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Abstract

Using ab initio calculations coupled with a continuum solvation model (PCM), it was shown that an organic molecule, 1,4-
benzenedimethanol, is able to make two hydrogen bonds with anion—-molgglgaBsition states. We have investigated the catalytic
properties of this species for thg Sreaction between acetate ion and ethyl chloride in DMSO solution. Our calculations predicts an acti-
vation free energy barrier of 26.1 kcal méifor the uncatalyzed mechanism and 20.2 kcalthébr the catalyzed mechanism, a drop in the
activation barrier in relation to free reactants by 5.9 kcalthdThis organocatalyst is also able to catalyze E2 reactions and for the present
system, the free energy barrier for the E2 mechanism drops by 5.3 kcdl thed the action of the catalyst. Based on our theoretical data
and even considering the formation of a complex between the acetate ion and the catalyst, we have estimated that the 1,4-benzenedimetha
mixed with the DMSO solvent should result in a powerful new solvent system, able to accelgatmastions by a factor as large as i
relation to pure DMSO.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction anism is essentially the unique observed, a fact supported by
both theoretical and experimental investigations.

The importance of the solvent on chemical reactions is  During a long time, water was the main solvent used to
known since one century affj, butthe dramatic influence of  perform ionic reactions in liquid phase. However, in the mid-
solvation on reaction kinetics has become particularly evident dle of the 20th century, the discovery of the rate acceleration
only after the development of gas-phase ion chem[&t3]. of anion—molecule reactions in dipolar aprotic solvents in
A notable example of the solvent effect on a chemical reaction relation to the aqueous or protic solvents had a very impor-
is the interaction of the hydroxide ion with carboxylic esters tant impact in organic chemistfjl9]. This effect, due the
[4-18]. Both theoretical6] and experimentdlL3,18]studies formation of strong hydrogen bond between the anion and
show that the hydroxide ion reacts with the methyl formate in solvent molecules in protic solvents and a weaker interaction
the gas-phase on almost every collision, and the main reactionin dipolar aprotic solvents, is nowadays discussed in many
products are CO +40---~OCHs. The products generated textbooks of organic chemist{g0,21]
from the Byc2 and the §2 mechanisms, HCOO+ CH30OH, Although the rate acceleration due the transfer from pro-
are also observed, but there are considerable differences withic to dipolar aprotic solvent is very important, no adequate
relation to the aqueous phd8g. Inthis case, the reactionrate  parametrization of a continuum solvation model for dipolar
is smaller by many orders of magnitude and theg Bmech- aprotic solvents was available until recently. As a conse-

guence, the only alternative for modeling this effect was the

use of explicit solvation models coupled with free energy

* Tel.: +55 483319219; fax: +55 483319219, perturbation. However, Pliego and Riveros have recently
E-mail addressjosef@gmc.ufsc.br. reported a new parametrization of the polarizable continuum
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model (PCM) capable of a reliable modeling of the solvation
in DMSQ[22,23] This parametrization was recently used to

predict the rate acceleration effect for the reaction between v, Catlyst \
hydroxide ion and ethyl acetai4] and for the {2 reactions o 0
between acetate ion and the ethyl halides on the transfer from \ /
water to dimethyl sulfoxide (DMSO) solutidg4]. In the last H H
case, accurate activation free energy barriers were predicted ‘\\ H, v
in DMSO solution. Ny ——==-C=====-X"

With the understanding of the factors that determine the 5~ | &
reaction rate in liquid phase and the availability of reliable h
theoretical methods able to describe the solvent effect, it
is possible to project organic molecules with defined cat- Scheme 1.

alytic activity. In this case, the catalysis is based on a care-
fully designed intermolecular interactions allowed to take
place among the catalyst, the transition state and the sol-
vent. With a selected stabilization of the transition state,

the reaction time and the main product can be controlled. In order to provide more acceleration of thgSreac-

Indeed, the field of organocatalysis has received increaseaIlons In aprotic splvgnts, a possible approach would b.e. to
attention in the past few yeal25—29] As an example, Wit- decrease the activation free energy barrier through stabiliza-

tkopp and Schreingi80] have investigated the catalysis of tion of the transition state. This goal could be reached with

Diels—Alder reaction of dienes toward=C conjugated to th.fhut?::‘; ?:aig'?gglg(t)antzl t?gecﬁli’trigle r:ocjfc:mer? ggrr?dp:]ex
carbonyl groups by thioureas. These species are able to for W ” ug g hydrog ng.

