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Abstract: This work involves a facile synthesis of three (S)-proline-based organocatalysts with C2 symmetry and their
effects in enantioselective aldol reaction of acetone with substituted aromatic aldehydes. Moderate enantioselectivities
(up to 61% ee) were obtained depending on the nature of the substituents on the aryl ring. Computational calculations
at HF/6-31 + G(d) level were employed to underline the enantioselectivity imposed by all the organocatalysts. Higher
calculations at B3LYP/6-311 ++ G(d,p) scrf=(solvent =dichloromethane)//B3LYP/6-31 + G(d) levels of theory were
also performed for the aldol reaction of acetone with benzaldehyde and 4-nitrobenzaldehyde catalyzed by 1. The
computational outcomes were consistent with those produced by experimental results and they were valuable to elucidate

the mechanism for the observed stereoselectivity.

Key words: Acetone, aldol reaction, computational modelling, enantioselectivity, organocatalysis, proline, substituted
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1. Introduction

The valuable role of nature is recognized in the selectivity and activity in biochemical processes occurring
in cells. This phenomenon has inspired scientists to develop small synthetic models that could rival those
presented by nature. Remarkable success has been achieved in the fields of both molecular recognition [1] and
catalysis [2—4]. Enantioselective organocatalysis developed as an alternative to those involving metal ions and
has become the focus of current research [5-8] after a long history of proline-catalyzed intramolecular aldol
reaction of an achiral triketone with high enantioselectivity, a pioneering reaction developed in the 1970s, called
the Hajos—Parrish-Eder—Sauer—Wiechert reaction [9,10].

The C-C bond-forming reactions are very important in synthetic organic chemistry since they are involved
in constructing the frame of very complex molecules. The aldol reaction [11] is one of the most outstanding
methods among the C-C bond-forming reactions, especially for building the hydroxyl ketones mostly found in
many biologically active compounds and drugs. Thus, the design of efficient organocatalysts for asymmetric
aldol reactions constitutes a significant and active area in the field of synthetic organic chemistry in recent years
[12-22]. Since the discovery of the Hajos—Parrish-Eder—Sauer—-Wiechert reaction, proline has occupied a key
point in the development of organocatalysts and therefore many chiral organocatalysts have been discovered

for aldol reactions [23-31]. The main requirements in designing these types of catalysts are the proline frame
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and a hydrogen donor. The current study involves the employment of three organocatalysts (1-3) in the
asymmetric aldol reactions of acetones with substituted benzaldehydes. The synthesis of organocatalysts has
already been reported [32-36] and they have been used in a similar manner [32,33,35,37]. These systems provide
some advantages. The first is that they can easily be prepared from (S)-proline. The second is that they are
highly stable because of the robust amide linkage, which can be recovered and reused without detrimental
effects. Finally, they have acidic NH protons, which can act as electrophiles via hydrogen bonding to stabilize
the transition states involving negative charges.

Quantum mechanical (QM) calculations have been widely employed in the elucidation of mechanisms of
asymmetric organocatalysis [38]. We have also performed QM calculations at the HF/6-31 + G(d) level to
rationalize the enantioselective aldol reactions between acetone and benzaldehyde catalyzed by organocatalysts
1-3. Higher level calculations at BSLYP/6-311 ++ G(d,p) scrf=(solvent=dichloromethane)//B3LYP/6-31 +
G(d) were performed for the reactions catalyzed by 1. These calculations may provide some insights to choose
different reactions to achieve much better enantiomeric selectivity without experimental studies. For example,
calculations at the HF/6-31 + G(d) level indicated that much better enantiomeric selectivity may be gained
for the Mannich reaction of ethyl glyoxylate IN-phenyl imine and formaldehyde catalyzed by 1.

2. Materials and methods

2.1. Experimental section

2.1.1. General

Chemicals, unless their synthesis is mentioned, and solvents were obtained from commercial sources. Cat-
alyst 3 was received as a gift from Dr. Mehmet Karakaplan [36]. Melting points were determined with a
GALLENKAMP apparatus with open capillaries and are uncorrected. Infrared spectra were recorded on a
MIDAC-FTIR Model 1700 spectrometer. The elemental analyses were obtained with a CARLO-ERBA Model
1108 apparatus. Optical rotations were taken on a PerkinElmer 341 Model polarimeter. ' H (400 MHz) NMR,
13C (100 MHz) NMR, and two-dimensional NMR (DEPT, COSY, HETCOR, HMQC, HMBC) spectra were
recorded on a BRUKER DPX-400 High Performance Digital FT-NMR spectrometer in the solvents indicated.

Chemical shifts are expressed in parts per million (J) using residual solvent protons as the internal standards.

General procedure for catalytic aldol reactions

To a stirred solution of a catalyst (10%-20%) in a specific solvent was added aldehyde (0.25 mmol) and acetone
(1.25 mmol) in the presence of an additive (10% mol) at —10 to 25 °C. The solution was kept stirring for 24-72 h
(Table 1). The reaction mixture was quenched with saturated ammonium chloride solution and extracted with
ethyl acetate (3 x10 mL). The organic layer was washed with water and dried on MgSO,. After evaporation
of the solvent under reduced pressure, the crude product was purified by column chromatography over silica gel
using 1:3 ethyl acetate and hexane as an eluent to obtain the aldol products. All the aldol products are known
compounds and they did not need further structural analyses. The ee values for each reaction were determined

by HPLC analysis on a chiral HLPC column. The HPLC conditions and retention times are provided in Table
2.
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Table 1. Determination of optimum conditions for the reaction of 4-nitrobenzaldehyde with acetone catalyzed by 1-3
for a period of 24-72 h.

0
B9 1301020
* additive (10 ol %)
N sobrent 2,H
terp e (352 44)

1-3 | 1-3 (mol %) | Solvent | Additive | Temp (°C) | Time (h) | Yield | ee (%)
1 10 H>O - 25 24 75 11
1 10 DMSO - 25 24 85 31
1 10 DCM - 25 24 90 46
1 10 Acetone | - 25 24 90 10
1 10 DCM - 2 36 90 50
1 10 DCM DNP 2 36 90 40
1 10 DCM PALA 2 36 90 27
1 10 DCM BZA 2 36 90 52
1 10 DCM BZA -10 36 90 15
1 20 DCM BZA 2 36 90 52
2 10 DCM DNP 2 36 90 15
2 10 DCM BZA 2 36 90 13
2 10 DCM PALA 2 36 90 3
2 10 DCM DNP -10 48 90 9
2 10 Acetone | DNP -10 48 90 30
2 10 MeOH DNP -10 72 90 25
3 10 DCM - 2 36 90 40
3 10 DCM DNP 2 36 90 17
3 10 DCM PALA 2 36 90 50
3 10 DCM BZA 2 36 90 52
3 10 DCM BZA -10 48 90 40
3 20 DCM BZA 2 36 90 52

Reaction conditions: 4-Nitrobenzaldehyde (0.25 mmol), acetone (1.25 mmol). Reaction yield was determined
based on aldol products and ee (%) was determined by HPLC (column AS-3). DCM = Dichloromethane;
DNP = 2,4-dinitrophenol; BZA = benzoic acid; PALA = palmitic acid.

2.1.2. Synthesis

(2S,2S)-Di-tert-butyl-2,2-{[pyridine-2,6-diylbis(azanediyl)]bis-(carbonyl) }bis(pyrrolidine-1
carboxylate) (1a)

A mixture of 2,6-diaminopyridine (1.15 mmol, 125 mg) and Boc- L-proline (2.3 mmol, 495 mg) in 10 mL of
DCM was placed in a round-bottomed flask (50 mL) in an ice bath. Dicyclohexylcarbodiimide (DCC) (2.3
mmol, 473 mg) was added to the mixture via a funnel within 30 min. The mixture was kept stirring overnight.

