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Abstract: The absolute configurations of (S)-timolol hemihydrate and (S)-timolol 0,0-diacetyl-
(R,R)-tartaric acid monoester were determined by single crystal X-ray diffraction. An NMR
analysis based on the temperature dependence of vicinal coupling constants was carried out to
characterize the conformational behaviour of the S,R,R- and R,R,R-forms in solution. The same
conformation as in crystalline state was also found in solution, although with a rather low
preference over some other conformations. Results of theoretical calculations using MNDO and
AMBER force field methods are reported. An infinite chain of hydrogen bonds, along with other
favourable inter- and intramolecular forces that are present in the crystal framework of the (S)-
timolol-(R,R)-tartrate but not possible for (R)-timolol-(R,R)-tartrate, explain the astonishingly
dominating crystallization of the §,R,R-form. Racemic timolol is accordingly easily resolved.

Introduction

Timolol, or (§)-1-[(1,1-dimethylethyl)amino]-3-[[4-(4-morpholinyl)-1,2,5-thiadiazol-3-yl]oxy]-2-
propanol (1a), is a non-selective g-adrenergic blocker, and its 1:1 maleate salt is currently the number one choice
in the treatment of glaucoma and ocular hypertension.1 The chiral aminoalcohol side-chain of 1a can be
constructed starting from suitably stereogenic three-carbon units such as D-glyceraldehyde derivatives? and

glycidyl sulfonates.3 Resolution of racemic timolol or its precursors* was of modest practical use until recently
when a large-scale synthesis of (S5)-timolol exploiting the resolution as 0,0-diacetyl-(R,R)-tartaric [L-tartaric]
acid monoester or (5)-[(1,1-dimethylethyl)amino]methyl-2-[[4-(4-morpholinyl)- 1,2,5-thiadiazol-3-ylJoxy]ethyl
hydrogen (2R ,3R)-2,3-bis(acetoxy)butanedioate (2) was introduced. In that process an optical purity of well
over 90% for the §,R,R-form, and after hydrolysis the same amount for (§)-timolol, is achieved in a single
crystallization step.4 The expensive thiadiazole part of the remaining R,R,R-form 2 can then easily be recycled
for production of the racemic timolol. (§)-Timolol (and (R)-timolol obtained via the corresponding
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R,S,S-tartrate) is then conveniently and efficiently purified up to 100% optical purity by crystallization as base
hemihydrate 1b (or 1b”), irrespective of the origin of (S)- (or (R-)) timolol.5

The crystal and molecular structures of (S)-timolol diacetyitartrate 2 and the hemihydrate 1b have been
determined earlier.6 Here also their absolute configurations are determined, and they are shown not to invert in
the hydrolysis of the S,R,R-ester.? YH-NMR spectra of esters 2 and 2* were measured in an attempt to explain
their extraordinarily facile resolution. Conformational analysis was concentrated on the C5-C6 and C6-C7
rotamers because the C5-C6-C7 system constitutes the active aminoalcohol part, similar in all g-blockers.

Molecular modelling was done by AMBER force field and MNDO methods and the results was compared with
the determined crystal structure of 2.

Information about the inter- and intramolecular hydrogen bridges8 and other interactions of g-blockers, as
well as their divergent behaviour in different matrices, can assist the description of their three-dimensional mode
of action at g-adrenoreceptors. The present study on the inter- and intramolecular forces of timolol and its tartaric
acid esters is a contribution in this direction.®
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X-Ray Crystal Structure Analysis

($)-Timolol hemihydrate 1b and (S)-timolol O,O-diacetyl-(R,R)-tartaric acid monoester 2 were
recrystallized and remeasured to determine their absolute configurations. In an earlier study, not enough data
were collected to allow the determination of absolute configuration. In addition it was found here that the
monoester can crystallize in another polymorphic form (mP136).

