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demonstrated that organic acids as additives also invert the di-
rection of enantioselectivity. Here we elaborate further on these
findings and explore the synthetic utility of the alkaloid—acid co-
catalyst approach as our first goal.

The mechanism of desymmetrization of meso-cyclic anhydrides
by alcohol nucleophiles has been the subject of controversial dis-
cussions in the literature. In the nucleophilic catalysis,'®!® the re-
action is initiated by the attack of the amino group of the quinidine
on the sterically less-hindered side of the anhydride resulting in the
formation of a chiral acylammonium salt. The intermediate is sta-
bilized via a hydrogen bond between the OH group of the catalyst
and the carboxylate moiety. In the next step the alcohol reacts with
the salt yielding the ester product. Alternatively in the general base
catalysis proposed by Oda and co-workers® the alcohol is depro-
tonated by the amino group of the catalyst. In the subsequent step
a nucleophilic attack of the resulting methoxide onto the anhydride
leads to ring opening. Again, the formation of a hydrogen bond
between the OH group of the catalyst and the carboxylate moiety
facilitates the reaction. Recently, Dedeoglu and co-workers!” shed
light on the energetics of the two pathways. Based on the DFT
calculations of a system consisting of a meso-cyclic anhydride and
a model catalyst, (1R,2R)-2-(piperidin-1-yl)cyclohexanol, they have
shown that the formation of the intermediate salt in the nucleo-
philic catalysis is energetically highly unfavorable. While the study
undoubtedly points toward general base catalysis, the experimen-
tally observed stereochemistry could not be explained on the basis
of model calculations."”

Therefore, the second goal of this paper is to unravel the in-
teractions in quinine-mediated ring opening of cyclic meso-anhy-
drides leading to the observed stereochemistry, as well as to
elucidate the role of organic acids in the inversion of enantiose-
lectivity. Specifically, we focus on the hydrogen bonding in-
teractions and show that both, the original enantioselectivity and
the inversed one can be traced back to the pro-chirality of the most
abundant reaction complexes.

2. Results and discussion

We present first the experimental results on the inversion of
enantioselectivity in alkaloid and alkaloid—acid catalyzed opening
of glutaric anhydrides, and then explore the enantioselectivity of
both reactions.

2.1. Synthetic potential

As mentioned in Introduction, we reported an inversion of
enantioselectivity in the quinine catalyzed desymmetrization of
glutaric anhydrides at low catalyst loading.!® Specifically, in the
case of anhydride 1 it was found that a catalyst loading of 160%
produces about 40% ee of (R)-product, while a 10% loading yields
40% ee of (S)-product. In contrast, succinic anhydrides tend to
produce racemic products if less of alkaloid is loaded (see Fig.1).19!!
Recently, Bolm also reported a similar reversion of enantiose-
lectivity for alkaloid-mediated thiolyses of succinic meso-anhy-
drides.!® The fact that at low catalyst loading a specific
product—base complex inverts the direction of opening of glutaric
anhydrides encouraged us to verify whether some other organic
acid additives could improve the stereoselectivity. More than 25
different carboxylic acids were tested and a representative selec-
tion is compiled in Table 1.

The best enantioselectivities were achieved with acids pos-
sessing phenylacetic acid substructure (entries 3, 4 (X9C), and 8) as
well as with 2-thiophene-acetic acid (entry 7), which can be con-
sidered as phenylacetic acid congener. We also noted that the di-
rection of opening is no longer dependent on catalyst loading, and
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Fig. 1. Influence of catalyst loading on enantioselective opening of 1 and 3. All
reactions were performed in toluene (0.1 M with respect to anhydride) with 1.5 equiv
of benzyl alcohol at rt. For reactions with acid additives, acid/quinine molar ratio was 2.

Table 1
Influence of acid additives on the desymmetrization of anhydride (1)

No. Acid ee?/% No. Acid ee?l%

COOH
o™ -
COOH

S COOH
\_/

COOH
o O
0

Reaction conditions: 0.1 M anhydride 1 in toluene, 0.5 equiv of quinine, 1 equiv of
acid, 1.5 equiv of BnOH, rt.

