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The Aromatic CH/m Hydrogen Bond as an Important Factor in Determining
the Relative Stability of Diastereomeric Salts Relevant to Enantiomeric
Resolution — A Crystallographic Database Study!*!

Hiroko Suezawa,*!2! Shinji Ishihara,’ Yoji Umezawa,!‘! Sei Tsuboyama,!d! and
Motohiro Nishio*!4!
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A systematic study was carried out to understand the princi-
ple underlying the process of enantiomeric resolution by the
use of the Cambridge Structural Database. The crystal struc-
tures of fourteen pairs of diastereomeric salts, containing the
mandelate anion, or its analogues, as the chiral acid compo-
nent, were analyzed in the context of the aromatic CH/n hy-
drogen bond. The mean aromatic C-H---n distance parame-
ters of the less-soluble salts are shorter than in the more-
soluble ones. Also, the C-H-n-ring access angle, on ave-

rage, is more acute in the less-soluble salts than in the more-
soluble ones. Nontrivial discrepancies, on the other hand,
have been noted in case-by-case comparisons of the parame-
ters of several pairs. It was concluded that the contribution
from the aromatic CH/n hydrogen bond should at least be
taken into account when considering enantiomeric separa-
tion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

A DL mixture of chiral acids or bases can be resolved into
its enantiomers by the use of diastereomeric salts due to the
differences in their solubilities. This classical method was
introduced by Pasteur more than 150 years ago!!! and has
been utilized since then for the resolution of various ra-
cemic materials.!

In order to elucidate the mechanism of enantiomeric res-
olution, Leclercq and Jacques have compared the physical
properties of a number of diastereomeric salts. Table 1 sum-
marizes the data relevant to this issue.3 3! In every case the
less-soluble salt melts at a higher temperature (with larger
enthalpy of fusion) than the more-soluble one.[®! It was not
possible, however, to reach any general conclusion about
the origin of this difference in the solubility and thus the
theoretical basis of the enantiomeric resolution.
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Brianso has determined the crystal structure of (S)- and
(R)-hydratropic acid (1, R = CHs) salts of (S)-1-phenyle-
thylamine (2).I! She reported that the anion and the cation
components possess an identical conformation in the re-
spective diastereomers; no appreciable difference was found
with respect to the hydrogen-bond pattern between the dia-
stereomeric salts. A significant difference was found, how-
ever, in the relative orientation of the aromatic rings of the
acid and the base components in these salts: the phenyl
groups are almost perpendicular to each other in the less-
soluble salt (Figure 1a), while they are nearly parallel in the
more-soluble one (Figure 1b).

X
S
COOH _A__cH, COOH
R NH, OH
1 2 3

The crystal structure of the (S)-mandelic acid (3) salt of
2 has also been determined.®°! The (S5)-3/(S)-2 salt is less
soluble and has a higher melting point than the more-sol-
uble diastereomer (S5)-3/(R)-2. Lopez de Diego has deter-
mined the crystal structure of (S)-3/(R)-2I'" and compared
this with that of (S)-3/(S)-2; she found no appreciable dif-
ference between their hydrogen-bond patterns. However, the
access angle between an aromatic C—H and the plane of a
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Table 1. Solubility, melting point and enthalpy of fusion of diastereomeric salts (1: hydratropic acid (R = CH;) and homologues; 2: 1-

phenylethylamine (X = H); 3: mandelic acid)

Solubility?! M.p. (°C) (Enthalpy of fusion)"!
Acid Base p-saltle] n-saltle! p-salt n-salt
1 (R = CHy) 2(X = H) 7.8 113 165 (11.9) 146 (10.1)
1 (R = n-C3H,) 2 (X =H) 30 5.6 134 (8.2) 165 (12.4)
1 (R = n-C4Hy) 2 (X =H) 17.4 6.0 129 (6.5) 166 (13.2)
3 2 (X =H) 23 4.0 109 (6.6) 178 (11.3)
3 Ephedrine 6.0 717.5 170 91
3 Propadrine 6.1 7.0 172 165
3 y-Propadrine 11.95 6.2 164 170

[l ¢/100 mL ethanol at 30 °C;®! g/100 mL water at 25 °C.[4 [ kcal-mol ~!. [] p-Salt and n-salt denote, according to Jacques, Collet and
Wilen, the salt formed between an acid and a base of the same and opposite sign, respectively.