Single crystals of both compounds (1b and 2) were obtained at the interface of water and CH,Cl, layers.
For both compounds, cell dimensions and intensity data were measured on an Enraf-Nonius CAD-4
diffractometer up to 8 = 75° (Cu Ka radiation). The data were corrected for absorption,10 Lorentz and

polarization effects. Atomic scattering factors were taken from International Tables.1! The hydrogen atoms were
placed geometrically (C-H distance 1.000 A for 1b and 1.025A for 2), except for the H atoms bonded to O or N
atoms which were found from difference Fourier maps. The structures were refined by full-matrix least squares
on F with merged Friedel pairs using the MolEN12 program package. All non-H atoms were refined using
anisotropic temperature factors, while the hydrogen atoms were treated as riding atoms with fixed temperature
factor (5.0 A2). The crystal data given in Table 1 correspond to the crystal structures, which were refined to
check the present against the earlier investigated structures.
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Table 1: Crystal Data for _Hemihvdrate 1b __Monoester2

Molecular formula 2C3HpyN4038'Hy0 Cy1H32N4010S (mP136)
Formula weight 650.87 532.57

Crystal Data:

Crystal system monoclinic monoclinic

Space group C2 P2,

A 23.425(1) 9.770(1)

WA 6.381(2) 8.668(2)

c/A 11.585(1) 16.319(1)

o 90 90

[ 103.07%(1) 103.60(1)

Vs 90 90

V/A3 1686.9(5) 1343.1(4)

z 2 2

D, /g cm3 1.28 132

Linear absorption coeff./cm™! 18.31 1535

Crystal size/mm 0.15x 0.20 x 0.25 0.20 x 0.20 x 0.25

Data collection:

X-radiation A=1541784 Cu K, A=154178A CuK

6 min., max./°
w-scan parameters: A, B (°) (A + B tan 6)
Scan speed/° min‘1
Total data including Friedel opposities
Total unique data
Observed data, for [I > 3o ()]
Merging R
Absorption correction
fi nt:
Solved by
Weighting scheme

Maximum residual electron density/eA 3

Number of parameters
Final R
Ry

Flack’s x parameter

2,75
A=037 B=0.14

0.6-5.5

3770
1900

1763
2.4%
0.822 (min.) 1.668 (max.)

Ref. 6
Vo Fy)? + (SFy)?] (S = 0.09)

0.27
194
6.0%

7.6%

0.001(1)

2,75
A=040 B=0.14

0.6-5.5

5707
2958

2116
4.0%
0.788 (min,) 2.003 (max.)

SHELXS-8619
unit weights
0.17

324

4.7%
4.4%

-0.01(2)
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For hemihydrate 1b the coordinates from the original paper were used for refinement. Relative to the
earlier work there were no significant differences in the crystal structure. Within standard deviations the
structure was exactly the same. The tables of bond angles, bond distances, torsional angles, anisotropic thermal
parameters, atomic coordinates and list of structure factors have been deposited at the Cambridge
Crystallographic Data Centre.13

In the earlier study the monoester 2 was crystallized with two molecules (conformers A and B) in the
asymmetric unit (mP272). The main difference in the molecules was in two torsional angles. In the present case
the monoester crystallized with one molecule (conformer C) in the asymmetric unit (mP136). Torsional angles
as well as bond lengths and angles of the important part of the molecule are given in Table 2. The only
significant differences relative to the earlier crystal structure are in the two torsional angles. The tables of bond
angles, bond distances, torsional angles, anisotropic thermal parameters, atomic coordinates and list of structure
factors have been deposited at the Cambridge Crystallographic Data Centre. 13 As in the previous structure there
are two hydrogen bonds: one inter- and one intramolecular. The intermolecular bond is from N1 to OS5 with
N0 =2.686(4) A, HN--O = 1.785(3) A and N-HN--O = 177.3(1)° and the intramolecular bond is from 06
to N1 with 0N = 2.804(6) A, HO-N = 1.804(4) A and O-HO-'N = 179.7(2)°. The observed hydrogen
bonding system is a typical example of a charge-assisted hydrogen bond. A view of the §,R,R-ester, its
numbering scheme and hydrogen bonding system are shown in Figures 1 and 2.

Table 2: Values of the important torsional angles, bond angles and bond lengths for (S)-timolol O,O-diacetyl-
(R,R)-tartaric acid monoester.