¢ Major enantiomer (S)-configuration, determined by chiral HPLC on chiralcel AS
(EtOH/hexane/TFA=2:98:0.1).

1 HSC\COOH 36 5

COOH
2 O/ 45

55

that better enantioselectivities are obtained with aprotic solvents
(see Table 2).

On the other hand, as shown for urea and thiourea derived al-
kaloids, dilution effects the enantioselectivity.'>'%?° Lowering the
anhydride concentration from 0.125 to 0.025 M raises the enan-
tioselectivity from 85% ee to 96% ee.!> The same effect of dilution
was observed with the quinine/acid combination (Fig. 2). Although
high dilution improves the enantioselectivity, the reaction rate is
significantly lowered—at 0.005 M solution the reaction was found
incomplete after 6 days.

The enantioselecivity of the reaction can significantly be im-
proved by lowering the reaction temperature when the alkaloid is
employed in stoichiometric quantity. With the quinine/acid type of
catalyst, lowering the temperature causes a minor improvement in
the enantioselectivity, but a drastic reduction of the reaction rate.
Finally, the influence of quinine/acid ratio on enantioselectivity was
explored. For both acid additives the selectivity of the reaction
reached its maximum at a base/acid ratio of 1:2 (Fig. 3).
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Table 2
Solvent effect on opening selectivity
Entry Solvent eel% ee?l%
1 Chloroform 50.2 68
2 Toluene 47.5 65
3 i-Pr,0 43.5 —
4 MTBE 39.6 —
5 Dioxane 26.5 —
6 THF 15 —

Reaction conditions: 0.1 M anhydride 1 solution, 0.5 equiv of quinine, 1 equiv of
benzoic acid, 1.5 equiv of BnOH, 65 h at rt.
2 Xanthene-9-carboxylic acid as additive.
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Fig. 2. Dilution effect on opening selectivity. Reaction conditions: anhydride 1 in tol-
uene, 0.5 equiv quinine, 1 equiv acetic acid, 1.5 equiv BnOH, 65 h at rt.

To verify the synthetic utility of the enantioselective opening of
3-substituted glutaric meso-anhydrides catalyzed by the alka-
loid—acid complexes, this methodology was compared with the
stoichiometric approach (Scheme 2). Anhydrides 1 and 2 were
chosen because their hemiester products provide an easy access to
both enantiomers of pharmacologically interesting compounds
(Pregabalin, Baclofen) in a multigram scale, while xanthene-9-
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Fig. 3. Quinine/acid ratio effect on opening selectivity. *Reactions of anhydride 1 (6 mL
of 0.1 M toluene solution) and 1.5 equiv BnOH with 0.5 equiv of quinine and acetic acid
at rt. PReactions of anhydride 1 (6 mL of 0.1 M toluene solution) and 1.5 equiv BnOH
with 0.1 equiv of quinine and xanthene-9-carboxylic acid at rt.
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Scheme 2. Methodologies for enantioselective anhydride opening.

carboxylic acid was found to be the most promising acid additive.
The results are compiled in Table 3. With all anhydrides and all
catalysts comparable results were obtained. Enantioselectivities
were in the range of 56—73%, which is quite good bearing in mind
that unmodified, easily available, and recyclable catalysts were
used, and that glutaric anhydrides open with lower enantiose-
lectivities in comparison with succinic. We should mention that the
latter are typically used for catalytic activity testing.

Table 3

Enantioselective opening of anhydrides 1 and 2. Comparison of methodologies®
Anhydride ~ Method" R T/°C Time 17%% ee®/% Product
1 A(0.1QD+X) Bn It 22h 70 73 (R)-4
1 B(1.1Q) Bn -25 23h 72 64 (R)-4
1 A(0.1Q-+X) Bn rt 18h ni© 65 (S)-4
1 A(0.1Q+X)  Cinn rt 18h ni® 61 (S)-5
1 B(1.1Q) Cinn -25 25h 85 69 (R)-5
2 A(0.1QD+X)  Bn It 2d 82 72 (R)-6
2 B (1.1Q) Bn 35 7d 60 77 (R)-6
2 A(0.1Q+X)  Bn rt 2d 87 56 (S)-6
2 B(1.1QD) Bn -35 7d 74 62 (5)-6

