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ABSTRACT

The alcoholysis of cyclic meso-anhydrides catalyzed by B-amino alcohols has been investigated
with DFT quantum mechanics to determine the mechanism of this reaction. Both nucleophilic
catalysis and general base catalysis pathways are explored for methanol-induced ring opening of
an anhydride catalyzed by a chiral amino alcohol. The nucleophilic pathway involves a late
transition state with a high energy barrier. In this mechanism, methanolysis is expected to take
place following the amine-induced ring opening of the anhydride. In the base-catalyzed
mechanism, methanol attack on one carbonyl group of the meso-anhydride is assisted by the -
amino alcohol; the amine functionality abstracts the methanol proton. The chiral amino alcohol

also catalyzes the reaction by stabilizing the oxyanion that forms upon ring opening of the



anhydride by hydrogen bonding with its alcoholic moiety. Both stepwise and concerted pathways
have been studied for the general base catalysis route. Transition structures for both are found to
be lower in energy than in the nucleophilic mechanism. Overall this study has shed light on the
mechanism of the -amino alcohol-catalyzed alcoholysis of cyclic meso-anhydrides, showing that

the nucleophilic pathway is approximately 25 kcal/mol higher in energy than the general base

pathway.
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INTRODUCTION

Asymmetric desymmetrization of cyclic meso-anhydrides by selective reaction at one of the

enantiotopic carbonyls has attracted considerable attention. The substrates are available through



Diels-Alder reactions of maleic anhydride; desymmetrization to form chemically differentiated
carboxy functions gives intermediates that can be easily transformed to versatile chiral building
blocks for numerous synthetic applications.!"! Very high enantioselectivities have been achieved
in related enzyme-catalyzed deymmetrizations,”™”! but often, only one enantiomer of the product
is available on this route. In contrast, anhydride openings with chiral catalysts are not limited by
this restriction, because in many cases both enantiomers of the catalyst are available. Several
advances in the development of non-enzymatic catalysts such as cinchona alkaloids for the

asymmetric desymmetrization reactions of cyclic meso-anhydrides have been reported.

Scheme 1 : Asymmetric Desymmetrization of Cyclic meso-Anhydrides.
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The catalytic effect of chiral amines in asymmetric desymmetrizations of cyclic anhydrides has
been reviewed by Spivey, Deng and Bolm.'"! In the case of amine-catalyzed reactions, the
alcoholysis may either proceed by an initial attack of the amine on the carbonyl (nucleophilic
catalysis) or a base catalyzed addition of alcohol to the anhydride (general base catalysis)
(Scheme 2). In nucleophilic catalysis, the nucleophilic attack of the catalyst amine nitrogen on
the anhydride is expected to form a reactive chiral acylammonium salt. Nucleophilic attack on
this salt by an alcohol gives the ester product and regenerates the amine. In general base

catalysis, the nucleophilic attack of the alcohol onto the anhydride is assisted by the chiral



catalyst.

Scheme 2: Nucleophilic Catalysis and General Base Catalysis Pathways for Asymmetric

Desymmetrization of Cyclic meso-Anhydrides.
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Already in his early work on alkaloid-mediated anhydride openings, Aitken suggested the
formation of an acylammonium-type intermediate resulting from a nucleophilic attack of the
amino group of the alkaloid onto the less-hindered face of the anhydride.” This intermediate
would then react with the alcohol leading to the observed monoester. Carloni’s detection of an

anhydride-quinine adduct by mass spectrometry supported this assumption.'

Oda proposed a general base catalysis, in which the quinuclidine nitrogen acted as a chiral
general base rather than a nucleophile.!” Evidence stemmed from kinetic studies of the
cinchonine-catalyzed ring opening of cis-2,4-dimethylglutaric anhydride with methanol in
toluene, where a kinetic isotope effect (kmeon/kmeon) of 2.3 was observed. For nucleophilic

catalysis, this value was too large, favoring the suggested mechanistic alternative.