Present structure Earlier structure

Conformer (C) Conformer (A) Conformer (B)
C8-02-C7-C6/° 142.8(1) 155.2(1) 101.5(1)
C7-02-C8-C9/° -174.0(1) 179.0(1) -158.8(1)
C6-C7-02° 107.3(3) 106.5(4) 108.9(4)
C7-02-C8"° 117.93) 117.0(4) 115.8(4)
02-C8-C9P° 119.5(4) 119.9(4) 121.5(5)
C6-CT/A 1.505(7) 1.520(7) 1.521(7)
c7-02/A 1.439(5) 1.439(6) 1.453(6)
02-CR/A 1.343(6) 1.360(6) 1.365(6)
C8-Co’A 1.440(7) 1.432(8) 1.452(8)

Determination of absolute configuration by X-ray diffraction is based on an anomalous scattering of X-

rays. For both compounds, absorption (y-scan!4 with correction factors min. 0.852 and 0.914; max. 0.999 and
0.999 for 1b and 2, respectively), Lorentz and polarization effects were corrected and all but the Friedel related
reflections were merged. Unit weights and 3384 reflections were used for the hemihydrate, and 5032 reflections
for the monoester. Flack’s x parameteri3-17 was refined using the Xtal3.0'8 program. For the hemihydrate the
parameter obtained a value of 0.001(1); for the monoester it was -0.01(2). The anomalous effect of sulfur was
clearly sufficient to give a very accurate result. The values and their standard deviations were reasonable, and the
absolute configuration of the timolol part was shown to be § for both compounds, as anticipated.
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Figure 1: SCHAKALZ? plot for (S)-timolol O,0-diacetyl-(R,R)-tartaric acid monoester (2, conformer C).

Figure 2: Hydrogen-bonding system for (S)-timolol O,0-diacetyl-(R,R)-tartaric acid monoester (2, conformer

C, fragments from three molecules).
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Table 3: Fractional atomic coordinates and equivalent anisotropic temperature factors Beq with standard
deviations in parentheses for (S)-timolol O,0-diacetyl-(R,R)-tartaric acid monoester (2, conformer C).

Atom X y z Beq(Az)
S1 0.1808(2) 0.000 0.3932(1) 10.08(7)
o1 0.4438(3) 0.3425(4) 0.1804(2) 3.68(7)
o2 0.4236(3) 0.0606(4) 0.2547(2) 4.36(7)
o3 0.8580(5) 0.0812(8) 0.5087(3) 10.1(2)
o4 0.2329(3) 0.4254(5) 0.1076(2) 5.17(8)
05 0.4542(4) 0.7806(4) 0.0741(2) 4.61(8)
06 0.6040(4) 0.5832(4) 0.0981(2) 5.86(8)
o7 0.6196(3) 0.6009(4) 0.2684(2) 4.26(7)
o8 0.7441(4) 0.8172(5) 0.2653(2) 5.9(1)
(0.2 0.2580(3) 0.6928(4) 0.1908(2) 4.53(7)
010 0.1326(4) 0.5486(6) 0.2603(2) 6.8(1)
N1 0.6487(3) 0.2660(5) 0.0935(2) 3.3
N2 0.2171(4) 0.0336(6) 0.3013(3) 5.8(1)
N3 0.3419(6) 0.0074(9) 0.4515(3) 8.9(2)
N4 0.5723(5) 0.0292(7) 0.4299(3) 6.5(1)
C1 0.8099(5) 0.2493(7) 0.1083(3) 4.6(1)
Cc2 0.8402(6) 0.0868(8) 0.0811(4) 7.0(2)
Cc3 0.8727(6) 0.275(1) 0.2009(4) 7.7(2)
c4 0.8560(5) 0.3654(8) 0.0531(4) 6.3(2)
C5 0.5747(5) 0.1477(6) 0.1319(3) 4.0(1)
C6 0.4264(5) 0.2011(6) 0.1304(3) 3.55(9)
Cc7 0.3441(5) 0.0881(6) 0.1699(3) 4.0(1)
C8 0.3523(5) 0.0427(6) 0.3150(3) 4.6(1)
co 0.4284(6) 0.0299(8) 0.4018(3) 5.8(1)
C10 0.6296(7) -0.01(1) 0.5183(4) 9.4(2)
Cl11 0.7849(8) -0.041(1) 0.5329(4) 10.4(3)
C12 0.8049(6) 0.111(1) 0.4209(4) 8.2(2)
C13 0.6533(6) 0.1521(9) 0.4026(4) 7.1(2)
Cl4 0.3381(4) 0.4458(6) 0.1600(3) 3.71(9
C15 0.3723(4) 0.5880(6) 0.2168(3) 3.69(9)
C16 0.5061(4) 0.6758(6) 0.2097(3) 3.54(9)
C17 0.5253(5) 0.6789(6) 0.1190¢3) 3.58(9)
C18 0.7360(5) 0.6914(8) 0.2946(3) 5.0(1)
C19 0.8441(6) 0.6080(9) 0.3597(3) 6.7(2)
C20 0.1377(5) 0.6530(7) 0.2138(3) 5.0(1)
C21 0.0193(5) 0.7560(8) 0.1709(4) 6.7(2)
HN1 0.6144 0.2728 0.0333 5.0