: . rT]—|owever since the nucleophile could also to make hydro-
two hydrogen bonds with carbonyl compounds and it was C g ) )
ydrog y b en bond with the additional molecule, this catalytic effect

found that they are able to produce a rate acceleration by ad . X . .
factor of 8 when present at a proportion of 1% in relation to would not be observed, unless the interaction with the transi-

tion state, a structure with dispersion of the negative charge,
reactants. as stronger. A possible solution for this problem would be
In the present article, we have developed a new catalyticW ger. A possi utl IS P wou

concept and designed an organic molecule with the reqmred:hﬁtuse ?tl: anmolecilrjllf[ahable:]? f?n;n tr‘?'or hyd;ot%t;nsb%n?; '2 dis-
catalytic activity. However, different of recent studies, this atl tposs ho nS1 a]ih W etﬁe i de 0 fctha g€ t(i) N of tr? S tol ¢
catalyst is active on bothy@ and E2 reactions in dipolar statesscheme Shows the ldea ot Ine action of Ihe catalyst.

aprotic solvents. Since the development of the phase transfer, We have considered many possibilides and, in ou_rtheoret-
catalysig31], where the action of the catalyst s based on sol- ical research, we have fou_nd that the 1,4-benzenedimethanol,
ubilization and formation of a free anion in an apolar solvent, offormula |, has the required features.

no important advance has been reported on the rate acceler-

ation of §2 reactions in organic solvents. In addition, this HOH,C CH,OH

reaction kind plays a very importantrole in the process chem-
istry. Therefore, the present study can represent an important
development of a new reaction medium for conductin@ S
reactions.

free energy of transfer. As a result, the activation free energy
barrier decreases, accelerating the reaction rate.

I

The two hydroxylic groups located across from the aro-
matic ring have the adequate distance to form two hydrogen
2. The catalytic concept bonds with a §2 transition state. In order to test this idea,
we have investigated in this paper the reaction of the acetate
Solvationin water and other protic solvents leads to agreation with the ethyl chloride in DMSO solution, as well as
stabilization of anions, mainly charge concentrated species.the catalysis of this reaction by the 1,4-benzenedimethanol.

A consequence of this strong solute—solvent interaction is Both of the §2 and the E2 pathways were studied (see
the decrease of the reactivity of the nucleophiles in these sol-Scheme p

vents. On the transfer from protic to dipolar aprotic solvents,
it occurs a considerable decrease of the solvation of anions.

As an example, recent experimental d@2] shows that the Sn2 CH;COOCH,CH; + €I
transfer of the hydroxide ion from aqueous to dimethyl sul- /

foxide solution has a free energy of 26 kcal mblOn the CHLCOO" + CHLCH,CI

other side, species with a wider dispersion of charge, such o

as the acetate ion, has a lower free energy of transfer, only E2 CH;COOH + CH,CH, + CI

15 kcalmotL. Similarly, transition states of & reactions
have a considerable dispersion of charge, resulting in a lower Scheme 2.
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3. Theoretical calculations parametrization of the PCM mod§R3]. It was recently
shown that this parametrization is able to predikt,; pf

Geometry of every stationary point, minimum and tran- organic acids in DMSO solution with an average error of

sition state, was fully optimized at HF/6-31G(d) level of only 2.2 K5 units[40]. Anindependent study by Liu and co-

theory. Calculations of harmonic frequencies were performed workers has found a similar performari@d]. Further, in a

in order to determine the nature of the stationary points and recent application of this method for modelingZreactions

to obtain thermodynamic properties by standard statistical between acetate ion and ethyl halides (CI, Br, 1) in DMSO

mechanics formulas. Although optimizations at MP2 level solution[24], the respective activation free energies were pre-

would be more accurate, this approach is very expensivedicted with an average error lower than 2 kcal molThus,

for the present system. In a recent theoretical study of the this parametrization is very reliable for describing the elec-

Sn2 reaction between the acetate ion and the ethyl chlo- trostatic solvation.

ride [24], it was found that the geometry of the transition All ab initio gas-phase calculations were done with the

state obtained at MP2 level presents the O—C and C—X dis-Gaussian 98 program systgi®] and for the PCM calcu-

tances which are shorter by Glthan the values obtained lations, we have used the Gamess program sy$4&in In

at HF level. The respective activation barrier decreases byaddition, it was used the standard state of 1 mdi for the

1.5 kcal mot L. Thus, considering that our main objective in  reported thermodynamics data.