The participated dicyclohexylurea was removed by filtration and DCM (50 mL) was added to the remaining
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Table 2. Enantioselective aldol reactions of acetone with substituted benzaldehydes catalyzed by organocatalysts (1-3).

a OH 0

S, H ] 1-3 (10 mal %2) |
gl —— gl
| + DNP orBZ4 (10 mol ) |
= DM or acetones
10 ar e ea(11-a81 %)
Retention time (min)

1-3 | R Products R S Yield (%) | ee (%)°
1 4-NOy | 4-Hydroxy-4-(4-nitrophenyl)butan-2-one | 24.3 | 31.3 | 91 52
1 4-Cl 4-(4-Chlorophenyl-4-hydroxybutan-2-one | 12.1 | 15.5 | 71 17
1 2-NOgy | 4-Hydroxy-4-(2-nitrophenyl)butan-2-one | 14.1 | 9.8 | 85 37
1 2-Cl1 4-(4-Chlorophenyl-4-hydroxybutan-2-one | 16.5 | 11.8 | 65 11
2 4-NOs | 4-Hydroxy-4-(4-nitrophenyl)butan-2-one | 24.3 | 31.3 | 91 30
2 4-Cl 4-(4-Chlorophenyl-4-hydroxybutan-2-one | 12.1 | 15.5 | 71 17
2 2-NOsy | 4-Hydroxy-4-(2-nitrophenyl)butan-2-one | 14.1 | 9.8 | 85 45
2 2-Cl1 4-(4-Chlorophenyl-4-hydroxybutan-2-one | 16.5 | 11.8 | 65 19
3 4-NOy | 4-Hydroxy-4-(4-nitrophenyl)butan-2-one | 24.3 | 31.3 | 95 52
3 4-Cl 4-(4-Chlorophenyl-4-hydroxybutan-2-one | 12.1 | 15.5 | 70 19
3 2-NO; | 4-Hydroxy-4-(2-nitrophenyl)butan-2-one | 14.1 | 9.8 85 61
3 2-Cl 4-(4-Chlorophenyl-4-hydroxybutan-2-one | 16.5 | 11.8 | 65 40

Reaction conditions catalyzed by 1: Catalyst (0.025 mmol), substrates (0.25 mmol), acetone (1.25 mmol), solvent =
DCM (0.5 mL) and additive = BZA (0.025 mmol) at 2 °C; by 2: catalyst (0.025 mmol), substrates (0.25 mmol), acetone
(1.25 mmol), solvent = acetone (0.5 mL) and additive = DNP (0.025 mmol) at =10 °C; by 3: catalyst (0.025 mmol),
substrates (0.25 mmol), acetone (1.25 mmol), solvent = DCM (0.5 mL) and additive = BZA (0.025 mmol) at 2 °C.

solution. The solution was washed with 5% citric acid (3 x15), NaHCO3 (3 x15 mL), and water and dried on
MgSO,. After evaporating the solvent the remaining residue was purified by column chromatography on silica
using ethyl acetate and methanol (50:1), affording 170 mg of 1a (60%). Mp 79-81 °C (literature [32]: 77-80
°C), [a]H: ~79.0 (c = 1, CH2Cly) (literature [32]: [a]%: —107.5 (c = 0.23, CH2Cly). Chemical analysis
calculated for Co5H37N504: C 59.63; H 7.41; N 13.91; found: C 59.60; H 7.40; N 13.90. 'H NMR (400 MHz,
§ ppm, CDCl3): 9.27 (br, 2H, NH), 8.21 (br, 2H, NH), 7.91 (d, 2H, H-Py, J = 7.6 Hz), 7.69 (br, 1H, H-Py),
4.47-4.29 (m, 2H, CHN), 3.58 (br, 4H, NCH,), 2.43-1.94 (m, 8H, CH,), 1.43 (s, 18, CH;). 3C NMR (100
MHz, § ppm, CDCl3): 171.26, 170.53, 149.29, 140.60, 109.48, 80.96, 62.11, 47.19, 33.96, 30.98, 28.33. IR (KBr
disc em~1): 3343, 2972, 2930, 1688, 1545, 1441, 1154, 1116, 930, 804.

(2S,28)-2,2-[Pyridine-2,6-diylbis(azanediyl)]bis(pyrrolidine-2-carboxamide)(1) 1la
(0.55 mmol, 0.28 g) in DCM (5 mL) in an ice-bath was completely dissolved and then TFA and AcOH (1:1) (631

nL) were added. This solution was stirred overnight at room temperature. The organic solvent was evaporated
under reduced pressure and 1 N NaOH (25 mL) was added to the remaining aqueous solution, following by

extraction with DCM (3 x15 mL), and dried on Na3SO,4. The solvent was removed by evaporation under
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reduced pressure, affording 178 mg of a yellowish solid (98%). Mp 165-167 °C (literature [33]: mp 115-117
and 177.5-177.9 °C). [a]¥®: +10.8 (¢ = 0.25, CH5Cly). Literature [32,33]: ([a]® = -117.5 (¢ =
0.11 in CH,Cly) [32] and ([«]% = +10.0 (¢ = 0.1 in CHCl3) [33]. Chemical analysis calculated for
Ci5Ha1N50o: C 59.39; H 6.98; N 23.09; found: C 59.36; H 6.906; N 23.07. 'H NMR (400 MHz, § ppm,
CDCls): 9.99 (s, 2H, NH), 7.95 (d, 2H, H-Py, J = 7.8), 7.70 (t, 1H, H-Py, J = 7.8 Hz), 3.89-3.86 (m, 2H,
CHN), 3.10-3.05 (m, 4H, CH,N), 2.23-1.77 (m, 10H, CHy CH and NH). ¥ C NMR (100 MHz, § ppm, CDCl3):
174.18, 149.43, 140.56, 109.09, 61.11, 47.36, 30.86, 26.28. IR (KBr disc em—1): 3319, 3208, 2928, 2851, 1688,
1583, 1491, 1446, 1293, 1110,795.

(2S,2S)-Di-tert-butyl 2,2-{[1,3-phenylenebis(methylene)]bis(carbonyl) }bis(pyrrolidine-1 carboxy-
late) (2a)

Boc- L-proline (4.6 mmol, 0.99 g) was dissolved in dry dichloromethane (DCM) (10 mL) and the solution was
cooled down to 0 °C in an ice-salt bath, followed by adding 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI) (4.6 mmol, 0.90 g) and 1-hydroxybenzotriazole monohydrate (HOBt) (4.6 mmol, 0.7 g),
respectively. Then 1,3-benzenedimethanamine (2.3 mmol, 312 mg) in dry DCM (5 mL) was added to the mixture
via a syringe within 15 min at 0 °C. The mixture was kept stirring at rt for 24 h. The mixture was filtered
and the solvent was evaporated under reduced pressure. The remaining residue was dissolved in chloroform (50
mL) and washed with water (2 x20 mL) and saturated sodium bicarbonate (3 x15 mL), respectively, and dried
on NasSOy4. After evaporating the solvent, the residue was crystallized in ethyl acetate (250 mg, 65%). Mp
171-172 °C, [a]2D1: -65.2 (¢ 1, CH5Cly). Chemical analysis calculated for Cogs HyoaN4Og: C 63.37; H 7.98; N
10.56; found: C 63.35; H 7.95; N 10.54. 'H NMR (400 MHz, § ppm, CDCl3): 7.28-7.17 (m, 4H, Ar-H), 6.42
(br, 2H, NH), 4.36 (br, 6H, CH3 Ar and CHN), 3.45 (br, 4H, NCH5), 1.96-1.90 (m, 8H, CH,), 1.44 (s, 18H,
CH3). ¥ C NMR (100, MHz, 6 ppm, CDCl3): 172.44, 138.74, 129.05, 126.70, 80.46, 60.07, 47.14, 43.14, 28.32,
24.97, 24.65. IR (KBr disc cm ~1): 3313, 2976, 2927, 1682, 1552, 1398, 1123, 891.