HO6 0.6192 0.4713 0.0956 5.0
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Conformational NMR analysis
The 'H and 13C spectra were recorded on a Bruker AM 400 WB spectrometer operating at 400.133 MHz

and 100.614 MHz, respectively. For 13C measurements ca. 200 mmol and for 'H ca. 50 mmol of sample were
added to a solution containing 0.5 cm3 of CDCl3 and 0.1 em3 of CgDg- The sample solutions were prepared in
5-mm tubes using TMS as reference and shimming agent. Ordinary H (sweep width, SW, 4000 Hz) and 13C

(SW 20000 Hz) spectra were acquired using 32 k data points. Temperature variable 'H NMR spectra were
recorded at 273, 278, 288, 306, 315, 325 and 330 K using 16 k (sweep width 1000 Hz) data points with
resolution enhancement and zero filling to point resolution better than 0.01 Hz.

NMR chemical shifts for (S)-timolol O,0-diacetyl-(R,R)-tartaric acid monoester 2: &1y 9.9 (1H, bs), 8.3
(1H, bs), 5.28 (1H, m), 5.10 (1H, d, 3JHH = 7.7 Hz), 494 (1H, d, 3JHH = 7.7 Hz), 4.74 (2H, m), 3.80
(4H, m), 3.52 (4H, m), 3.16 (2H, m), 2.17 (3H, s), 2.15 (3H, s), 1.45 (H, 5); 8¢ 170.84 5, 170.52 s,
170.27 s, 167.63 s, 153.13 s, 150.04 5, 76.07 d, 74.12 d, 70.72 d, 69.21 t, 66.75 t, 57.68 5, 48.24 t, 42.81
t, 26.06 q, 21.17 q, 20.71 q.

NMR chemical shifts for (R)-timolol O,0-diacetyl-(R,R)-tartaric acid monoester 2°: 8y 5.65 (1H, m),
5.16 (1H, d, 3JHH = 7.8 Hz), 5.12 (1H, d, 3JHH = 7.8 Hz), 4.55 (2H, m), 3.74 (4H, m), 3.46 (4H, m),
3.44 (1H, m), 2.97 (1H, m), 2.07 (3H, s), 1.89 (3H, s), 1.30 (9H, s), NH and OH protons were not
observed; 8¢ 170.41 s, 170.38 5, 169.64 s, 166.46 5, 152.88 s, 149.64 5, 75.03 d, 75.02 d, 69.78 d, 68.98 1,
66.50 t, 57.40 s, 47.91 t, 41.88 t, 25.99 q, 20.80 q, 20.24 q.

The populations of the C6-CS and C6-C7 rotamers in solution can be estimated from the vicinal spin-spin
coupling constants. In the present case there are totally nine stable conformers, designated I-IV, I-V, I-VI,
II-1V etc. (see Scheme 1), where I, II and III refer to the C6-C7 bond rotamers and IV, V and VI to the C6-C5
rotamers. The C6-C7 couplings were determined at 7 temperatures, while the C6-C5 couplings were determined
atonly a few temperatures owing to the broad lines and a very tight spin system at lower temperatures (see Table
4).