this work is to investigate the catalytic activity of the 1,4-

benzenedimethanol, this error is acceptable. Nevertheless,

in order to analyze the effect of electron correlation on the 4. Results and discussion

geometries and activation barriers, we have done some addi-

tional computations for some structures at B3LYP/6-31G(d) The main gas-phase optimized structures studied in this

level. work are presented ifrig. 1 and the respective activa-
In order to obtain accurate electronic energies, itis impor- tion and reaction thermodynamic properties relative to free

tant to make single point calculations using a higher level reactants are imfable 1 Our calculations indicated that

of theory. However, due the size of the present system,the acetate ion reacts with the ethyl chloride via the@ S

we have used an ONIOM like approximati@@2,33] The mechanism (TS1) with an activation free energy barrier of

reactants (acetate plus ethyl chloride, named R) were cho-26.1 kcal mot in DMSO solution. This value is close to the

sen as the model system and for these we have madeAG! of 24.9 kcal mot?! that was obtained in a previous work

single point calculations at MP2/6-31 + G(d), CCSD(T)/6- [24] at MP4/CEP-31 + G(d)//MP2/CEP-31 + G(d) level. For

31+G(d) and MP2/6-311 + G(2df,2p) levels of theory. In comparison, a barrier of 22.3 kcalmal can be obtained

addition, additivity approximation was used to obtain an from experimental dat4]. The deviation of 3.8 kcal mok

effective CCSD(T)/6-311 + G(2df,2p) calculation for R. In  points out the good quality of our calculations, which could

this method, increasing the 6-31+G(d) basis set to 6- be improved by geometry optimization at MP2 level. Fur-

311 + G(2df,2p) one either using the MP2 or the more accu- thermore, the nonelectrostatic contribution to the solvation

rate CCSD(T) method is considered to have the same effectfree energy, not included in this study, should decrease the

on the energ§B4]. For the real system, composed of the reac- activation barrier due to the packing effects and to provide a

tants plus the catalyst (named R+ C), we have made singlemore reliableAG!.

point calculations at MP2/6-31 + G(d) level. Thus, the energy  In addition to the {2 pathway, we have also investigated

of the full system was calculated as: the parallel E2 mechanism, corresponding to the TS2 struc-
ture inFig. L It can be observed that the acetate ion abstracts
E(R+ C:CCSD(TYEB)~ E(R+ C: MP2/6 — 31 the proton while the chloride ion leaves the formingCHhH,

) . product. Our calculations predict an activation free energy

+G(A)+ [E(R - CCSD(TYEB) — E(R : MP2/6 barrier of 31.9 kcal mol®, indicating that this pathway is not

— 31+ G(d))] important for this system. This finding is in agreement with

the observation that primary halides usually does not react

where EB corresponds to the 6-311 + G(2df,2p) basis set.through the elimination mechanig@0], unless a very strong
Using the ONIOM notation, the present calculations can base is present. In fact, the large difference of 5.8 kcatol
be written as ONIOM[CCSD(T)/6-311 + G(2df,2p):MP2/6- between the §2 and E2 pathways point out that even traces
31+G(d)]. Thus, the reactive part was described at ofthe E2 reaction products should not be observed.
CCSD(T)/6-311 + G(2df,2p) level of theory while the inter- Thereaction through the catalyzed mechanism begins with
action of the catalyst with the transition state was described atthe formation of the acetate—catalyst complex (C&tcO™).
MP2/6-31 + G(d) level. This is a very reliable methodology. During the design of the catalyst, our objective was to create

The solvent effect was included through the polarizable a structure that would not form two hydrogen bonds with the
continuum model (PCM) using the IEF routinf35—39] nucleophile, because this structural feature should decreases
and the HF/6-31 + G(d) wave function. We have studied the the catalytic activity. Although the acetate ion forms two
reaction in DMSO solution using the Pliego and Riveros hydrogen bonds, it can be noteHid. 1) that the catalyst
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Fig. 1. Transition states and ion—molecule complexes.

is considerably deformed in order to form the two hydrogen tribution to the formation of the complex (18.7 kcal mé)
bonds and this fact decreases the Stability of the Comp|eX.resu|ting in a free energy of formation in DMSO solution
More important is the fact that the center of charge of the of only —1.6 kcal motl. We have also investigated another
bound acetate ion is not available to interact with the solvent. possible complex, where the interaction between the acetate
As a consequence, the medium makes a very positive con-on and the catalyst takes place through the hydrogen of