Catalytic effects of amines in asymmetric synthesis have been subject of several theoretical
investigations, and some of them include the use of alkaloid-type structures. '*! For example, a
model to explain the stereoselectivities of reductions of activated ketones on cinchona alkaloid
modified platinum was developed through Vayner and Houk’s computational study. ! In the
context of the work reported here it is important to note that the mechanism of the transacylation
reaction of methyl acetate with methoxide has been explored by Takano and Houk using the
B3LYP/6-31+G(d) methodology, """ and that Zipse and co-workers have investigated the
acetylation of fert-butanol with acetic anhydride catalyzed by 4-(dimethylamino)pyridine. In the
latter study, both theoretical and experimental studies strongly supported a catalysis following a

nucleophilic pathway. "'

In order to identify the key structural components for the catalytic and enantioselective effects of
the generally rather complex alkaloids, Bolm and co-workers started to evaluate the use of low
molecular weight amino alcohols and investigated their efficiency as catalysts in asymmetric
anhydride openings. Applying advanced variations of their early protocols, ['*! they were able to
identify structurally simple B-amino alcohols such as 3, which provided products with very good

enantioselectivities in excellent yields (Scheme 3). "'

Scheme 3: f-Amino Alcohol-Catalyzed Enantioselective Anhydride Alcoholysis.
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This study aims to understand the mechanistic aspects of the alcoholysis of meso-anhydrides
catalyzed by chiral amines, through a computational evaluation of the probable reaction pathways
mentioned earlier (Scheme 2)."! For this purpose, the methanolysis of anhydride 1 by B-amino

alcohol catalyst 3 was investigated.

COMPUTATIONAL METHODOLOGY

Geometry  optimizations  were  performed  using  denisty  functional  theory
(DFT). e The B3LYP  functional and  6-31+G(d,p) basis set  were
employed. ' Utilization of diffuse functions is especially important in the optimization of
systems with charge separations. All stationary points have been characterized by a frequency
analysis from which thermal corrections have also been obtained. Local minima and first order
saddle points were identified by the number of imaginary vibrational frequencies. The intrinsic

reaction coordinate (IRC) 18]

calculations were used to determine the species connected by each
transition structure. All calculations have been carried out using the Gaussian 03 program

package. ') The B3LYP functional is known to be adequate for geometries. However, it usually



overestimates energy barriers; therefore, energies were further checked with the hybrid meta-
GGA’s MPW1B95, ' MPWBI1K™ and hybrid GGA M05-2X! (Table 1), each known to
perform well for thermochemical kinetics. The effect of a polar environment has been taken into
[22]

account via the integral equation formalism-polarizable continuum (IEF-PCM) model,

utilizing toluene (e= 2.38) as the solvent.

RESULTS and DISCUSSION

The amine-catalyzed methanolysis of cyclic anhydride 1 has been subject to a computational
investigation in order to identify the mechanism at play. For this purpose, base-catalyzed and
nucleophile-catalyzed pathways (Scheme 2) have been modeled, utilizing (1R,2R)-2-(piperidin-1-
ylcyclohexanol (3) as a chiral catalyst. Prior to calculations on reaction pathways, the

conformational space of the catalyst has been studied.

Conformational study of (1R,2R)-2-(piperidin-1-yl) cyclohexanol

Conformers of 3 with axial or equatorial groups at the piperidine N are depicted in Scheme 4.
Among these conformers, 3-ax and 3-eq are both capable of forming intramolecular hydrogen
bonds as shown in Figure 1. Conformer 3-eq which has all substituents at the piperidinyl and the
cyclohexyl ring in equatorial position, is 4 kcal/mol more stable than 3-ax. A potential energy
surface (PES) scan has been carried out for possible conformers of 3-eq, and the lowest energy
conformer (shown in Figure 1) has subsequently been utilized for reaction path calculations in the
methanolysis of cyclic anhydride 1.

Scheme 4. Conformers of 3 for the amine-catalyzed methanolysis of cyclic anhydride 1.
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3-ax-2

AGgs = 4.1 kcal/mol AGgs=10.0 kcal/mol
AGto]uene = 4.7 kcal/mol AGtoluene = 10.0 kcal/mol

AGgs = 0.0 kcal/mol AGgs = 6.9 kcal/mol
AGioluene = 0.0 kcal/mol AGiotuene = 7.0 kcal/mol

Figure 1. Conformers of 3 with relative free energies in gas-phase (AGg,s) and toluene

(A Gtoluene) .a

*Thermal free energy corrections for solvent calculations from B3LYP/6-31+G(d,p) calculations at 1atm and 298K.

Proposed Mechanisms for Asymmetric Ring Opening Reactions
Two possible mechanisms- general base catalysis and nucleophilic catalysis -have been

previously proposed for asymmetric ring opening reactions. '*”! Both mechanisms have been



modeled in order to identify the most plausible pathway for the amine-catalyzed methanolysis of

cyclic anhydrides 1.