(a)

Figure 1. Crystal structures of (a) (S)- and (b) (R)-hydratropic acid
(1; R = CH3) salts of (S)-1-phenylethylamine (2); CSD refcode: (a)
PMACEP, (b) NMACEP

nearby phenyl ring (o in Figure 2) was found to be smaller
in the (S)-3/(S)-2 salt than in the more soluble (S)-3/(R)-2
salt. This is reminiscent of the observation by Brianso (vide
supra) that the relative orientation of the aromatic rings of
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the acid and the base components in (S)- and (R)-1 salts of
(S)-2 differs significantly.

Dpin

Cg aromatic ring

Figure 2. Relative disposition of a C—H bond to the plane of a Cq
aromatic ring

The above data suggest a possibility that the aromatic
CH/r interaction''l plays a role in the mechanism of en-
antiomeric resolution. The CH/n interaction is a kind of
weak hydrogen bond!'>!3 occurring between soft acids
(CHs) and soft bases (m-systems). Although the contri-
bution from a single CH/m bond is small (0.5-2
kcal-mol '), the enthalpy of the total interaction may be-
come appreciable as a result of the interplay of many inter-
actions. Evidence has, in fact, accumulated that the CH/n
hydrogen bond plays an important role in crystal packing,
the structure of clathrates, solid-state reactions, etc.l'¥]

With regard to the present issue, Ogura and his group
have reported on the importance of CH/n hydrogen bonds
in the enantiomeric discrimination, by (R)-arylglycyl-(R)-
phenylglycine (4; aryl = phenyl or naphthyl), of racemic
mixtures of sulfoxides,['>!% 1-arylethylamines,!!”? and
hydroxy esters.I'® They also resolved racemic dibenzopyraz-
inoazepine by the use of chiral 2,3-di-O-(arylcarbonyl)tart-
aric acids (5).['"1 Hirayama has reported on the role of CH/
n hydrogen bond in the separation of DL-amino acids by
optically active 1,1'-binaphthalen-2,2"-diyl phosphate
(6).2° The naphthalene moieties of 6 were reported to pack
together in a specific way through aromatic CH/rt hydrogen
bonds in the crystals.

Saigo and co-workers have determined the crystal struc-
ture of diastereomeric salts composed of optically active 2-
naphthylglycolic acid (7)1 and 3’,4’-methylenedioxymand-
elic acid (8)1?2! with a series of 1-phenylethylamine deriva-
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tives. They found that the relative orientation of the aro-
matic ring of 2 to that of 7 and 8 is different between the
less-soluble and the more-soluble diastercomeric salts. In
the former salts, a more compact packing of the aromatic
groups is found than in the latter. In the case of 1-p-tolyle-
thylamine salts (7/2, X = p-Me), the interplanar angle be-
tween an aromatic meta C—H moiety of 2 with respect to
the n-plane of 7 (B in Figure 2) was found to be 84° in the
less-soluble crystals, while it is 54° in the more-soluble one.
They argued the result in the context of the CH/m hydrogen
bond and suggested that the origin of the differing solu-
bility can be attributed, primarily, to the aromatic CH/x
interaction and hydrogen bonding. This agrees also with
our earlier suggestion?3 that the CH/rn hydrogen bond is
more effective when the C—H group approaches co-axially
from the direction perpendicular to the m-molecular plane

(a = 0° for CHCl; and acetylenic CH, and 30—40° for sp>
or aromatic CH).[?4

It is certain that the difference in the physicochemical
properties of the diastereomeric salts is related to the differ-
ence in their dissolution entropies. However, from the above
results we felt it plausible that the difference in the aromatic
CH/rt hydrogen bonds could also be one of the primary
causes of the solubility difference of these salts. To explore
the involvement of the CH/n hydrogen bond in the mecha-
nism of enantiomer discrimination, we have analyzed CH/
7 hydrogen bonds in relevant molecules, particularly those
in various ion-pairs of frequently used resolving agents. The
results are reported here.