@ Reactions were carried out with 10 mmol of anhydrides, 0.1 M solution in tol-
uene, 1.5 equiv of alcohol until >90% conversion was reached.

b Methods: (A) 0.1 equiv of quinidine (QD) or quinine (Q), 0.2 equiv of xanthene-
9-carboxylic acid (X); (B) 1.1 equiv of quinine (Q) or quinidine (QD).

€ Scale: 0.5 mmol.

4 Isolated yield.

¢ Determined by chiral HPLC.

The slightly lower yields on isolated monoesters of anhydrides 1
and 2 compared to the conversion can be attributed to slow ester
hydrolysis and the emulsification properties of their potassium
salts during the work-up, which comprises successive washing of
alkaline aqueous solution of monoester with organic solvent to
remove residual alcohol.

Altogether the alkaloid—xanthene-9-carboxylic acid complex
was found to have several advantages when compared with natural
alkaloids in stoichiometric amount: lower catalyst loading, faster
reaction, and the most important—an ambient reaction
temperature.

2.2. Computational study

The conformational space of cinchona alkaloids has been in-
tensively studied.”*? Several combined experimental and theo-
retical studies indicate that the open conformer of cinchona
alkaloids, known as Open(3), is the most populated one at room
temperature in apolar solvents.?? In the following we focus on this
conformer.
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In principle, a series of plausible initial geometries of the
three molecular complex consisting of quinine, methanol, and
3-methylglutaric anhydride required for full geometry optimiza-
tions at the B3LYP-D3/6-31G(d,p) level of theory can be obtained
from classical molecular dynamics simulations. However, force
field calculations are not adequate for describing the hydrogen
bonding and dispersive interactions that determine the enantio-
selective ring opening, and the size of the system prevents the use
of long DFT/ab initio molecular dynamics runs needed to explore
the rather rough conformational landscape. Hence, our initial
structures were based on a series of educated guesses facilitating
both the nucleophilic and the general base catalysis. As the results
of full geometry optimizations at the B3LYP/6-31 G(d) level we
found nine distinct structures spanning an energy range of
13.97 kcal/mol. The four lowest structures plus another four
obtained by inverting the stereochemical face of the anhydride
have been reoptimized at the B3LYP-D3/6-31G(d,p) level. The rel-
ative energies, predicted stereochemistry of the final product, and
selected geometrical parameters are compiled in Table 4.

Generally we have found that all investigated structures are
stabilized by two hydrogen bonds, one between the alcohol and the
quinuclidine amine, and the other one between the oxygen of one
of the carboxyl groups and the quinine OH. The distance between
the quinuclidine N and the closest carbonyl C atom of the anhydride
is relatively large, in the range between 4.2 A and 4.6 A. In contrast,
the distance between the methanol O and the closest carbonyl C
atom is much shorter (2.7—3.2 A). The geometries of these com-
plexes point to the general base catalysis mechanism of desym-
metrization of cyclic anhydrides.

Table 4

Relative energies, predicted chirality, and selected geometry parameters of the four
lowest energy structures as obtained at the B3LYP-D3/6-31G(d,p) level of theory. The
prediction of chirality is based on the ratio of the bond lengths d(C1—06)/d(C5—06).
The numeration of atoms is given in Scheme 3

Conf. E/kcalmol~'  Predict. config. ~Distance/A

d1/d2? (ON)P  (0,0° (0,0
A 0.00 R 1.37/141 276 2.82 3.07
A 147 S 1.41/136 275 2.84 2.69
B 0.12 R 1.37/141 276 2.83 3.02
B’ 1.13 S 1.41/1.37 275 2.84 2.82

2 Bond lengths ratio d(C1—06)/d(C5—06).

> H-bond distance between methanol O—H and quinuclidine N.

¢ H-bond distance between quinine OH and the closest carbonyl O.