A. Nucleophilic Catalysis
In the nucleophilic catalysis mechanism, the amine nitrogen of the catalyst attacks the anhydride
to form a reactive chiral acylammonium salt. Next, methanol reacts with this salt leading to the
product and regenerating the amine. As the catalyst nitrogen (TS-Nuc, Figure 2) approaches the
carbonyl of anhydride 1, the C-O bond of the substrate elongates from 1.39 A to 2.36 A and the
cyclic anhydride is cleaved. The reaction is assisted by the —OH group of the catalyst, which

stabilizes the carboxylate moiety that forms upon ring opening.

TS-Nuc

AGIgas = 62.7 kcal/mol
AG*o1uene = 59.5 keal/mol
Figure 2. Transition structure for nucleophilic catalysis of anhydride 1 and free energy of

activation in gas-phase (AGIgas) and toluene (AG*g1uene) (B3LYP/6-31+G(d,p)).”

*Thermal free energy corrections for solvent calculations from B3LYP/6-31+G(d,p) calculations at 1atm and 298K.
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Carloni et al. proposed that the desymmetrization reaction of meso-anhydrides catalyzed by
cinchona alkaloids proceeds through the formation of an adduct between quinidine and
anhydride (Scheme 5). ') The hypothetical structure, proposed by Carloni forms through the
nucleophilic attack of quinidine that leads to ring opening of anhydride. The ring opening of TS-
Nuc and Carloni’s intermediate are assisted by hydrogen bonds between the —OH of the
catalyst and the anhydride. The structure proposed by Carloni is very similar to TS-Nuc,
nevertheless different catalysts and anydrides have been used in the latter, so the stability of TS-
Nuc cannot be argued based on this finding.

Scheme 5. Active intermediate proposed by Carloni. (!

The transition state, TS-Nuc, is late with a high energy barrier (AGigals = 62.7 kcal/mole, Figure
2). In this mechanism, the stereochemistry of the product, 2, is established in the initial step,
before methanol attacks the acylammonium salt. The reaction is likely to be stereoselective, and
the transition state in Figure 2 leads to the observed major product. However, in the case of TS-

Nuc, the activation free energies are much too high to be operative.

11



B. General Base Catalysis
In the alternative mechanism, the catalyst acts as a chiral general base rather than a nucleophile.
The methanol attack on the carbonyl is assisted by the catalyst nitrogen through deprotonation.
Deprotonation of the methanol yields methoxide, which is far more nucleophilic than methanol,
enhancing the nucleophilic attack that leads to ring opening of the anhydride. The catalyst also
stabilizes- through H-bond by the alcohol moiety -the oxyanion formed as a result of ring
opening. The stereochemistry of the final product is determined by which enantiotopic carbonyl
is attacked by methoxide. In the base catalyzed mechanism, the ring opening reaction may

proceed via a stepwise (TS-Base-Step1) or a concerted pathway (TS-Base-Conc) (Figure 3).

In the concerted pathway, attack of methanol is accompanied by a simultaneous ring opening of
the anhydride in a single step. In the stepwise pathway, nucleophilic attack of methanol on the
anhydride leads to the formation of a tetrahedral intermediate (INT), which then undergoes ring
opening to yield the final product. The energies computed for these mechanisms are shown in

Figure 3.

In the transition state of the concerted pathway, TS-Base-Conc, as methanol attacks anhydride 1,
the forming CO distance is 1.80 A. Methanol is deprotonated by the basic catalyst; the forming
NH distance is 1.07 A. Finally, product 2 forms and the catalyst is regenerated. The process is

endothermic by 4.4 kcal/mol (AGiopuene = 5.0 keal/mol) ; Figure 3).

The first step in the stepwise general base catalysis mechanism is the same, but a tetrahedral
intermediate is formed instead. Transition structure TS-Base-Stepl in Figure 3 illustrates the

complex between anhydride 1, the catalyst and methanol. This complex is stabilized through a

12



hydrogen bond network between the nitrogen atom of the catalyst and the hydrogen atom of
methanol, stabilizing the oxyanion. IRC calculations have verified that TS-Base-Step1 connects
the intermediate (INT) to the reactants. The intermediate, INT is 27.2 kcal/mol (28.5 kcal/mol in
toluene) higher in energy than the reactants. The second step requires only a small energy barrier
of 3.2 kcal/mol (1.9 kcal/mol in toluene) and through TS-Base-Step2 ring opening leads to the

final product, and the catalyst is regenerated (Figure 3).