Table 1

Thermodynamic properties in relation to free reactants

Species MP2/6-31+G(d) MP2/6-31+G{d) MP2/exf CC/6-31+G(df CClext AHgq Ay AGy AAGsoly  AGsql
Cat - -AcO™ +EtCI —30.19 —30.81 —28.06 —26.22 —20.24 18.68 —1.56
TS1 5.64 4.85 5.60 2,52 248 3.722482 1111 14.96 26.07
TS1-cat —23.02 —25.40 —22.72 -26.36 —26.07 —22.48 -58.58 —-5.02 25.20 20.18
Cat - -Cl~ + AcOEt —36.61 —33.17 —29.05 —24.51 12.03 —12.48
Cat+AcOEt+CI —13.81 —13.08 —-14.90 —14.16 -11.72 —-15.06 -—-7.24 -2.28 —9.52
TS2 16.60 12.43 16.05 11.88 9.3921.89 1591 16.01 31.92
TS2-cat —-10.11 —-13.26 —-11.12 —14.27 -14.42 —-55.30 2.07 24.69 26.76
AcOH + CH,CH, + CI~ 9.00 6.93 6.35 4.28 3.33  10.79 0.133.95 —-3.84

a Standard state of 1 moH?, 298.15 K. Units of kcal molt. Symmetry fctors included. Geometries and frequencies at HF/6-31G(d) level.
b Using B3LYP/6-31G(d) geometries.

¢ This corresponds to ONIOM[MP2/6-311 + G(2df,2p):MP2/6-31 + G(d)].

d This corresponds to ONIOM[CCSD(T)/6-31 + G(d):MP2/6-31 + G(d)].

€ This corresponds to ONIOM[CCSD(T)/6-311 + G(2df,2p):MP2/6-31 + G(d)] using additivity approximation for the small system.
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the OH group and the hydrogen from the aromatic ring. In active on this transition state. Indeed, th€ Ho,OH moi-
this case, the free energy of formation in DMSO solution is ety has a reasonable flexibility and as a consequence, the

—0.7 kcalmott. Thus, this complex is not important in the
present study and it will not be considered anymore.

catalyst could be able to interact with botgZand E2 tran-
sition states. We have found the TS2-Cat structure, which

Through the catalyzed pathway, the complex can interactscorresponds to the catalyzed elimination step. This struc-
with ethyl chloride, leading to the transition state TS1-Cat. In ture confirms that the catalyst has an adequate interaction
agreement with our design, the catalyst forms two hydrogen with the E2 transition state. The activation free energy bar-
bonds with the §2 transition state and its structure under- rier from the free reactants is 26.8 kcal mbl a decrease
goes to a small modification in relation to the uncatalyzed by 5.1 kcal mot? in relation to the uncatalyzed mechanism.
pathway. However, this interaction is sufficiently strong to Thus, itis evident that the 1,4-benzenedimethanolis also able
produce a notable stabilization of this species in relation to catalyze E2 reactions and its catalytic power for bg{ S

to the uncatalyzed reaction. Taken the gas-pha&é of

and E2 pathways are close. However, considering that the

the uncatalyzed and catalyzed reaction, we can calculatebarrier for the catalyzed E2 pathway is 6.6 kcal midhigher

that the catalyst decreases the barrier by 16.1 kcattnol

than the {2 pathway, the elimination reaction will not take

On the other hand, the solvent effect is larger for the cat- place for this system.

alyzed pathway, increasing the barrier by 15.0 kcalmhébr
the uncatalyzed mechanism and 25.2 kcalmhdor the cat-
alyzed mechanism. As a consequence A& barrier of the
Sn2 pathway in solution decreases by only 5.9 kcalmol
(AG!=20.2 kcal mot1) due the action of the catalyst.

The catalyzed @2 reaction leads to ethyl acetate (AcOEt)
plus the catalyst—chloride ion complex (caCl™). The last
species has a dissociation free energy of 3.0 kcat hahdi-

Because the geometries calculated in this study were
obtained at Hartree—Fock level, we have done additional
computations at MP2/6-31 + G(d)//B3LYP/6-31G(d) level of
theory for the reactants, TS1 and TS1-cat in order to analyze
the importance of electron correlation to the geometries and
its effect on the activation barriers in relation to the MP2/6-
31+ G(d)//HF/6-31G(d) level. For the pathway through TS1,
the gas phase barrier drops by 0.8 kcalMplwhile for

cating that the chloride ion has a stronger interaction with the TS1-cat, the barrier drops by 2.4 kcal mblHowever,
the catalyst than the acetate ion in DMSO solution. In the considering that the cat AcO~ complex is also stabilized
gas-phase, the reverse is observed. It can be explained if weby 0.6 kcal mot?, the effective stabilization of the TS1-cat

observe that the chloride ion into the caCl~ complex is

in relation to TS1 is only 1.0kcal mot. Thus, use of the

exposed for interacting with the solvent, while the center of B3LYP geometry produces a small stabilization of the cat-
charge of the acetate ion is oriented toward the catalyst. Thusalyzed pathway.

the solvent stabilizes the catCl~ complex more than the
cat - -AcO~ one.