94 Distance between methanol O—H and the non H-bonded carbonyl C.

Fig. 4 displays the lowest energy structure (conformer A) and
the corresponding chiral structure (conformer A’). The latter was
obtained by reflecting the anhydride in the plane defined by the
atoms C(1)—0(6)—C(5) and subsequent full geometry optimization
(see Scheme 3). The energy difference between A (Fig. 4, top left)
and A’ conformers (Fig. 4, top right) is 1.47 kcal/mol, while the
energy difference between conformer B and conformer B’ is
1.01 kcal/mol.

Conformers A and B are stabilized by two hydrogen bonds, one
between the alcohol and the quinuclidine N, and the other one
between the pro-S carboxyl group and the catalyst OH. The natural
bonding orbital (NBO) analysis reveals that there is virtually no
difference in the charges between the two carbonyl C atoms. Be-
cause of the involvement of the pro-S carbonyl in the hydrogen
bond with quinine OH, the pro-R carbonyl is more flexible and
hence more prone to the methoxide nucleophilic attack.

Assuming the base catalyzed mechanism we predict in both
cases a likely formation of the (R)-products. In an analogous way,
the less stable conformers A’ and B’ feature a hydrogen bond be-
tween the quinine OH and the pro-R carboxyl group. This leads to

the exposure of the pro-S carbonyl, elongation of the pro-S C—0
bond and to the likely formation of the (S)-product. Comparing the
geometries of the four conformers it is apparent that they are
stabilized by a comparable network of hydrogen bonding in-
teractions. A closer look at the geometries, however, reveals that
the stabilization of the pro-R conformers with respect to the pro-S
ones stems from more favorable steric interactions and in par-
ticular from the larger separation between methanol and the
anhydride hydrogen atoms in the axial position. For example in A
the distance between methanol O and the two axial atoms Hpa and
Hpis 2.41 A and 2.51 A, respectively, while a closer contact with Hg
of 2.33 A is found in A'.

The addition of organic acids causes the inversion of enan-
tioselectivity. Preliminary exploration of the configurational
space of the acetic acid, quinine, methanol, and 3-methylglutaric
anhydride complex at the B3LYP/6-31G(d) level of theory yielded
18 distinct structures with an energy range of 14.7 kcal/mol.
Table 5 compiles the relative energies, predicted chirality, and
relevant geometrical parameters of the four lowest energy
structures found in the computation. The four lowest energy
conformers are shown in Fig. 5. As a general feature we found
that the acetic acid has replaced methanol in the hydrogen bond
with the quinuclidine amine. In all structures the quinuclidine N
is protonated. The methanol is now hydrogen bonded to the
acetate.

In the lowest energy conformer C' the pro-R carbonyl is H-
bonded to the catalyst OH so the pro-S carbonyl becomes the pre-
ferred site for the methoxide nucleophilic attack, in agreement
with the observed inversion of enantioselectivity. The corre-
sponding pro-(R) conformer C is found 2.23 kcal/mol higher in
energy, while the next two structures D and D’ featuring pro-R and
pro-S chirality are found 1.10 and 2.17 kcal/mol higher in energy,
respectively. Note also the different binding modes in C and D.

Besides the greater stability of the pro-R and pro-S conformers
in the quinine and quinine—acid catalyzed reactions, respectively,
the enantioselectivity is affected by the height of the activation
barriers. It is apparent, however, that in order to simulate the in-
teractions within the molecular complexes these need to be treated
in their full complexity. Reaction path calculations for such highly
fluxional systems are very demanding and they remain beyond the
scope of the present study.

The stereochemistry of the product depends on whether
methoxide attacks the hydrogen bonded or the non-hydrogen
bonded carbonyl. The non-hydrogen bonded carbonyl is in our
opinion the site of the methoxide attack. By assuming this we were
able to rationalize the observed enantioselectivity in both quinine
and quinine—acid catalyzed reactions.

3. Conclusion

A novel room temperature catalytic protocol for enantiose-
lective opening of 3-substituted glutaric meso-anhydrides utilizing
alkaloid—acid complex was explored in detail.