(2S,2S)-2,2-[1,3-phenylenebis(methylene)]bis(pyrrolidinecarboxamide) (2) 2a

(0.55 mmol, 0.3 ¢) in DCM (5 mL) in an ice bath was completely dissolved and then TFA and AcOH (1:1; 631
nL) were added. This solution was mixed overnight at room temperature. The organic solvent was evaporated
under reduced pressure and 1 N NaOH (25 mL) was added to the remaining aqueous solution, following by
extraction with DCM (3 x15 mL) and drying on NasSO4. The solvent was removed by evaporation under
reduced pressure, affording 170 mg (93%) of a yellowish viscose material. Chemical analysis calculated for
C1sH26N402: C 65.43; H 7.93; N 16.96; found: C 65.45; H 7.95; N 16.94. 'H NMR (400 MHz, § ppm,
CDCl3): 8.11 (s, 2H, NH), 7.28-7.13 (m, 4H, Ar-H), 4.39 (d, 4H, CHy-Ar, J = 6.0 Hz), 3.85-3.82 (m, 2H,
CHN), 3.03-2.97 (m, 4H, NCHs), 2.93-2.87 (m, 2H, NH), 2.21-2.11 and 1.97-1.90 (2m, 4H, CH,), 1.89-1.64
(m, 4H, CHy CH3). 3 C NMR (100 MHz, 6 ppm, CDCl3): 175.01, 139.05, 128.90, 126.63, 126.45, 60.64, 47.19,
42.93 (Ar-CHs), 30.92 (CH, CH), 26.12 (CH2-CHy). IR (KBr disc cm ~1): 3287, 3061, 2927, 2868, 1645, 1514,
1243, 1110, 699.
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2.2. Computational modeling

Molecular dynamic (MD) calculations were carried out to obtain the conformational changes in enamines. MD
simulations were run using the AMBER, (version 9.0) suite of programs [39]. The compounds were designed
with GaussView 3.09 [40] and optimized with Gaussian 03 [41] using the semiempirical AM1 method [42].
AM1-Bece (Austian model with Bond and charge correction) [43,44] atomic partial charges for the catalysts were
determined by the antechamber module of the AMBER package. The general AMBER force field (GAFF) [45]
was used for the MD simulations. Each molecule was minimized with a total of 5000 steps, 2500 of steepest
descent followed by 2500 of conjugate gradient (maxcyc — ncyc), using a nonbonded cutoff of 999 A in vacuum
(igh? =7 0). The system was then heated from 0 to 700 K in 14 steps for a period of 350 ps and further
simulated at 700 K for a period of 50,000 ps (ighb? = ?0). Cluster analysis was performed with 100 intervals
out of 50,000 frames to obtain a conformer with a larger population to represent the lower energy conformer.
Chimera (UCSF) [46] was employed to display 3D structures and to obtain cluster analyses. The conformer
with the lowest energy was used as a template, where the bond between enamine and aldehyde was scanned
by HF/6-31 + G(d) to obtain the transition state without any restraints. The maximum point for each scan
was used for the transition state (TS) search. TS structures were also calculated at BSLYP/6-31 + G(d) for
the aldol reactions of acetone with substituted benzaldehydes catalyzed by catalyst 1 bearing only one enamine
residue at the catalytic site. The single-point energy calculations were carried out for the TS structures derived
from the reactions of acetone with benzaldehyde and 4-nitrobenzaldehyde catalyzed by 1 at B3LYP/6-311 ++
G(d,p) scrf = (solvent=dichloromethane)//B3LYP/6-31 + G(d).

3. Results and discussion
3.1. Synthesis

The structures of the compounds were elucidated by IR, 'H, and '3C NMR spectra. In addition, C, H, and N
analyses were performed for all compounds. Organocatalysts 1 (see Figure S1 for its ' H and '*C NMR spectra)
and 2 were obtained in high yields and purity by the acid-catalyzed hydrolysis of their precursors (1a and 2a).
These precursors were prepared from the straightforward reaction of (\S)- N-Boc-proline with diamino linkers
(2,6-diaminopyridine and 1,3-benzenedimethanamine) in good yields (Scheme). Precursor 1a was synthesized
in 60% yield by reaction of an excess of (5)-Boc-proline with 2,6-diaminopyridine. The synthesis of this
precursor and the corresponding deprotected amine has recently been reported using different coupling agents.
However, different melting points and specific optical rotations were reported for the same compounds [32,33].
Here we employed dicyclohexylcarbodiimide (DCC) as a coupling agent and the compound was obtained
without applying column chromatography. The synthesis of organocatalyst 2 was reported as a patent [34].
Here we used 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) and 1-hydroxybenzotriazole
monohydrate (HOBt) as coupling reagents to prepare precursor 2a with a yield of 65%. The deprotection of 2a
by a 1:1 mixture of DCM/TFA at 25 °C overnight gave corresponding proline-based organocatalyst 2 (Scheme).
Compound 3 [35] was obtained by a previous group [36].

3.2. Catalysis

In order to determine the enantiomeric excesses of the organocatalysts, the reaction of each substituted benzalde-

hyde with acetone was first carried out according to the literature methods in the absence of organocatalysts
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R

1) DCC or EDCI/HOBt NH NH
in DCM

+ (S)-Boc-Proline ——— g O :,_I—o

NH, NH, 2) TFA/DCM =
NH HN
/Ei\
B N/ B \\w
N
© _l:o NH NH \é:o o HN NH —o
i o= l—0 2 o o
H | —
NH HN
1 2 3

Scheme. Catalysts (1-3) prepared from the straightforward reaction of (S)-N -Boc-proline with diamino linkers.

[47]. The optimum column and solvent system was determined for separation of the enantiomers from these
racemic mixtures. Conditions for the separation of racemic mixtures are presented in Table 2. These data show
that racemic mixtures of all reactions are successfully separated under these conditions (see Figure S2 and Figure
S3 for GC chromatograms of enantiomers derived from the aldol reaction of acetone with 4-nitrobenzaldehyde

in the absence and in the presence of organocatalyst 1).

The catalytic effects of organocatalysts on aldol reactions of acetone with substituted benzaldehydes
were investigated by changing various parameters to determine the optimum conditions for the catalyzed
reactions. These parameters are the amount of organocatalysts, reaction time, temperature, solvent, and
additive substance, respectively. The data are summarized in Table 1. It was observed that organocatalysts
1 (10% mol) and 3 (10% mol) catalyzed the corresponding reaction with the highest ee (52%) in DCM with
benzoic acid as additive at 2 °C while catalyst 2 (10% mol) gave the highest ee (30%) in acetone with DNP as
an additive at =10 °C. The reactions of acetone with other substituted aldehydes were thus carried out under

these optimum conditions for each organocatalyst (1-3) as demonstrated in Table 2.

Experimental data show that the aldol reactions of acetone with substituted benzaldehydes catalyzed by
organocatalysts 1-3 favor the formation of 4-hydroxy-4-substituted phenylbutan-2-one with R configuration.
The R enantiomer is formed via the attack of the methine group on the re-face of the carbonyl group of
aldehydes while the attack on the si-face would lead to the formation of the S enantiomer. A model (Figure 1)
is proposed to rationalize the enantiomeric discrimination of aldol reactions of acetone with aldehydes catalyzed
by the organocatalysts (1-3). The reason for better discrimination of 1 and 3 compared to 2 may be the more
flexible structure of 2 due to the methane linkage between the amide function and the phenyl ring.

It is well established that the ring size and the presence of a carboxyl group in proline play an essential role
in asymmetric aldol reactions [48]. Aldol reaction of acetone with p-nitrobenzaldehyde catalyzed by L—proline
proceeds with 68% yield and 76% ee [48]. Here we assumed that NH-amide functions would act in a similar
manner by providing electrophilic assistance to the negatively charged carbonyl group of aldehydes developing
in the transition states through hydrogen bonding. The enantioselectivity obtained by the reaction of acetone

with aldehydes catalyzed by 1-3 is lower compared with that catalyzed by L— proline. However, the selectivity
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re-TS

Figure 1. A proposed transition state structure of aldol reaction of acetone with benzaldehyde. (left) The attack of
methane group on re-face leading to the formation of R enantiomer. (right) The attack of methane group on si-face
leading to the formation of S enantiomer.

is quite comparable for the aldol reaction of cyclohexanone with aldehydes by the same catalyst (1) [32]. It is
believed that the hydrogen bonding involving the proline acid group and the aldehyde is important for the high
enantioselectivity [49,50].

3.3. Computational modeling

The source of the enantiomeric excess was successfully modeled in a previous study [37]. For this kind of
calculation, it is important to start with an accurate structure to determine the structures of transition states.
The source of enantiomeric excess will be reflected in the difference in the energies of transition states for
the reaction of enamine formed between the organocatalysts and acetone with benzaldehydes. These reactions
would proceed through a tetrahedral intermediate, so we assumed that the transition states would resemble these
intermediates. Therefore, the conformational analysis of these compounds will produce a reasonable standpoint
to predict the transition states for these reactions. Molecular dynamic calculations provide insightful information
about conformation changes in a molecule. The conformation changes in the tetrahedral intermediates derived
from the reaction of enamines with benzaldehydes were analyzed by MD calculations. The root mean square
deviation (RMSD) for each intermediate during MD calculations is shown in Figure 2. It shows that all the
structures largely prefer one conformer with a highest population. The conformer for each intermediate is
obtained from the cluster analysis of MD trajectories (Figure 3). The lower energy conformers derived from
the cluster analyses offer a good standpoint for transition state searches. They all involve the hydrogen bond
between the amide functions in the catalysts and the negatively charged hydroxyl group in the aldehydes. The
intermediate in the case of the reaction catalyzed by catalyst 1 also involves a hydrogen bond between the
pyridinium function and hydroxyl group (Figure 3).