Results and Discussion

General Survey

Various compounds have been used in the separation of
racemic materials into their enantiomers. Natural sub-
stances such as tartaric acid, brucine, ephedrine, cinchonine
(9), cinchonidine (10), or synthetic compounds such as op-
tically pure 2, 3, and 6 are often used as the resolving
agents.*]

H=C=<OH HO=C<H
X = SN X
. P
N N
9 10

quinine: X = OCH;3
cinchonidine: X = H

quinidine: X = OCHj
cinchonine: X = H

As the first step of this study, we edited database subsets
including substructures of 2 (subset 1), 3 (subset 2), 6 (2,2'-
disubstituted 1,1’-binaphthyl: subset 3), brucine (subset 4),

Table 2. Short CH/r distances (< 3.05 A) disclosed in subsets including substructures of several resolving agents

Database subset Hit (ratio) Fragment Datm (A) a (°)

1 (121 entries) any CH 117 (97) 681 2.92 = 0.12 40 = 22
aromatic CH 102 (84) 385 2.93 = 0.12 40 + 28

2 (77 entries)®! any CH 76 (99) 585 291 = 0.12 38 =20
aromatic CH 69 (90) 303 291 = 0.11 37 £ 22

3 (201 entries)[ any CH 198 (99) 2005 2.89 + 0.13 38 =17
aromatic CH 190 (95) 1294 2.89 = 0.13 37 + 17

4 (16 entries)!! any CH 16 (100) 93 2.88 = 0.12 32+ 15
aromatic CH 4 (25) 8 291 = 0.17 47 £ 17

5 (40 entries)! any CH 37 (93) 215 2.89 = 0.14 40 = 18
aromatic CH 17 (43) 61 2.88 = 0.16 42 + 18

[l Entries including 1-phenylethylamine (2) and derivatives. ) Entries including mandelic acid (3) and derivatives. [ Entries including
the substructure 2,2'-disubstituted 1,1’-binaphthyl. [ Entries including brucine. [ Entries including cinchona alkaloids [cinchonine (9),

cinchonidine (10), quinine and quinidine].
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Figure 3. Typical examples showing CH/r contacts in diastereomeric salts; dotted lines indicate short CH/x distances (<3.05 A). (a) CSD
refcode PEAMAN: (S)-1-phenylethylammonium (S)-mandelate; (b) RERXUH: cinchonidinium (S)-mandelate; (c) DOJQOIL: bis[(R)-1-
phenylethylamine] (R, R)-N,N’-oxalylbis(phenylglycine) monohydrate; (d) NOWCAD: (25)-(2-phenylammonium)norbornane (R)-(—)-

(1,1'-binaphthalene-2,2'-diyl)phosphate

and cinchona alkaloids (subset 5). Structures with crystallo-
graphic disorder and R values greater than 10% were ex-
cluded. According to the procedure described in the Exp.
Sect. we surveyed intermolecular CH/m contacts in the
above database subsets. Table 2 summarizes these results.
Short CH/r distances have very frequently been found in
these entries: 117/121, 76/77, 198/202, 16/16 and 37/40, for
subsets 1—5, respectively. In Figure 3 we give typical ex-
amples from the above search. The ratio of hits (93—100%)
was larger than that recorded in a general survey.”®! This
may suggest that CH/n hydrogen bonds play a considerable
role in the enantiomeric discrimination. The ratio of hits
decreased slightly for subsets 1—3 (84—95%) when only
aromatic CHs are concerned. The decrease in the ratio is
significant, however, for subsets 4 (25%) and 5 (43%). This
is understandable since the aromatic moiety constitutes a

minor portion of the molecule in brucine and cinchona al-
kaloids. In view of this finding and the results reported by
others,7=%157221 we hypothesized that the aromatic CH/n
interaction, in essence, is responsible for the mechanism of
enantiomeric resolution.