As an assistance to NMR conformational analysis the geometries and energies of all nine conformers were
computed by AMBER force field2! and MNDO?22 methods (see theoretical calculations). Because of the
numerous possible conformational minima, only the following procedure was applied: the AMBER calculation
was allowed to bring the structure to the closest local minimum starting from the crystal structure, and this was
then used to estimate the atomic charges by MNDO. The AMBER structure was refined using the calculated
charges, and the final standard heats of formation were computed by MNDO. The search found three stable
conformers for the (§)-derivative (I-VI, II-V, III-V, within 15.1 kJ/mol). For the (R)-derivative only
conformers of II and III type were found. According to NMR analysis, conformer I-IV predominates in
solution, just as it does in the crystal structure. The stability of this conformer is surprising because the two
C6-C7 substituents have gauche interactions (see I in Scheme 1). A plausible explanation is association, in
solution as well as in the crystal structure. A similar C6-C7 rotamer with two gauche interactions is also the
most stable conformer for the R,R,R-form, although with clearly lower (1-4 kl/mol) preference over the others,
possibly for entropic reasons. The results of the theoretical calculations are at most in qualitative agreement with
the NMR results; to obtain quantitative results, a more complete search would be needed through the
conformational space. It is also rather difficult to lock the intramolecular N1-O6 hydrogen bond in the
calculations. Evidently for these reasons the conformer I-IV is favourable and present in the crystal structure,
even it does not have the lowest energy in the calculations. The calculations nevertheless show that all the
essential dihedral angles are within 3-4° of 60° or 180°.
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Scheme 1: The possible rotamers I-III for the C6-C7 bond, IV-VI for the C6-C5 bond and calculated 3JHH
coupling constants. Gauche couplings were calculated by Haasnoot's equation23 and trans couplings by that of
Abraham?4 (Ar = [4-(4-morpholinyl)-1,2,5-thiadiazol-3-yl)).

The major difficulty in the NMR analysis was that the C5Hy and C7H, proton signals could not be
assigned on the basis of the spectra. However, the values of 3J(CH2, H) of the C5H, group (2.0 and 10.5 -
11.2 Hz, see Table 4) indicate that the major conformer, with population of ca. 90%, is the same as in the crystal
structure (see Fig. 1 and rotamer IV in Scheme 1). The smallness of the C7H, couplings indicate that the H,
proton is gauche (g) to both of the C7H, protons, again supporting the same structure as in the crystal (rotamer
Iin Scheme 1). The values and their temperature dependence indicate the presence of considerable populations
of the conformers of type II and III.
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Table 4: Refined measured coupling constants for (5)- and (R)-timolol derivatives (2 and 2°).

Temp. Coupling constants [Hz}

K] Ibe Jab Jac Jde Jad Jae
(8)-form 273 -12.106  3.010 3.595 - - -

278 -12.130  3.027 3.645 - - -

288 -12.131 3.078 3.761 - - -

306 -12,122  3.164 3.904 - - -

315 -12.166  3.215 3.963 - - -

325 -12.110  3.267 4.022 - - -

330 -12.107  3.299 4.055 -13.076 1.739 10.516
(R)-form 273 -12.034 5.740 3.407 - - -

278 -11.959  5.565 3.513 - - -

288 -11918 5.492 3.570 - - -

306 -11.904 5384 3.713 - - -

315 -11.909 5351 3.754 -12878 - 11.171

325 -11.914  5.303 3.803 -12.925 - 11.136

330 -11912  5.277 3.830 -12.908 2.038 11.133

ic is vici uplings:

If the values of the coupling constants, Jj and Jjj, for two rotamers are known, the experimental
determination of the coupling allows an estimation of their populations and free energy difference (AG).25 If the
observed value of the coupling is close to Jj, AG is sensitive to the value of J and insensitive to Jyj. The
accuracy of AG can be improved by using the temperature dependence of the coupling, as done here.25 A
determination of J at n temperatures leads to a group of n simuitaneous nonlinear equations, the solution of

which gives AG, J; and Jj, usually at least two of them rather accurately. When the number of possible
conformers and couplings are increased, as here, an unambiguous solution often becomes impossible.