The 26.8 kcal/mol free energy difference (23.4 kcal/mol in toluene) between the transition states
of the nucleophilic catalysis (TS-Nuc) and base catalysis mechanisms (TS-Base-Conc) shows
that the general base catalysis mechanism for asymmetric ring opening reactions is most likely to
be the operative pathway. Nevertheless, the computed activation energy is quite high compared

to the facility with which the reactions occur.

13
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Figure 3. B3LYP/6-31+G(d,p) free energy profile, AGgas (AGioluene), for concerted and stepwise base catalysis pathways.”

*Thermal free energy corrections for solvent calculations from B3LYP/6-31+G(d,p) calculations at 1atm and 298K.
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Effect of Excess Methanol on Reactions Energetics
Asymmetric desymmetrization reactions with B-amino alcohol 3 were conducted using 1

<141 1n order to better mimic the

equivalent of the catalyst and 3 equivalents of methanol. !
reaction conditions, three methanol molecules were included in the calculations to explore the

concerted base-catalyzed reaction pathway. One methanol acted as the nucleophile and the

other two were stabilizing carbonyl oxygens of the anhydride 1 through hydrogen bonds

(Figure 4).

TS-Base-Conc-3MeOH

/394 N
SE39) N
N 44
0o 6O
00 ./ 2 + catalyst

1 + catalyst + 2 moles of methanol

+ 3 moles of methanol

Figure 4. B3LYP/6-31+G(d,p) free energy profile, AGgas (AGioluene), for the concerted base
catalyzed mechanism with excess methanol (anhydride + 3 methanol + catalyst).”

*Thermal free energy corrections for solvent calculations from B3LYP/6-31+G(d,p) calculations at 1atm and
298K.

TS-Base-Conc-3MeOH (Figure 4) is very similar to TS-Base-Conc except for additional H-

bonds between the catalyst, methanol and anhydride 1. As the nucleophilic methanol

15



approaches, a bond elongation is observed in the anhydride ring, where the carbon oxygen
bond lengthens from 1.39 A to 1.44 A, and methanol is deprotonated by the catalyst.
Peripheral methanols help stabilize the charge developing as the ring opens. TS-Base-Conc-
3MeOH and TS-Base-Conc are very similar in terms of free energy, but TS-Base-Conc-
3MeOH is better stabilized in toluene compared to the one methanol system, TS-Base-Conc

(AAG* g1uene = 2.2 keal/mol).

Effect of Methodology and Implicit Solvation on Reaction Energetics

Activation free energies for the nucleophilic catalysis and concerted-general base catalysis
mechanism are given in Table 1. The results show a clear preference for the concerted-general
base catalysis over the nucleophilic catalysis mechanism for all functionals. For all methods,
the energy difference between nucleophilic and base catalysis is approximately 25 kcal/mol,
both in vacuo and toluene. While the base catalysis barriers are relatively unaffected by the
solvent, the nucleophilic catalysis barriers show a slight decrease in barrier, due to the
stabilization of the transition state in toluene. Note that M05-2X gives activation barriers quite

consistent with experimental results at room temperature.

Table 1. Free energies of activation for nucleophilic and concerted-base catalysis pathways in
gas-phase (AGgs) and toluene (AGioluene) with MPW1B95, MPWBI1K and M05-2X on

B3LYP/6-31+G(d,p) geometries.”

Nucleophilic Catalysis Concerted- Base Catalysis
AG'j;gas AGd;toluem: AG'j;gas AGd;toluem:
B3LYP/6-31+G(d,p) 62.7 59.5 (56.3)° 359 36.1 (39.2)°
MPW1B95/6-31+G(d.p) 573 539 30.5 30.7
MPWBI1K/6-31+G(d,p) 77.7 73.9 49.9 50.0
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MO05-2X/6-31+G(d,p) 51.7(51.0° 482 21.2 (20.0)¢ 21.7

*Thermal free energy corrections for solvent calculations from B3LYP/6-31+G(d,p) calculations at 1atm and
298K. ® Acetone as solvent. ¢ Optimized with M05-2X/6-31+G(d,p).

The energetics of the nucleophilic catalysis and the concerted-general base catalysis
mechanisms were calculated in toluene (¢ = 2.38) and in acetone (¢ = 20.56) (Table 1). The
free energy of activation for the nucleophilic catalysis decreases as the polarity of the solvent
increases. In contrast, in the concerted-general base catalysis, the activation energies increase
with increasing solvent polarity. Compared to toluene (¢ = 2.38) TS-Nuc is stabilized by 3.2
kcal/mol in acetone (e= 20.56), which is possibly due to the stabilization of the
acylammonium salt, a zwitterionic intermediate in a polar medium. TS-Base-Conc is slightly

destabilized as the polarity of the solvent increases.