To minimize complications, we decided to confine our-
selves to examining diastereomeric salts of mandelate 3.
The crystal structures of diastereomeric salts of 3 with vari-
ous amines were found in a number of studies aimed at the
elucidation of the discrimination mechanism. Subset 6 was
edited by collecting entries with the substructure of mandel-
ate anion with hydrogen coordinates. The results are sum-
marized in Table 3. Fifty-four structures out of 60 entries
were found to involve CH/r distances shorter than 3.05 A
when the aromatic CH is concerned. The high proportion
of hits (90%) suggests that the aromatic CH/n hydrogen

Table 3. Distance and angle parameters obtained by surveying aromatic CH/n contacts in diastereomeric salts of mandelate and derivatives

Hit Nrl® Dy (A) a9 Ne2Pl Dy (A)  Dpin(A)  Denr (A) a(9)
Subset 6 (60 entries)Lc! 54 252 291 £0.12 36 =19 153 292 +0.13 280 *0.14 290 *=0.17 30 %15
Less soluble (20 entries)4] 20 106 288 +0.13 27 £22 29 288 +0.13 274 £0.14 283 =0.18 21 =17
More soluble (15 entries)[d] 14 94 293 = 0.11 41 =23 26 298 +0.12 283 *x0.12 291 =£0.17 32+ 14

) Number of short aromatic CH/r atomic contacts (<3.05 A). [} Number of aromatic CH/r contacts where H is above the phenyl ring
(region 1). [l These include (S)-, (R)- and (R,S)-mandelate, diastereomeric salts of unreported solubility difference, mixtures of dia-
stereomers, etc. 9 Six less-soluble salts and one more-soluble salt (without partner) are included.
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Table 4. Distance and angle parameter (Dary and a, respectively) in various salts resolved with the use of optically pure mandelic acid
or derivatives; 2: 1-phenylethylamine; 3: mandelic acid; 7: 2-naphthylglycolic acid; numbers that do not agree with the hypothesis are
printed in bold italics

CSD Frag- Darm a Acid/base Symmetry Solubility M.p. Ref.

refcode ments®  (A) ©) (g/100 mL) (°C)
Entry 1
Less PEAMAN 5 285+ 0.17 35%28 (S)-3/(5)-2 (P22,2,, Z=4) 4P 178 o)
More PIVGEG 11 288 =013 51 =16 (R)-3/(S)-2 (P, Z = 4) 23101 109 1o}
Entry 2
Less JUXKIW 8 292 +0.17 38 = 3 X (5)-3/(R)-2 (P222,,Z=4) 3.7t 107 28]
More HIBVUJ 8 297 =012 40 + 3 X (5)-3/(S)-2 (P2,2,2,, Z = 4) 29]
Entry 3
Less VURBEP 1 3.03 43 (R)-3/(R)-2-t-3-imidazolidin-4-one (P2, Z=2) 118 130]
More VURBIT 0 (S)-3/(R)-2-t-3-imidazolidin-4-one (P2,,Z=2) 79 1301
Entry 4
Less PITZUN 5 298 £0.12 40 x5 (R)-3/(R)-2-amino-2-phenylethanol + H,O  (C2, Z = 4) 1311
More PIVBAX 21 291 = 0.11 41 =15 (R)-3/(S)-2-amino-2-phenylethanol (P1,Z=4) (311
Entry 5
Less LABXUH 5 284 +022 35+8  (R)-3/cinchonine (P2)2/2,,Z=138) (321
More LABXOB 4 3.03 £0.11 56 =19 (S)-3/cinchonine (P2,,Z=2) 132]
Entry 6
Less RERXUH 1 3.00 45 (S)-3/cinchonidine (C2,Z =4 185 1331
More RERYAO 1 2.88 19 (R)-3/cinchonidine (P2, Z = 4) 185,191  [3
Entry 7
Less NONZOF 3 291 =0.04 36 =14 (S)-3/(S)-phenylalanine (C2,Z =4 [34]
More NONZUL 6 292 £0.07 73 =27 (S)-3/(R)-phenylalanine (C2,Z =4 134]
Entry 8
Less BAVDIL 3 283 *+0.13 178 (R)-3/deoxyephedrine (P222,,Z=4) 31.20 110 1331
More BAVDOR 6 293012 33=14 (S)-3/deoxyephedrine (P2, Z = 6) 324 99 3]
Entry 9
Less MEGVOJ 8 291 £0.10 28 =37 (R-T(R)-2 (X = p-CHs) (P2,2:2,, Z=4) 084 220 21
More MEGWIE 4 297 £0.13 66 =28 (S)-7/(R)-2 (X = p-CHy) (C2,Z =4) 5.7 156 21
Entry 10
Less MEGVUP 7 2.90 0.0 17+ (S)-7/(S)-2 (X = p-C,Hs) (P2, Z =2) 1]
More MEGWOK 6 283 =008 19 +21 (R)-7/(S)2 (X = p-CoHs) (P2, Z = 2) 21
Entry 11
Less MEGWAW 9 291 £0.11 26 =35 (S)-7(S)-2 (X = p-Cl) (P222, Z=4) 074 210 1]
More MEGWUQ 8 293+0.11 31 =36 (R)-7/S)-2 (X = p-Cl) (P222,.Z=4) 16 173 21
Entry 12
Less XEJKUS 6 2,93 £ 0.12 39 *24 (R)-o-F-3/pseudoephedrine (P2,2:2,,Z=4) 3.6l 170 (361
More XEJLAZ 5 291 = 0.11 39 =20 (S)-0-F-3/pseudoephedrine (P2,2:2,,Z=4) 54 131 136]
Entry 13
Less XEJLED 9 2.87 £ 0.17 34 =12 (R)-m-F-3/pseudoephedrine + 0.5H,0 (P2, Z=4) 74141 81 1361
More XEJLIH 2 309 £0.03 230  (S)-m-F-3/pseudoephedrine + 2H,0 (P222,, Z=4) 195 48 136]
Entry 14
Less XEJMAA 8 2.98 £0.07 22 +3  (S)-p-F-3/pseudoephedrine + 2H,O (P2,2,2y, Z = 20) 464 109 136]
More XEJLUT 6 2.87 £0.10 26 =13 (R)-p-F-3/pseudoephedrine (P2, Z=4) 112 120 1361