The bond between enamine and benzaldehydes in each conformer was scanned and consequently the
structures with the highest energy in the reaction coordinate were selected for the transition state search. All
the scanning produced a smooth curve with a summit, which was further searched for the transition state. The
transition states were identified by having a negative imaginary frequency. The calculations were carried out by
Hartree-Fock method at 6-31 + G(d) for the reactions catalyzed by 1-3(Table 3). The B3LYP/6-31 + G(d)
level of theory was also employed for the aldol reactions of acetone with substituted benzaldehyde catalyzed
by 1 with one enamine residue (Table 4). The calculations were performed at B3LYP/6-311 ++ G(d,p)
scrf= (solvent =dichloromethane)//B3LYP/6-31 + G(d) levels to include the solvent effect for the reaction of
acetone with benzaldehyde and 4-nitrobenzaldehyde (Table 5). All the calculations show that the reactions

342



ARSLAN et al./Turk J Chem

RMSD, A

1 ——2RE
251
0 10000 20000 30000 40000 50000
time, ps

RMSD, A

—3RE
38l

0 10000 20000 30000 40000 50000
time, ps

Figure 2. RMSD changes for the intermediates derived from the reaction of enamine derivatives of catalysts (1-3) with
benzaldehyde during MD calculation for a period of 50 ns in vacuum.

Figure 3. The lower energy conformers (right for the si-face and left for the re-face) for the tetrahedral intermediates of

the reaction of enamine derivatives of catalysts (1-3) with benzaldehyde. From the top to the bottom for the reaction
of 1, 2, and 3, respectively.
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lead to a preferable formation of 4-hydroxy-4-(substituted phenyl)butane-2-one with R absolute configuration
because the transition states leading to R enantiomers have lower energies compared to those leading to S
enantiomers. Transition states leading to both enantiomers for the reaction of acetone with benzaldehyde
catalyzed by 1-3 are represented in Figure 4. The bond-forming distances in the transition states of the
reaction of acetone with benzaldehyde catalyzed by 1-3 leading to 4-hydroxy-4-phenylbutan-2-one are reflected
in Figure 4. The results show that the transition states via the attack on the si-face leading to S enantiomers

are more advanced than those via the attack on the re-face for the reaction catalyzed by 1 and 3.

Table 3. Calculated transition state energies at HF/6-31 + G(d) level for the aldol reaction of benzaldehyde with
acetone catalyzed by 1-3.

Catalyst | E,., Hartree E,;, Hartree AFE%, keal mol~!
1 —1577.93731690 | —1577.93530650 | 1.26
2 —-1639.58782656 | —1639.58757980 | 0.15
3 —-1565.01694783 | —1565.01497439 | 1.23

Table 4. Calculated energies of the transition states obtained at B3LYP/6-31 4+ G(d) for the aldol reactions catalyzed
by organocatalyst 1 with one enamine residue.

Benzaldehydes | E..., Hartree E;, Hartree AE, kcal mol™!
H —1471.22215390 | —1471.21937616 | 1.74
4-Nitro —1675.72596387 | —1675.72250216 | 2.17
2-Nitro —-1675.72400000 | —1675.71802922 | 3.74
4-Chloro —1930.81582189 | 1930.81243831 2.12
2-Chloro —1930.81579944 | -1930.81166636 | 2.59

Table 5. Calculated energies for the aldol reaction of 4-nitrobenzaldehyde with acetone catalyzed by 1.

Methods E,. E; AFE?*, keal mol™!
HF/6-31 + G(d) —~1781.40689070 | —1781.40423631 | 1.67
B3LYP/6-31 + G(d) | —1792.43740590 | —1792.43428507 | 2.85
SCRF* —1792.93896219 | —1792.93604120 | 1.83

*B3LYP/6-311 ++ G(d,p) scrf=(solvent=dichloromethane)//B3LYP/6-31 + G(d).

The theoretical calculations are quite consistent with those obtained from experimental measurements in
terms of enantiomeric selectivity. The better selectivity of 1 and 3 compared to 2 as observed by experimental
measurements is reflected in theoretical calculations (Table 3). The energy difference calculated at HF /6-31 +
G(d) for the TS of the structures leading to each enantiomer for the aldol reaction of acetone with benzaldehyde
catalyzed by 1-3 is 1.26, 0.15, and 1.23 kcal mol ~!, respectively. The energy difference obtained from the higher
level of calculations at BBLYP/6-31 + G(d) for the aldol reaction of acetone with substituted benzaldehydes
(Table 4) is also consistent with the experimentally observed enantiomeric excesses (Table 2). Moreover, the
energy differences calculated for the TS for both HF and DFT, leading to two enantiomers for the reaction of
acetone with 4-nitrobenzaldehyde, are clearly comparable with the experimental ee % values (Table 5). This
obviously demonstrates the convenience of the theoretical methods applied in this study to underline the action

of catalysts in these reactions.
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1-Re-Face 1-Si-Face
2-Re-Face 2-Si-Face

3-Re-Face 3-Si-Face

Figure 4. The transition states calculated at HF /6-31 + G(d) for the aldol reaction of acetone with benzaldehyde leading
to the formation of the enantiomers of 4-hydroxy-4-phenylbutan-2-one catalyzed by organocatalysts 1-3. Discovery
Studio Visualizer 4.1 was used to display the structures [51].

Theoretical calculations may explain the source of the experimental enantioselectivity obtained for the
catalysts. The cause of enantiomeric excess exposed by 1 appears to be due to the unfavorable interaction of
the methyl group of acetone in enamine with the phenyl group of benzaldehyde (Figure 5). On the other hand,
the source of enantioselectivity by 3 is different than that of 1. Namely, different favorable and unfavorable
interactions are involved in the catalysis by 3 (Figure 6). It is evident that there is an unfavorable interaction
between the methyl group of the acetone residue in enamine with the proline ring in the other arm of the

catalyst. The lower selectivity by 2 may be ascribed to the lack of specific differences in the steric or attractive
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unfavourable

Figure 5. Superimposed transition states (light brown: re-face and light blue: si-face) calculated at HF /6-31 + G(d) for
the aldol reaction of acetone with benzaldehyde leading to the formation of the enantiomers of 4-hydroxy-4-phenylbutan-
2-one catalyzed by organocatalyst 1.

interactions between the transition states leading to two enantiomers, probably because of the flexibility of the
catalyst (Figure 7). This may be represented by the superimposed structures of two transition states produced
from the attack of enamine at the re- and si-face of benzaldehyde (Figure 7). It demonstrates that there is no
clear-cut difference between two intermediates in terms of favorable or unfavorable interactions.

In general, the lower selectivity of the organocatalysts (1-3) was ascribed to the lack of their specific
favorable or unfavorable interactions in the transition states leading to products. Calculations at the HF /6-31
+ G(d) level demonstrated that organocatalyst 1 has much better enantiomeric selectivity for the Mannich
reaction of ethyl glyoxylate INV-phenyl imine and formaldehyde catalyzed by 1 compared to that of the aldol
reaction of acetone with benzaldehydes. The reaction prefers attacking at the si-face of the substrate with
an energy difference of 3.78 kcal mol ~!. This is associated with the specific interaction involving well-defined
hydrogen bonds and 7 /CH interaction between the phenyl group in the substrate and proline ring CH in the
catalyst in the preferred transition state (Figure 8). All the structures of the transition states for the reactions

are given in the Supplementary information in SYBYL format.

4. Conclusion

Three L—proline-based organocatalysts were synthesized by the modification of available methods in the
literature and their asymmetric induction effects on aldol reactions of acetone with substituted benzaldehyde
were investigated. These organocatalysts were found to catalyze the corresponding reactions with up to 61%
enantiomer excess. The details of reactions leading to the enantiomeric excesses were revealed by theoretical

calculations. Although the enantiomeric discrimination is not large enough to compare with similar systems,
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unfavourable

Figure 6. Superimposed transition states (light brown: re-face and light blue: si-face) calculated at HF/6-31 + G(d) for
the aldol reaction of acetone with benzaldehyde leading to the formation of the enantiomers of 4-hydroxy-4-phenylbutan-
2-one catalyzed by organocatalyst 3.