The present 3] vs. temperature data were analysed using the program EQUILA.26 On the basis of the
above argument we assume the following equilibrium for the C6-C7 rotamers:

1
1

II AHjy, (ASpy)
I AHppL (8Sypp

If we estimate the values of 3J(H, CHy) for the C6H-CTH, fragment of the conformers I-IIl using
improved Karplus-type equations, the corresponding enthalpies, and sometimes the entropies, can be obtained
using the program EQUILA. The coupling values in Scheme 1 for gauche protons are calculated using
Haasnoot's?3 equation and the #rans protons using that of Abraham.24 The noteworthy point in the values is the

very large and very small values for the J8,.%, while the J8,3,’s are of the same order. On the basis of our C5-

C6 coupling data and the similar analysis reported by Kukarni & Coutinho,27 we used a value of 11.5 Hz for 3t

instead of the much smaller value given by the Haasnoot equation. The same values are valid for both
compounds.
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(-timolol-(R, R)-tartaric acid monoester 2 Since the C7H, protons could not be assigned, there were
two possible solutions to explore. The first assumes the assignment given in Table 4, in which case the program
EQUILA gives an rms (the residual root mean square between the observed and computed couplings) of 31
mHz with AHjp = 2.7 and AHyyp = 7.7 ki/mol. These coupling data do not allow a complete optimization of the
coupling constants, but if we adjust them so that the deviation of the optimized values from those given in
Scheme 1 is one tenth as serious as the deviation between the observed and calculated couplings, the rms is
reduced to 20 mHz and the values of the couplings stay within 0.1 - 0.4 Hz of the predicted values. A further
reduction of rms to 10 mHz is possible, but AHy; and AHjjj are not changed significantly from the values 2.9
and and 5.4 kJ/mol, respectively. The second solution assumes the opposite assignment, in which case the rms
of the EQUILA fitting is 67 mHz, with AH[y = 3.9 and AHpp = 4.4 kJ/mol. The rms can be improved only to
4] mHz by optimizing the couplings with the same constraints as above. The result indicates that the

characteristic difference between J8,;, and J&,_. is correct and can be used to assign the couplings.

It is also possible to improve the rms values by including the entropies. However, this does not
significantly change the energy difference between the conformers (but replaces the enthalpies by free energies).
Itis also interesting that including of the entropies does not improve the rms of the second assignment as much
as the rms of the first.

To conclude, the NMR analysis indicates that 20% and 10% of conformations II and III, respectively, are
present in solution.

(R)-timolol-(R, R)-tartaric acid monoester 2’ In attempting a similar analysis for 2°, we found the two
altenative assignments of the CH, -signals to give the same rms, ca. 100 mHz, and this could not be improved
greatly without the couplings of the conformers deviating significantly from the predicted values. However, a
very good rms of 19 mHz is obtained simply by using the assignment given in Table 4 and aliowing ASyy; to fall
to -10 J/K mol. The corresponding AHy = 3.4 kJ/mol, AHjy| = -1.4 kJ/mol and AGypj = 1.6 kJ/mol at 298 K.

The large negative entropy indicates that the III conformation is much more rigid than the I and II
conformations. The entropy of 10 J/K mol corresponds to about 3.3-fold degeneracy for I and II. This offers an
explanation, in addition to the "H-bond model', for the poor crystallization ability of the (R)-timolol derivative,
2’

Theoretical calculations

Theoretical calculations and molecular modelling based on the crystal structure analysis of S,R,R-ester 2
were done as a support to the NMR analysis of both 2 and 2°. Our purpose was to look for a possible hydrogen
bonding system and non-bonding interactions in the (R)-timolol-(R,R)-ester, which so far has resisted
crystallization. The two polymorphic forms of (§)-timolol-(R, R)-ester were modelled. In the first polymorphic
form, two different conformations of §,R,R make a pair in the asymmetric unit (conformers A and B). In the
second polymorph only one conformation is present (conformer C). Only torsion angles of the two substituents
(H6 and C5 chain) on the stereogenic carbon were interchanged to make the corresponding models for (R)-
timolol-(R,R)-ester. The rest of the molecule was kept as it is in the (S) configuration.