la] Number of short aromatic CH/x atomic contacts (<3.05 A). ! In ethanol. [l In water. [ In 95% ethanol.

bond may play a role in the process of enantiomeric resolu-

tion.

less-soluble (more stable) salts.

Among the above 54 entries, we found crystal structures

of 14 pairs of less- and more-soluble salts of 3 with various
amines. The distance parameters (Darm, Dent Ppin) of
the less-soluble salts were found to be shorter than those of
the more soluble ones. The mean C—H-**n-ring access an-
gle, a, is smaller in the less-soluble salts than in the more-
soluble ones. This result is in line with our hypothesis that

4820
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Comparison of the Less- and More-Soluble Salts

aromatic CH/r hydrogen bonds work more effectively in the

To analyze in more detail whether the relative disposition
of the aromatic rings is important in the mechanism of en-
antiomeric resolution, we compared the distance and angle
parameters Doty and a of the 14 pairs of salts of differing
solubility. Table 4 lists the results.*”]

Eur. J. Org. Chem. 2004, 4816—4822
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Entry 1: a = 35° for PEAMAN vs. 51° for PIVGEG. This
result is consistent with our hypothesis and suggests that
the large difference in the solubilities and melting points of
these diastereomers largely originates from the difference in
the aromatic CH/n hydrogen bonds.

Entry 2: a = 38° for JUXKIWP® vs, 40° for HIBVUJ.[*°]
This result is compatible with our hypothesis. The differ-
ence is insignificant, however.

Entry 3: VURBEP vs. VURBIT.?” VURBEP shows an
aromatic CH/n contact with a = 43°, whereas in VURBIT
no short CH/r contact was found. This is compatible with
the hypothesis.

Entry 4: a = 40° for PITZUN vs. 41° for PIVBAX Bl
This result is not incompatible with the expectation, even
though the difference is insignificant. PITZUN co-crys-
tallizes with 1 mol of water; this might affect the interac-
tions between the molecules.

Entry 5: a = 35° for LABXUH vs. 56° for LABXOB.?!
This result is consistent with the difference in the solubility.

Entry 6: a = 45° for RERXUH vs. 19° for RERYAO.3!
This result does not agree with the experimental data, al-
though the difference in the solubility was reported to be
very small. At present we can find no clear reasoning for
this discrepancy.

Entry 7: a = 36° for NONZOF vs. 73° for NONZUL.P4
This result is consistent with the difference in the solubilit-
ies of this diastereomeric pair.

Entry 8: a = 17° for BAVDIL vs. 33° for BAVDOR.1*
This result is consistent with the experimental data.