Figure 7. Superimposed transition states (light brown: re-face and light blue: si-face) calculated at HF /6-31 + G(d) for
the aldol reaction of acetone with benzaldehyde leading to the formation of the enantiomers of 4-hydroxy-4-phenylbutan-
2-one catalyzed by organocatalyst 2.
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favourable unfavourable

Figure 8. Superimposed transition states [light brown: re-face (—1458.79730136 Hatree) and light blue: si-face (—
1458.80268121 Hartree)] calculated at HF/6-31 + G(d) for the Mannich reaction of ethyl glyoxylate N -phenyl imine
and formaldehyde catalyzed by 1.

the data are valuable to the field in the design of new organocatalysts. Furthermore, they may be tested in the

aldol reactions of different ketones other than acetone with aldehydes.
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Figure S2. The reference GC chromatogram for the aldol reaction of acetone with 4-
nitrobenzaldehyde. The retention times and intensities for R- and S-enantiomers are 24.3

and 31.3 min and 49 and 51, respectively.
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Figure S3. The GC chromatogram for the aldol reaction of acetone with 4-
nitrobenzaldehyde catalyzed by 1 in the absence of additive. The retention times and

intensities for R- and S-enantiomers are 24.1 and 32.0 min and 75 and 25, respectively.



Atomic coordinates for the TS structures in SYBYL format obtained by HF/6-31 +

G(d)

@<TRIPOS>MOLECULE
Re-face catalyzed by 1
7274

SMALL

NO_CHARGES

@<TRIPOS>ATOM

1C1 -0.9948 4.3938 0.9298 C
2C2 -0.2404 3.2500 0.7215C
3C3 0.1923 29220 -0.5592C
4C4 -0.1511 3.7433 -1.6271C
5C5 09106 4.8857 -1.4208C
6C6 -1.3303 5.2143 —0.1400C
7C7 09978 1.6756 —0.7926 C
808 09302 0.7269 0.0576 O
9H9 1.0266 1.4030 -1.8455H

10 H10 -1.3225 4.6460 1.9226 H
11 H11 0.0096 2.6044 1.5429H
12H12 0.1712 3.4941 -2.6245H
13 HI3 -1.1724 5.5141 -2.2529H
14C14 -0.9969 -2.5644 -0.3670C

15C15 -0.9557 -3.9220 -0.6383C



16 Cl16

17 C17

18 C18

19 H19

20 H20

21 H21

22 N22

23 N23

24 H24

25 N25

26 H26

27 C27

28 C28

29 029

30 N30

31C31

32 H32

33C33

34 C34

35 H35

36 H36

37 H37

38 H38

39 H39

40 H40

41 C41

0.2900

1.4816

1.3861

—-1.8591

0.3376

2.4347

0.1643

2.4074

2.1068

-2.1157

—2.0092

3.7510

4.6561

4.2264

4.0121

5.1457

5.4886

4.0246

5.2079

4.4292

6.0906

3.0893

4.1513

5.1425

6.1321

-3.4321

—4.5204

-3.8264

—2.4794

—4.4724

-5.5740

—4.3035

-1.9013

-1.5918

—0.6410

-1.7910

—0.8541

—1.8285

—0.6633

—2.8697

0.6594

—0.8784

—0.6730

1.2319

0.5298

—1.4784

—-1.4025

1.0158

2.3012

0.5347

1.0225

—2.1861

—0.7184 C

—0.5382 C

-0.2738 C

—0.7769 H

—0.9248 H

—0.6020 H

—0.2075 N

—0.0471 N

0.1295 H

—0.2337 N

0.1039 H

—0.1756 C

0.2190 C

-0.5101 O

0.2405 N

1.6712 C

—0.4697 H

1.6038 C

2.2562 C

22223 H

1.6859 H

2.1050 H

1.5519 H

3.3367H

1.9728 H

—0.4366 C



42 C42

43 043

44 N44

45 C45

46 H46

47 C47

48 C48

49 H49

50 H50

51 H51

52 H52

53 H53

54 H54

55 C55

56 C56

57 H57

58 H58

59 C59

60 H60

61 H61

62 H62

63 H63

64 H64

65 C65

66 C66

67 H67

—4.4586
-3.7357
—4.0046
—4.7574
~5.3496
42722
~5.1887
~3.8560
~5.5029
~3.3508
—4.7414
~5.0980
~6.2240
3.6261
2.8169
2.8265
2.7668
3.9551
3.5431
3.5647
5.0307
0.1626
~1.9152
-3.8926
~3.4003

-3.3513

-1.0792

—3.2851

0.0088

—0.4064

-1.5707

1.3177

0.9996

—0.3591

—0.9554

1.7917

1.9726

1.7169

0.9920

1.3291

2.4743

3.1086

3.0068

0.7630

—0.2298

1.4036

0.6951

—0.8878

6.1014

—0.1087

0.8749

0.7700

-0.2410C

—0.7805 O

0.6026 N

-1.5967 C

0.1314 H

—0.0094 C

—1.1888 C

—2.2020 H

—2.1555H

—0.3354 H

0.7127H

-1.9953 H

—0.8631 H

—0.8340 C

—0.7557C

-1.6243 H

0.1739 H

-2.1913 C

-2.3313 H

—2.9677TH

-2.3162 H

—0.0780 H

0.0240 H

1.9983 C

2.7485 C

3.8154 H



68 H68 —3.0548 1.8029 2.3328 H
69 C69 —4.3599 -1.4020 2.6234C
70 H70 -3.8355 -2.2684 2.2323 H
71 H71 —4.1907 -1.3742 3.6907H
72 H72 -5.4204 -1.5595 2.4556H
@<TRIPOS>BOND

1122

216Ar

31101

423 Ar

52111

634 Ar

7371

845 Ar

94121

1056 Ar

115131

12664 1

13782

14791

1514152

16 14 22 Ar

17 14 25 Ar

1815162

1915191

2016 17 Ar



2116201

2217182

2317211

24 18 22 Ar

251823 Ar

2622631

2723241

282327 Ar

2925261

3025411

3127281

3227292

3328301

3428311

3528321

3630331

3730 55 Ar

3831341

3931351

4031361

4133341

4233371

4333381

4434391

4534401

4641421



4741432

4842 44 1

4942451

5042461

5144471

5244651

5345481

5445491

5545501

5647481

5747511

5847521

5948531

6048 54 1

61 5556 Ar

6255591

6356571

64 56 58 1

6559601

665961 1

6759621

68 65 66 2

69 6569 1

70 66 67 1

7166 68 1

726970 1



7369711

746972 1

@<TRIPOS>MOLECULE
Si-face catalyzed by 1

72 74

SMALL

NO_CHARGES

@<TRIPOS>ATOM

1C1 -1.1596 -2.1653 -0.8134C
2C2 -1.1816 -3.3346 -1.5568C
3H3 -2.1103 -3.7872 -1.8235H
4C4 0.0360 -3.8769 -1.9297C
SHS 0.0352 —4.7836 -2.5066 H
6C6 1.2600 -3.3074 -1.5929C
7H7 2.1909 -3.7379 -1.8898 H
8C8 1.2266 -2.1497 -0.8505C
9N9 0.0310 -1.6242 -0.4952N

10 H10 0.0663 —0.7464 0.0243 H
ITN11 22392 -1.4669 -0.3524 N
12H12 -2.0752 -0.6660 0.2259 H
13C13 -3.5795 -1.7678 —0.5555C
14014 -3.9475 27217 -1.1663 O

15C15 —4.5486 -0.7417 0.0157C



16 H16

17 C17

18 H18

19 H19

20 C20

21 H21

22 H22

23 C23

24 H24

25 H25

26 N26

27 C27

28 C28

29 H29

30 H30

31 H31

32 C32

33 H33

34 H34

35 N35

36 H36

37 C37

38 038

39 C39

40 H40

41 C41

-5.4196

—4.9396

—4.0943

—5.7533

-5.2754

-5.2256

—6.2771

—4.2463

—3.3352

—4.6185

-3.9896

-3.7660

—4.2306

-3.9707

=3.7770

-5.3071

-3.1739

—2.8284

-3.0390

2.2879

2.0325

3.6170

4.0460

4.5846

5.2054

5.4193

—1.3044

0.2609

0.4467

—0.1151

1.5237

2.4210

1.4522

1.5133

2.0311

1.9777

0.0875

—0.3820

—1.7835

—2.0323

—2.5301

—-1.8735

0.3695

1.3677

—0.0039

-1.4134

—-0.6000

-1.6307

-2.5140

—0.6521

—0.2453

—-1.3817

0.3298 H

—-1.0905 C

-1.7476 H

-1.6954 H

-0.3023 C

—0.9069 H

0.1093 H

0.8256 C

0.5365 H

1.7289 H

1.0656 N

23703 C

2.6888 C

3.7082 H

2.0443 H

2.5851 H

3.2963 C

3.1001 H

42931 H

—0.3880 N

0.1559 H

—0.6282 C

-1.3055 0

0.0562 C

—0.7269 H

1.1177 C

11



42 H42
43 H43
44 C44
45 H45
46 H46
47 C47
48 H48
49 H49
50 N50
51 C51
52 C52
53 H53
54 H54
55 H55
56 C56
57 H57
58 H58
59 C59
60 H60
61 061
62 C62
63 C63
64 H64
65 C65
66 H66