Its synthetic utility was demonstrated in comparison to the
stoichiometric approach at —30°C in the formal syntheses of
sample pharmacological compounds. In both cases good enantio-
selectivities were found, particularly bearing in mind that glutaric
anhydrides typically open with lower enantioselectivities as com-
pared to the succinic.

The option of using a single catalyst, but two protocols to obtain
both enantiomers in excess is the most intriguing result, especially
as unmodified, easily available, and recyclable catalysts were used.

To rationalize this occurrence, an extensive computational study
on the molecular interactions in model compounds was carried out.
In all of the low energy structures, the carbonyl oxygen of the an-
hydride was H-bonded to the hydroxyl group of the catalyst. In
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Fig. 4. The structures of the lowest energy conformer (A) featuring pro-R chirality and the corresponding conformer A’ leading to the (S)-product as obtained with the B3LYP-D3/6-

31G(d,p) method. Sterical interactions governing the stability are marked above.

Scheme 3. Numeration of atoms in model anhydride.

quinine catalyzed reactions the alcohol was directly H-bonded to
the quinuclidine nitrogen. Upon acid addition it was found that the
acid intercalates between the alcohol and the quinuclidine nitro-
gen. The net result is that the alcohol approaches the anhydride
from the opposite face, in agreement with the observed inversion of
enantioselectivity.

4. Experimental section
4.1. Computational details

The calculations were performed using density functional the-
ory (DFT). The conformational landscape of the molecular

Table 5

Relative energies, predicted chirality and relevant geometry parameters of the four
lowest energy structures upon addition of acid as computed at the B3LYP/6-
31+G(d,p) level

Conf.  E/kcalmol~!  Predict. config. Distance/f\

(ON} (00 (00) (0.0
C 0.00 S 2,61 2.83 2.74 3.45
C 2.23 R 2.63 2.83 2.71 3.67
D 1.10 R 2.58 2.78 2.65 4.98
D’ 2.17 S 2.58 2.79 2.66 5.19

2 H-bond distance between acetic acid O—H and quinuclidine N.

b H-bond distance between quinine OH and the closest carbonyl O.

¢ H-bond distance between methanol OH and acetate C=0.

d Distance between methanol O and anhydride non-hydrogen bonded carbonyl C.

complexes encompassing quinine, methanol, 3-methylglutaric an-
hydride, and acetic acid was initially explored at the B3LYP/6-
31G(d) level. Several low energy conformers were located. After
inverting the stereochemical face of the anhydride, the eight lowest
energy structures were reoptimized by using the empirical, dis-
persion corrected B3LYP-D3 method with the 6-31G(d,p) basis
set.”> The quinine catalyzed opening of meso-cyclic anhydrides is
governed by medium-strong hydrogen bonding interactions.?*2>
However, we found that the geometries and energetics of the
complexes are sensitive to the description of the dispersion in-
teractions. In general, the B3LYP-D3 method yields more compact
structures then B3LYP, thus enhancing the energy difference be-
tween enantiomers. The calculations were performed by using the
Gaussian 03%® and Turbomole?’ program packages.
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C C

D’ D

Fig. 5. The structures of the lowest energy conformers of the reaction complexes formed between acetic acid, quinine, methanol, and 3-methylglutaric anhydride. C’ and C feature
pro-S and pro-R chiralities, respectively, with C' being 2.23 kcal/mol more stable than C. The structure of the second most stable conformer (D) featuring pro-R chirality and the
corresponding conformer D’ leading to the (S)-product is also given. Note that C’ is 1.10 kcal/mol more stable than D.