Entries 9—11:11 MEGVOJ (a = 28°) vs. MEGWIE
(66°); MEGVUP (17°) vs. MEGWOK (19°); MEGWAW
(26°) vs. MEGWUQ (31°). The above data are consistent
with the difference in the solubilities reported for these dia-
stereomers.

Entries 12—14:3% XEJKUS (a = 39°) vs. XEJLAZ (39°);
XEJLED (34°) vs. XEJLIH (23°); XEJMAA (22°) vs. XEJ-
LUT (26°). For entry 13, the result is incompatible with the
solubility data reported for these diastereomers. The dis-
tance data are incompatible with the solubility data for en-
tries 12 and 14. The NH/F hydrogen bonds may occur be-
tween N*H and the fluorine atom in the aromatic ring.
Further, these compounds differ in the state of hydration.
The above conditions might have affected the crystal struc-
ture and thus the stability of the salts.

To summarize, Doty Of the less-soluble salt is shorter in
nine entries than that of the more-soluble partner. In entries
4, 6, 10, and 12, however, the data do not agree with our
hypothesis. The C—H-n-plane access angle a is smaller in
the former than in the latter except for entries 6 and 13. A
more in-depth analysis is therefore necessary to clarify the
origin of the disagreement in the individual cases. Needless
to say, weak molecular forces other than the CH/m bond,
such as the dispersion force, ordinary hydrogen bond, and
CH/n (CH/O, CH/N, CH/F, etc.) hydrogen bonds may also
operate. It may also not be appropriate to compare dia-
stereomeric salts that differ in chemical composition. Dif-
ferences in the crystal packing, the state of hydration (en-
tries, 4, 13, and 14), and the ion-pair interactions in the

Eur. J. Org. Chem. 2004, 4816—4822 WWW.eurjoc.org

solvent may give rise to a difference in the dissolution en-
tropy.

Conclusion

The crystal structures of compounds bearing the sub-
structure of currently used resolving agents were analyzed
in the context of the aromatic CH/r hydrogen bond. More
specifically, short aromatic CH/rt contacts were looked for
in the crystal structures of diastereomeric salts of mandelic
acid and its analogues. The aromatic C—H---n distance and
C—H---n-plane access angle, a, have, in general, been found
to be smaller in the less-soluble salts than in the more-sol-
uble ones. Some discrepancies were noted, however, in the
case-by-case comparison of the diastereomeric pairs. In
spite of this, we think it probable that the aromatic CH/n
hydrogen bond plays a nontrivial role in the mechanism of
enantiomer discrimination. It is pertinent to point out in
this regard that compounds bearing a large n-surface, such
as the naphthyl group,!'®-20-21] are often much more effective
than the corresponding phenyl analogues. Furthermore,
aroyl derivatives of tartaric acid!'”! are good resolving ag-
ents. Contribution from the CH/r bonds should at least be
taken into account in the consideration of enantiomeric
separation. More systematic and in-depth studies are neces-
sary in the future for providing a useful approach to the
enantiomeric resolution.

Experimental Section

The CSD version 5.24 (May 2003 release, 272066 entries) was used.
A program was composed, with the CSD software QUEST3D, to
examine the spatial relationship of C—H bonds with respect to a
C¢ aromatic ring (Figure 4). Several kinds of distance and angle
parameters were defined to cover every possibility.?”? Nonbonded
CH/n contacts were sought with the distance and angle cut-offs
Diax = 3.05 AP and ~H-C—C! < 70°.

(a) (b)

Figure 4. Method of surveying CH/r contacts in the CSD. (a) O:
center of the ring; C': carbon closest to H; C?: next closest carbon;
Dpy n: distance from H to the aromatic © plane (line HI); Dapn:
distance from H to the closest carbon (line HC!); Denr: distance
from H to the center of the ring (line HO); #: n-plane—H—X angle
(£IHX). (b) The program was run to search for H/m distances
shorter than a cut-off value, Dy, in every region. D, < Dy,
6 < 60°, for the region just above the ring (region 1). Blin < Dpaxs
0 < 60°, 90° < |o| < 130° for the region slightly offset from the
ring (region 2). Dy < Diax, 0 < 60°, 50° < ¢ < 90° for another
possible region ¢@: HX'I (region 3)

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4821
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