reactivity of carbon dioxide.
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