67 C67

5.6759

6.3387

4.5270

3.7683

5.0793

3.8842

2.8657

4.4606

3.9275

3.5573

3.8258

3.4764

3.3409

4.8948

2.8227

2.8358

29114

0.9417

0.6697

0.8960

0.4402

0.2715

0.5280

—0.2256

—0.3475

—0.5672

—2.3853
—0.8293
—-1.3149
—2.0897
—-1.4416
0.0706
0.0886
0.8099
0.4097
1.5863
1.9110
1.1306
2.8350
2.0287
2.4951
3.5124
2.4032
1.8951
2.3178
0.6235
2.7443
2.2185
1.1930
3.0064
2.5891

4.3297

0.8108 H

1.2773 H

2.3574 C

23230 H

32792 H

2.2720 C

2.6283 H

2.8148 H

0.8281 N

0.3586 C

—1.0860 C

-1.7515 H

-1.3582 H

—1.2380 H

1.1449 C

0.7974 H

2.2120H

0.8926 C

1.8536 H

0.7955 O

—0.2463 C

—-1.5222C

-1.7142 H

—2.5508 C

-3.5346 H

-2.3118C

12



68 H68 —0.9531 4.9404 -3.1079H
69 C69 04124 4.8604 -1.0381C
70 H70 -0.6827 5.8826 —0.8433 H
71 C71 0.0863 4.0707 -0.0143C
72H72  0.1979 4.4900 0.9715H
@<TRIPOS>BOND

1122

219 Ar

3111Ar

4231

5242

6451

746 Ar

8671

9682

1089 Ar

11835 Ar

129101

1311121

1411131

1513142

1613151

1715161

1815171

1915261

2017181

13



2117191

2217201

2320211

2420221

2520231

2623241

2723251

2823261

2926271

3027281

3127322

3228291

3328301

3428311

3532331

3632341

3735361

383537 Ar

3937382

4037391

4139401

4239411

4339501

444142 1

4541431

464144 1

14



47 44 45 1

48 44 46 1

49 44 47 1

5047481

5147491

5247501

5350512

5451521

555156 Ar

5652531

5752541

5852551

5956571

60 56 58 1

6159601

6259612

6359621

64 62 63 Ar

656271 Ar

66 63 64 1

67 63 65 Ar

68 65 66 1

69 65 67 Ar

70 67 68 1

71 67 69 Ar

726970 1

15



7369712

7471721

@<TRIPOS>MOLECULE

Re-face catalyzed by 2

78 80

SMALL

NO_CHARGES

@<TRIPOS>ATOM

1Cl1 -02153 3.5767 -0.1521C

2C2 0.6848 2.8293 —0.9125C

3C3 20537 29233 -0.7147C

4C4 25369 3.7984 0.2586C

5C5 1.6553 4.5461 1.0179C

6C6 02834 44323 0.8181C

7H7 3.5975 3.8879 0.4138H

8H8 2.0312 52220 1.7659H

9H9 -0.3933 5.0173 1.4164H

10N10 3.4894 0.9057 —0.8226 N
11HI1 2.8506 0.1224 -0.7655H
12N12 -2.1596 2.0954 —0.2576 N
13HI3 -1.5415 14325 0.1517H
14Cl14 -3.4298 1.7356 —0.5367C

16



15 C15

16 O16

17 N17

18 C18

19 H19

20 C20

21 C21

22 H22

23 H23

24 H24

25 H25

26 H26

27 H27

28 C28

29 C29

30 030

31 N31

32 C32

33 H33

34 C34

35 C35

36 H36

37 H37

38 H38

39 H39

40 H40

-3.7335
—4.2467
~5.0537
-3.7551
~2.9846
~5.9727
~5.2237
-3.0782
~3.4542
~6.9146
6.1835
~5.4356
~5.4997
4.6567
5.0865
5.4321
4.0642
6.2281
5.3997
4.3032
5.4929
6.8801
6.8183
3.4179
4.5454

5.1457

0.2406

2.5193

—0.0030

—0.4439

-0.2169

—0.5353

—0.3521

0.0186

—-1.4792

—0.0013

—1.5882

0.6267

-1.1012

0.9009

-0.3810

1.8299

—-1.4329

—1.0805

—0.0679

-2.5131

—2.0136

—0.3685

—1.6547

-2.6690

-3.4221

—-1.4660

—0.3798 C
—0.9457 0
0.1438 N
-1.7588 C
0.2585H
—0.8549 C
-2.1736 C
-2.4674 H
—1.6387 H
—0.8530 H
—0.6720 H
—2.5847TH
-2.9077TH
—0.1840 C
0.5460 C
—0.1436 O
0.6393 N
-0.2026 C
1.5300 H
—0.3463 C
-1.1642 C
—0.6877 H
0.5051 H
—0.9378 H
0.1945 H

-2.0329 H

17



41 H41
42 H42
43 C43
44 H44
45 H45
46 C46
47 H47
48 H48
49 C49
50 C50
51 H51
52 H52
53 C53
54 H54
55 H55
56 H56
57 C57
58 C58
59 H59
60 H60
61 C61
62 H62
63 H63
64 H64
65 C65

66 066

6.1107

0.3078

—1.7047

—2.2429

—-1.9499

3.0090

2.5095

3.8661

-5.3478

—4.4759

—4.7842

-3.4695

—6.7628

—7.4729

—7.0172

—6.8834

3.0990

2.0542

2.2754

1.5206

3.0021

2.1048

3.8555

2.9804

0.8650

1.4976

—2.8324

2.1595

3.4687

4.1065

3.8100

2.0792

1.7296

2.6645

0.1389

0.5640

0.6560

0.8590

—-0.2057

0.4556

—1.2242

—0.1035

—1.4654

—2.4256

-3.3509

—2.5671

-0.3602

—0.4764

—0.3927

0.6140

—-1.5608

-1.1309

-1.5126 H
-1.6668 H
-0.3971 C
0.2939 H
-1.3956 H
-1.5367 C
—2.4307H
-1.8348 H
1.4806 C
2.4046 C
34284 H
2.1782 H
1.8790 C
1.3934 H
1.6041 H
29487 H
1.5193 C
1.4505 C
0.9498 H
23758 H
2.5377C
3.1273 H
3.2076 H
2.0646 H
0.2634 C

-0.7514 O

18



67 C67 —0.1628 -2.6589 0.0574C
68 C68 —1.1191 -2.9421 1.0267C
69 C69 -0.1779 -3.3757 -1.1332C
70 C70 -2.0652 -3.9355 0.8211C
71 H71 -1.1344 23811 1.9467H
72 C72 -1.1201 -4.3732 -1.3404C
73 H73 0.5402 -3.1300 -1.8928 H
74 C74 -2.0645 —-4.6587 —0.3636C
75 H75 -2.8020 —4.1384 1.5783 H
76 H76 —-1.1234 —-4.9215 -2.2663 H
77HTT -2.7967 -5.4297 -0.5267H
78 H78 0.4801 -0.8165 0.9685 H

@<TRIPOS>BOND

112Ar

216 Ar

31431

423 Ar

52421

634 Ar

73461

8452

9471

1056 Ar

11581

12691

1310111



14 10 28 Ar
1510461
1612131
1712 14 Ar
1812431
1914151
2014162
2115171
2215181
2315191
2417201
251749 Ar
2618211
2718221
2818231
2920211
302024 1
3120251
3221261
3321271
3428291
3528302
3629311
3729321
3829331

3931341

20



4031572

4132351

4232361

4332371

4434351

4534381

4634391

4735401

4835411

4943 44 1

5043451

5146471

5246481

5349502

5449531

5550511

5650521

5753541

5853551

5953561

60 57 58 Ar

6157611

6258591

6358601

6461621

6561631

21



66 61 64 1
67 65 66 2
68 65671
6965781
70 67 68 Ar
71 67 69 Ar
72 68 70 Ar
7368711
74 69 72 Ar
7569731
76 70 74 Ar
7770751
78 72 74 Ar
7972761