Stereoselectivity

Figure 5 depicts the reaction profile for the formation of the product en#2 (Scheme 3). The
transition structure TS-enf2-Base-Step1 leading to the formation of en#2 illustrates a complex
between anhydride 1, the catalyst and methanol. This complex is again stabilized through a
hydrogen bond network between the nitrogen atom of the catalyst and the hydrogen atom of
methanol, as in the case of TS-Base-Step1. Once the intermediate has formed, the second step
through TS-enf2-Base-Step2 requires a minute energy barrier of 0.1 kcal/mol (0.2 kcal/mol in
toluene); subsequent ring opening leads to the final product, enf2, and the catalyst is

regenerated.
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Figure 5. B3LYP/6-31+G(d,p) free energy profile, AGgs (AGioiuene), for concerted and stepwise base catalysis pathways."

*Thermal free energy corrections for solvent calculations from B3LYP/6-31+G(d,p) calculations at 1atm and 298K.
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The energy difference of 4.3 kcal/mol (3.4 kcal/mol in toluene) between the transition
structures TS-Base-Stepl (Figure 3) and TS-enr2-Base-Stepl (Figure 5) leading to the
formation of products, 2 and en#2, respectively, mainly stems from the relative orientations of
the piperidine and cyclohexanol rings of the catalyst. While in TS-enr2-Base-Stepl the
catalyst looks like 3-eq (Figure 1), this is not the case for the catalyst in TS-Base-Stepl,
(Figure 5). In TS-Base-Conc and TS-ens2-Base-Stepl catalyst conformations are almost
identical, as shown in Figure 6. However, there is still an energy difference of 3.5 kcal/mol
(1.8 kcal/mol in toluene), which can be attributed to the difference in the nature of hydrogen
bonds involved; in TS-Base-Conc, the catalyst assists the reaction by hydrogen bonding to
the methanol oxygen via its alcoholic entity, while in TS-en#2-Base-Step1 the catalyst —OH is
hydrogen bonded to the carbonyl oxygen of the anhydride. The location and nature of the
hydrogen bonds seem to play an important role, since they render the nucleophilic attack by
methanol easier. Figure 6 gives a comparative picture of the dihedral angles between the
piperidine and cyclohexanol rings of the catalyst for transition states TS-Base-Conc, TS-

ent2-Base-Conc, TS-Base-Stepl, TS-enr2-Base-Step1 against 3-eq.
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TS-Base-Conc TS-enr2-Base-Conc

TS-Base-Stepl TS-enr2-Base-Stepl

Figure 6. Catalyst dihedral angles for transition states TS-Base-Conc, TS-enf2-Base-Conc,

TS-Base-Step1, TS-enr2-Base-Stepl.
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Our computational results favor the formation of the product emf2 in contrast to the
experimental findings where the formation of 2 is favored. Nevertheless, transition structures
which include methanol (base-catalyzed mechanism) have large conformational space and
flexibility, therefore, further investigation is very demanding and is beyond the scope of this
study, which aims at clarifying the feasibility of nucleophilic versus base-catalyzed pathways

for alcoholytic ring opening of cyclic anhydrides.

On the other hand, the transition structure for the nucleophilic mechanism is very tight and
the lack of methanol renders the conformational space of this structure quite limited. Thus we
can safely predict that the base-catalysis mechanism is preferred over the nucleophilic

mechanism for the desymmetrization of cyclic meso-anhydrides by chiral amino alcohols.

CONCLUSIONS

The asymmetric ring opening of cyclic meso-anhydride 1 catalyzed by amino alcohol 3 is
proposed to proceed by the general base catalysis pathway. The general base catalysis
pathway is favored energetically (B3LYP/6-31+G(d,p)) by 26.8 kcal/mol (23.4 kcal/mol in
toluene) over the nucleophilic catalysis. These results have also been confirmed with the
MPWIB95, MPWBIK and MO05-2X methodologies. The addition of 3 equivalents of
methanol stabilizes the reaction by 2.2 kcal/mol through the formation of hydrogen bonds of
the peripheral methanols. These reactions have also been modeled in two solvents (toluene
and acetone) with different polarities. The stereoselectivity in base catalysis is found to be
dependent on the relative orientation of the catalyst with respect to the anhydride and
methanol. Overall, the results suggest that the concerted general base catalysis is favored over

the nucleophilic catalysis mechanism.
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