4.2. General methods

All reactions were conducted under an argon atmosphere. An-
hydride 2 was prepared according to literature.?8All other reagents
and solvents were purchased from commercial sources and used
without purification. 'H and *C NMR were recorded on Bruker AV
300 spectrometer. Chemical shifts (6y and dc) are quoted in parts
per million (ppm), referenced to TMS. High-resolution mass spec-
trometry (HRMS) was performed on 4800 Plus MALDI TOF/TOF
Analyzer. Optical rotations were measured using Optical Activity
AA-10 automatic polarimeter. Melting points were determined on
Electrothermal 9100 apparatus in open capillaries and are not
corrected. For the chemical purity determination, and monitoring
of the progress of the reactions Nucleosil 100-5 C18 column was
used (50% methanol in water with 0.5% H3PO4 to 100% methanol).
ees of monoesters 4 and 6 were determined on Chiralpak AS col-
umn (hexane/EtOH/TFA=98:2:0.1) and Chiralpak OD column
(hexane/EtOH/TFA=95:5:0.1), respectively.

4.3. Method A

To the 0.1 M toluene solution of anhydride (10 mmol), alkaloid
(0.1 equiv), xanthene-9-carboxylic acid (0.2 equiv), and alcohol
(1.5 equiv) were added. The reaction mixture was stirred until
>90% conversion was reached (see Table 3) and the reaction was
stopped by the addition of 5% HCI. The organic layer was washed
once more with 5% HCI and evaporated. The oily residue was dis-
solved in 2% K,COs; and washed successively with EtOAc. The
aqueous solution was then carefully acidified with H3PO4 to pH 5.4
and extracted with toluene. The organic extracts were dried over
Na,SO4 and evaporated in vacuo.

4.4. Method B

To the cold 0.1 M toluene solution of anhydride (10 mmol), al-
kaloid (1.1 equiv) and alcohol (1.5 equiv) were added. The reaction
mixture was stirred until >90% conversion was reached (see Table
3) and the reaction was stopped by the addition of 5% HCl. The
organic layer was washed once more with 5% HCl and evaporated.
Oily residue was dissolved in 2% K,CO3 and washed successively
with EtOAc. Aqueous solution was acidified with HCI to pH 2 and
extracted with EtOAc. The organic extracts were dried over Na;SO4
and evaporated in vacuo.

4.5. Compounds characterization

4.5.1. (R)-3-Isobutyl-pentanedioic acid monobenzyl ester
(4). Yellowish oil; [a]3° —1.9 (¢ 3.166, EtOH) for 73% ee; vmayx (KBr)=
3600—2800 (br), 3035, 2960, 2870, 1738, 1707, 1456, 1388, 1236,
1163, 753, 698 cm~'; 'H NMR (300 MHz, CDCl;, 25°C, TMS):
0=9.88 (br s, 1H), 7.28—7.42 (m, 5H), 5.08—5.14 (s, 2H), 2.35—2.45
(m, 5H), 1.52—1.68 (m, 1H), 1.16—1.24 (m, 2H), 0.82—0.92 (dd, 6H,
J1=6.7 Hz, J,=3.2 Hz) ppm; 3C NMR (75 MHz, CDCls, 25 °C, TMS):
0=178.6,172.4,135.9,128.6,128.3,128.2, 66.3, 43.3, 38.6, 38.4, 29.8,
252, 22.5, 22.5ppm; HRMS (MALDI): MK*, found 317.1145.
C16H2204 requires 317.1149.

4.5.2. (R)-3-(4-Chloro-phenyl)-pentanedioic acid monobenzyl ester
(6). White powder; mp 143.2—144.8 °C; [a]§’ —4.6 (c 1.192, EtOH)
for 77% ee; vmax (KBr)=3600—2800 (br), 2940, 1733, 1719, 1675,
1493, 1415, 1232, 1152, 825, 733, 692 cm™'; 'H NMR (300 MHz,
CDCl3, 25 °C, TMS): 6=10.60 (br s, 1H), 7.08—7.39 (m, 9H), 4.95—-5.12
(s, 2H), 3.55-3.70 (m, 1H), 2.55—2.85 (m, 4H)ppm; >C NMR
(75 MHz, CDCl3, 25°C, TMS): 6=177.0, 171.1, 140.5, 135.5, 132.9,
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128.8, 128.7, 128.5, 128.3, 128.3, 66.5, 40.5, 40.0, 37.5 ppm; HRMS
(MALDI): MNa™ found 355.0707. C1gH1704Cl requires 355.0707.
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