8074771

@<TRIPOS>MOLECULE
Si-face catalyzed by 2

78 80

SMALL

NO_CHARGES

@<TRIPOS>ATOM
1C1 -0.2078 -2.8792 -1.9946 C

2C2 0.8015 -1.9263 -2.0321C

22



3C3

4 C4

5C5

6 C6

7H7

8 H8

9 H9

10 N10

11 H11

12 N12

13 H13

14 C14

15 C15

16 O16

17 N17

18 C18

19 H19

20 C20

21 C21

22 H22

23 H23

24 H24

25 H25

26 H26

27 H27

28 C28

2.1390 -2.2757
24761 -3.6220
1.4818 —4.5891
0.1446 —4.2201
3.5091 -3.9158
1.7470 -5.6301
—0.6202 —4.9768
3.1122 -0.5318
2.1966 —0.2875
-1.9410 -1.5769
-1.2329 -0.9389
-3.1696 —-1.5083
-3.2769 —-0.5954
—4.1092 -2.1566
—4.5687  0.0523
-3.1378 -1.4683
—2.4890 0.1472
-5.3660 —0.5996
—4.3130 -1.0557
-3.2217 -2.5169
-2.1736 —1.3268
-5.9288 -1.4411
—6.0670  0.1054
—4.6553 -1.8662
—4.0359 -0.2226

-1.9229 C

—-1.8409 C

—1.8489 C

-1.9092 C

—-1.7666 H

-1.7910 H

-1.8841 H

—0.5300 N

—0.1888 H

—0.8687 N

—0.5599 H

—0.3246 C

0.8999 C

—0.7128 O

1.0496 N

2.1768 C

0.8571 H

2.0669 C

3.0691 C

19175 H

2.6509 H

1.6651 H

2.4966 H

3.7032 H

3.7081 H

4.1894 0.0446 0.0040 C

23



29 C29

30 030

31 N31

32 C32

33 H33

34 C34

35C35

36 H36

37 H37

38 H38

39 H39

40 H40

41 H41

42 H42

43 C43

44 H44

45 H45

46 C46

47 H47

48 H48

49 C49

50 C50

51 H51

52 H52

53C53

54 H54

4.0758

5.2827

2.8047

5.0704

4.2838

2.8628

4.2949

6.0043

5.2668

2.1137

2.6659

4.3358

4.6718

0.5390

—-1.6528

—1.8688

—2.3189

3.1847

4.1789

3.0432

-5.1593

—6.4770

—6.8679

-7.1921

—4.2050

—4.7512

0.6767

0.0621

0.4897

—0.0101

1.7296

—0.7327

—-1.2496

—-0.2290

0.6419

—1.4397

—0.4772

-2.0150

-1.6812

—0.8858

—2.4317

-1.9014

-3.2795

—1.1871

—-1.5913

—0.4578

0.8137

0.9859

1.6461

0.4790

1.5266

2.1915

1.4011 C

-0.5104 O

2.1260 N

2.3448 C

1.2941 H

2.9590 C

2.7899 C

1.8511 H

3.1908 H

2.6290 H

3.9910 H

2.0238 H

3.7090 H

—2.0949 H

-2.0102 C

-2.9342 H

-1.9663 H

-1.8325C

-1.9443 H

—2.6246 H

0.0501 C

—0.0673 C

-0.8182 H

0.5516 H

—0.8776 C

-1.5333 H

24



55 H55
56 H56
57 C57
58 C58
59 H59
60 H60
61 C61
62 H62
63 H63
64 H64
65 C65
66 066
67 C67
68 C68
69 C69
70 C70
71 H71
72 C72
73 H73
74 C74
75 H75
76 H76
7T HTT

78 H78

-3.4849 2.1154

-3.6519 0.8331

1.8585

1.6880

1.2485

2.4952

0.8021

0.0861

0.2781

1.2450

0.2597

0.4352

0.2917

0.9475

—0.3604

0.9615

1.4391

-0.3519

—0.8870

0.3127

1.4726

—0.8669

0.3197

—0.5382

1.3923

2.4749

3.3546

2.6966

1.1829

1.9899

0.2506

1.1456

1.7953

0.5660

2.8164

2.5430

4.0358

3.4766

1.5969

4.9714

4.2564

4.6943

3.2530

5.9077

5.4160

2.0386

@<TRIPOS>BOND

112 Ar

-0.3177H

-1.5014 H

2.2376 C

1.3399 C

1.7805 H

0.6650 H

3.2890 C

32672 H

3.1129 H

42781 H

0.2443 C

—0.0240 O

-0.8730 C

-2.0674 C

—0.7284 C

-3.0926 C

—2.1899 H

-1.7526 C

0.1855H

-2.9383 C

—4.0124 H

-1.6282 H

-3.7357TH

0.9490 H



216 Ar

31431

423 Ar

52421

634 Ar

73461

845 Ar

9471

1056 Ar

11581

12691

1310111

14 10 28 Ar

1510461

1612131

1712 14 Ar

1812431

1914151

2014162

2115171

2215181

2315191

2417201

2517491

2618211

2718221

26



2818231

2920211

3020241

3120251

3221261

3321271

3428291

3528302

3629311

3729321

3829331

3931341

4031572

4132351

4232361

4332371

4434351

4534381

4634391

4735401

4835411

4943 44 1

5043451

5146471

5246481

5349502

27



5449531

5550511

5650521

5753541

5853551

5953561

60 57 58 Ar

6157611

6258591

63 5860 1

6461621

6561631

66 6164 1

67 65 66 2

68 65671

69 6578 1

70 67 68 Ar

71 67 69 Ar

72 68 70 Ar

7368711

74 69 72 Ar

7569731

76 70 74 Ar

7770751

78 72 74 Ar

797276 1

28



8074771

@<TRIPOS>MOLECULE
Re-face catalyzed by 3

78 80

SMALL

NO_CHARGES

@<TRIPOS>ATOM

1C1 -1.2171 -2.2823
2C2 0.2188 -2.4528
3C3 04373 -3.8374
4C4 -0.5716 —4.1026
5C5 -2.0031 -3.9601
6Co6 -2.2232 -2.5810
7H7 14535 -3.8921
8H8 03582 -1.7184

9H9 -1.3816 -2.9732

—0.8733 C

-1.3952C

-2.0150C

-3.1341 C

-2.6165C

-1.9943 C

-2.3970 H

—2.1844 H

—0.0541 H

10 H10 —-0.4120 -3.4046 -3.9555H

11 H11 -0.4097 -5.0988 -3.5370H

12H12 -2.7156 —-4.1161 -3.4220H

13 HI3 -2.1985 -4.7323 -1.8744 H

14 H14 -2.1182 -1.8165 -2.7634H

15 H15 -3.2258 -2.4955 -1.5948 H

29



16 H16

17 N17

18 H18

19 N19

20 H20

21 C21

22 C22

23023

24 N24

25 C25

26 H26

27 C27

28 C28

29 H29

30 H30

31 H31

32 H32

33 H33

34 H34

35C35

36 C36

37 037

38 N38

39 C39

40 H40

41 C41

0.3464
1.2251
1.3799
-1.3913
-0.7103
—2.4262
—2.4526
-3.2763
—-3.7609
—2.1813
-1.7197
—4.5561
-3.5613
—-1.4511
-1.7978
—-5.3428
-5.0237
-3.7350
-3.6527
1.7247
2.7722
1.4797
2.9277
2.3734
3.7047

2.1617

—4.6006

—2.0862

—-1.0935

—0.9265

-0.2323

—0.5715

0.9020

—1.3468

1.5117

1.0261

1.4559

1.3258

0.8412

0.3092

2.0224

0.5951

2.2688

-0.2031

1.3994

—2.8575

—2.2154

—4.0240

—0.7582

—2.3769

-2.7170

—0.0452

-1.2549 H

—0.3972 N

—0.3410H

—0.3643 N

—0.5991 H

0.4174 C

0.8494 C

0.7859 O

0.7306 N

2.3558 C

0.2794 H

1.9334 C

2.9998 C

27127 H

2.5517H

1.7759 H

2.2026 H

3.2197H

39252 H

0.5699 C

1.5064 C

0.7597 O

1.3736 N

2.9746 C

1.2931 H

24233 C

30



42 C42

43 H43

44 H44

45 H45

46 H46

47 H47

48 H48

49 C49

50 C50

51 H51

52 H52

53C53

54 H54

55 H55

56 H56

57 C57

58 C58

59 H59

60 H60

61 C61

62 H62

63 H63

64 H64

65 C65

66 066

67 C67

1.4776

1.8873

3.2625

1.4693

2.8628

0.4854

1.3743

3.6995

3.6571

4.5280

3.3053

4.5534

5.3235

3.9684

5.0381

—4.3638

-5.6760

—6.0765

—6.3732

-3.4411

—2.6782

—2.9384

—4.0062

2.2243

1.2183

2.1233

—-1.1625
-3.3243
—2.3222
0.6427
0.5055
—-1.3506
—0.9071
—0.1460
1.2602
1.6775
1.8503
—0.9676
—1.4833
—-1.7085
—0.3267
1.8359
2.0542
2.3609
1.9444
2.0081
2.7534
1.0819
2.3299
1.4335
0.7679