We have also investigated the elimination pathway (E2

A general view of the free energy profile of this reaction
system is shown ifrig. 2
Although the 1,4-benzenedimethanol catalyst decreases

mechanism), because of the possibility of the catalyst to be the activation barrier for thex® pathway by 5.9 kcal mof,

AG

TSI

AcO + EtCl
+Cat /

AcO...Cat + EtCl

TS2-Cat
(26.8)

AcOH + CH,CH,
+ CI" + Cat

(3.8
(-9.5)

AcOH + CH,CH,

AcOEt + CI
+ Cat

(-12.5)

Fig. 2. Free energy profile of the reaction between Aadd EtCl catalyzed by 1,4-benzenedimethanol in DMSO solution.
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_ ki, ] a new and powerful solvent system. In our opinion, a con-
A+B = pndic centration at 1 mol £* of 1,4-benzenedimethanol in DMSO
would be an adequate proportion. This higher concentration
K

_ eq . has another advantage: the formation of the complex between
A+Cat —|/————== A..Cat . .
the catalyst and the chloride ion would not decrease the reac-

. tion rate. Rather, using catalytic quantities, the chloride ion
1

A.Cat+B ——— products released in the reaction would contribute to inhibit the catal-
ysis through bound to the catalyst. In excess, the catalytic
Scheme 3. activity would not be modified.

Other dipolar aprotic solvents could be used to perform the
it also forms a complex with the acetate ion and this interac- reaction. In fact, analyzing th& AGsqy, of Table J, it can be
tion decreases the catalytic activity. Considerffig. 2, we observed that the most positive value occurs for the TS1—cat
can make a rough evaluation of the rate acceleration effect.structure. Thus, on going to less solvating solvents such as
Taking the AcO - - -cat complex as reference, the effective dimethylformamide or acetonitrile, the reaction rate should
barrier for the catalyzed reaction would be 21.7kcalMpl  increase. However, other factors, as the formation of ion pairs
indicating a decreasing of 4.4 kcal mdlin relationto uncat-  petween the nucleophile and the respective cation, must be
alyzed mechanism. In order to make a correct estimate of theanalyzed before having a definitive conclusion. By the way,
catalyzed reaction rate, it is needed to write a kinetic model. the present results indicate that the 1,4-benzenedimethanol
Scheme 3hows the model that we have analyzed. can be the basic structure of a new class of organocatalysts,

A, B and cat correspond to acetate, ethyl chloride capable of catalyzing® and E2 reactions. In our knowl-

and the catalyst, respectively. Based dable 1 and  edge, there are not similar catalyst reported in the literature.
Fig. 2 the rate and equilibrium constants can be evalu- Structural modifications in this molecule could create new

ated akqy=4.8x 10~ 'L mol~ts™1, Keg=14molL~! and and more powerful organocatalytic species. Research in this
kic=7.2x 10~*Lmol~!s™1. ConsideringCa, Cg andCcat direction is undergoing.

the total concentration of each speci€ > Ccat and
Ca >0.1mol L1, the catalyzed reaction rate can be written

as: 5. Conclusion
rat@ar = k1cCeaCs @ The present theoretical study shows that 1,4-benzene-
and dimethanolis an organocatalyst fog&and E2 reactions, and

its activity is based on the formation of two strong hydrogen
rat@ncat= k1uCaCs (2) bonds with these transition states. Our calculations predicts

that in the reaction of acetate ion with primary chlorides,
where the §2 pathway dominates, using 10 mol% of the
rateat Ceat catalyst in relation to acetate ion produces a rate acceleration
P 1SOOa 3) by afactor of 150. When used in excess, as a cosolvent added
) . to DMSO, the rate constant increases by a factor of 1500, a
Based on Eq(3), if the concentration of the catalyst was

; . X substantial catalytic effect.

10% of the concentration of the acetate ion, the reaction rate
would increase by a factor of 150. This is a very significant
rate acceleration effect. Acknowledgment

The 1,4-benzenedimethanol could also be used as a cosol-
vent, mixed with DMSO. In this case, the rate accelera-  The author thanks the Brazilian Research Council (CNPq)
tion would be much more accentuated. Indeed, consideringfor supporting through the Profix program.
the kinetic model of scheme Ill, and takir@,;>> Ca and
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