2.9425

3.2121C

3.1505 H

3.5959 H

1.9689 H

3.0411 H

28178 H

4.2596 H

0.5123 C

0.3342C

-0.1432 H

1.1605 H

—0.4184 C

0.1473 H

—0.9478 H

—1.1400 H

-0.4718 C

—0.6021 C

—1.5498 H

0.2055 H

-1.6552C

-14512H

-19115H

-2.5195H

—0.9306 C

—0.5293 O

-0.9976 C
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68 C68 1.1488 3.6135
69 C69 2.9803 3.6754
70 C70  1.0427 4.9943
71H71 04711 3.0457
72C72 28762 5.0567
73H73  3.7294 3.1669
74C74 19073 5.7207
75H75 0.2818 5.5028
76 H76  3.5426 5.6104
77H77 18212 6.7911
78 H78 2.7634 1.0510
@<TRIPOS>BOND
1121

2161

3191

41191

5231

6281

72171

8341

9371

103161

11451

124101

134111

14561

—0.2686 C
-1.8104 C
-0.3412C
0.3407 H
-1.8873 C
—2.3948 H
—-1.1490 C
0.2244 H
—2.5249 H
-1.2088 H

—-1.8001 H
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155121

165131

17614 1

186151

1917181

2017 35 Ar

2119201

221921 Ar

2321221

2421232

2522241

2622251

2722261

2824271

2924571

3025281

3125291

3225301

3327281

3427311

3527321

3628331

3728341

3835361

3935372

4036381
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4136391

4236401

4338411

4438492

4539421

4639431

4739441

4841421

4941451

5041461

5142471

5242481

5349 50 Ar

5449531

5550511

5650521

5753541

5853551

5953561

6057582

6157611

6258591

63 5860 1

6461621

6561631

66 6164 1
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67 65 66 2
68 6567 1
69 6578 1
70 67 68 Ar
71 67 69 Ar
72 68 70 Ar
7368711
74 69 72 Ar
756973 1
76 70 74 Ar
7770751
78 72 74 Ar
797276 1

8074771

@<TRIPOS>MOLECULE
Si-face catalyzed by 3

78 80

SMALL

NO CHARGES

@<TRIPOS>ATOM
1Cl1 -1.5246 1.4585 1.5009 C
2C2 -0.0915 1.7048 2.0018 C

3C3 -0.0223 29136 2.9418C
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4C4 -0.9832

5C5 24113

6 C6 -2.4707

7H7 1.0001

8H8 0.2024

9H9 -1.8465

10 HI0 -0.6656
11 H11 -0.9419
12 H12 -3.0769
13 H13 -2.7750
14 H14 -2.1900
15 H15 -3.4778
16 H16 —0.2631
17N17 0.8976
I8 H18 1.2893
19N19 -1.5440
20 H20 —0.7188
21 C21 -2.5881
22 C22 24304
23023 -3.5937
24 N24 -3.5271
25C25 -2.5293
26 H26 —1.4879
27C27 —4.6369
28 C28 —4.0355
29 H29 -2.0733

2.7547 4.1221C

2.5073 3.6352C

1.2992  2.6992 C

3.0173

0.8278

2.3076

1.9209

3.6437

2.3497

3.3908

0.3999

1.1485

3.8148

1.7693

0.8755

0.2741

—0.2894

—0.0424

—1.3249

0.6256

—2.2577

-1.0127

-1.7977

—1.9445

—1.0449

—0.0645

32951 H

25715 H

0.9097 H

4.7476 H

4.7462 H

44797 H

3.1133 H

32465 H

2.3330H

23925 H

0.9267 N

0.6867 H

0.6495 N

0.5882 H

-0.1321C

—0.9632 C

—0.2081 O

—0.7841 N

—2.4627C

—0.7246 H

-1.6695 C

-2.7627 C

-2.7256 H
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30 H30

31 H31

32 H32

33 H33

34 H34

35 C35

36 C36

37037

38 N38

39 C39

40 H40

41 C41

42 C42

43 H43

44 Ha4

45 H45

46 H46

47 H47

48 H48

49 C49

50 C50

51 H51

52 H52

53C53

54 H54

55 H55

-2.0159

—5.4324

—-5.0432

—4.4538

—4.2356

0.9867

2.0441

0.3522

1.5931

2.1967

29715

0.5878

1.0309

2.1709

3.1503

—0.3847

0.5518

0.2150

1.3412

2.1710

3.1466

3.8168

3.6497

1.6961

0.6254

1.9325

~1.7990
~1.4284
~2.8685
~0.0506
~1.4284
2.7370
2.4924
3.7632
1.4682
3.7151
2.1914
2.1173
3.5939
4.6380
3.6451
2.0184
1.6449
4.2440
3.8537
0.3136
~0.3002
~0.9446
0.3072
—0.4823
—0.6408

0.0349

-3.0074 H

-1.1417H

—2.0694 H

—2.6961 H

-3.7574 H

0.0117C

-1.0943 C

0.0098 O

—2.0543 N

-1.9979 C

-0.6371 H

-2.9203 C

-2.9957C

-1.4391 H

-2.5114 H

—2.4563 H

-3.8866 H

-2.7166 H

—4.0009 H

-2.2933C

—1.4676 C

—2.0115H

—0.7374 H

-3.4851C

-3.4475 H

—4.4091 H
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56 H56 2.1852 —1.4441

57C57 -3.7321 -2.9980
58 C58 —4.9236 —3.4833
59 HS9 -5.0072 —4.1113
60 H60 —5.8271 —3.2850
61 C61 -2.4998 -3.3139
62 H62 -2.7561 -3.9793
63 H63 —-1.7444 —-3.7983
64 H64 —-2.0561 -2.4216
65 C65 2.1435 —1.5458

66 066 1.2219 -0.9238
67 C67 3.2862 —2.1253

68 C68 4.0949 -3.1246

69 C69 3.5158 -1.6924

70 C70 5.1264 -3.6731

71 H71 39155 -3.4844
72 C72  4.5493 -2.2360

73 H73 2.8724 —-0.9439
74 C74 5.3590 -3.2255

75 H75 5.7407 —4.4492
76 H76 4.7168 —1.8948
77HT7  6.1566 -3.6501

78 H78 1.8547 -2.2241

@<TRIPOS>BOND

1121

2161

-3.5048 H

0.3698 C

0.7296 C

1.5964 H

0.1866 H

1.1841 C

1.9977H

0.5725 H

1.6104 H

—0.3558 C

0.2428 O

0.4504 C

—0.0799 C

1.7505 C

0.6668 C

-1.0798 H

2.4995 C

2.1732 H

1.9599 C

0.2455 H

3.5059 H

2.5433 H

-1.1602 H



3191

41191

5231

6281

72171

8341

9371

103161

11451

124101

134111

14561

155121

165131

176 14 1

186151

1917181

2017 35 Ar

2119201

221921 Ar

2321221

2421232

2522241

2622251

2722261

2824271
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2924571

3025281

3125291

3225301

3327281

3427311

3527321

3628331

3728341

3835361

3935372

4036381

4136391

4236401

4338411

4438492

4539421

4639431

4739441

4841421

4941451

5041461

5142471

5242481

5349 50 Ar

5449531
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5550511

5650521

5753541

5853551

5953561

6057582

6157611

6258591

63 58 60 1

64 61621

6561631

66 61 64 1

67 65 66 2

68 6567 1

6965781

70 67 68 Ar

71 67 69 Ar

72 68 70 Ar

7368711

74 69 72 Ar

7569731

76 70 74 Ar

7770751

78 72 74 Ar

7972761

8074771
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