The semiempirical MNDO molecular orbital method,2? as it is implemented in the GAUSSIAN 90 series

of programs,28 was chosen for the calculation of heats of formation for single molecules. No geometric
optimization with MNDO was done because the large number (198) of internal coordinates to be optimized made
this impractical.

Keeping the known crystal structures as a starting point, 18 additional configurations with non-R,R
chirality on the tartaric acid part were constructed by a similar method to that described above. All 24 calculated
forms are listed in Table 5, together with their MNDO heats of formation.
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Table 5: MNDO heats of formation of the studied forms.

Molecule ESCF(H) AH°298(kJ/mol)
A-RRR -0.13443018 -357.39
A-RR,S -0.13393131 -351.86
A-RSR 0.07113912 186.90
A-RSS 0.02832507 74.40
A-SRR -0.16130609 -423.79
A-S,R,S -0.16296174 -428.14
A-SSR 0.03927702 103.20
A-S,S,S -0.00593490 -15.57
B-R.R.R -0.09919505 -260.63
B-R,R,S -0.08993906 -236.30
B-R.S,R 0.43965131 1155.10
B-R,S,S 0.09340337 245.39
B-S.R.R -0.12008130 -31548
B-S,R,S -0.12093800 -317.74
B-S,S,R 0.40758678 1070.86
B-S,8,S 0.05857478 153.91
C-R,R,R -0.11778454 -309.45
C-RR,S -0.13039356 -342.56
C-R,S.R 0.20477481 538.00
C-R,S.S 0.05033198 132.22
C-SR.R -0.16064984 -422.07
C-S,R.S -0.16446802 -432.12
C-$,S.R 0.16770248 440.62
C-$,S,S 0.01251108 32.87

All modelled R,S,R; R,S,S; $,5,R and §, S, S configurations of the polymorphic forms A, B and C are
higher in energy than $,R,R configurations, implying that they are less likely candidates to form the kind of
crystals that were found experimentally. For the conformations that were found in our crystals, molecule
A-S,R,R has the lowest MNDO energy. Molecule C-S,R,R has virtually the same energy — only 1.72 kJ/mol
higher. Molecule B-S,R,R is 108.31 kJ/mol higher in energy than A-S,R,R. Thus, if molecule A-S,R,R can
crystallize, there should be no energetic reason why molecule C-S,R,R does not crystallize. All the R,R,R
molecules are higher in MNDO energy than their S,R,R counterparts (the differences are 66.40, 54.85 and
112.62 kJ/mol for molecules A, B and C, respectively).

The second polymorph, with a pair of molecules C-S,R,R in the asymmetric unit, forms a more
favourable crystal than the pair of molecules A-S,R,R and B-S,R,R in the first polymorph. The difference is
105.09 kJ/mol when packing effects are not included in the calculations (i.e., when the pair is simply the sum
of two single molecules). When similar pairs are constructed for the (R) molecules, the second polymorphic
form is only 5.19 kJ/mol more favourable in energy than the first polymorph. To estimate the non-bonding (van
der Waals, electrostatic and H-bonding) effects on the packing of the crystals, empirical force field calculations
with the MOBY program29 were carried out for the most favourable pairs of molecules in the two polymorphs.

The program is based on the AMBER force field.2! Standard parameters from the program were used for all
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configurations. Partial atomic charges which were needed in the force field were taken from the MNDO
calculations. Results are given in Table 6.

Table 6: Non-bonding AMBER force field energies (in kJ/mol) of the polymorphs.

Pair van der Waals electrostatic H-bonding  total non-
interaction interaction bonding energy
A-R,RR+B-R,R,R  600.77 -179.51 -1.41 419.84
A-RRR+B-RR,S  432.68 -183.92 -0.81 247.94
A-R,RR+B-SR,R 334.61 -191.35 -2.52 140.74
A-RRR+B-SR,S  701.98 -186.56 -0.82 514.60
A-RR,S+B-RR,R  413.69 -195.11 -1.87 216.71
A-RR,S+B-RR,S 511.71 -187.30 -0.16 324.25
A-RRS+B-SR,.R  679.87 -182.36 -0.77 496.73
A-RRS+B-SR,S 781.02 -186.17 -0.17 594.68
A-SR,R+B-R,R,R 316.89 -192.91 -2.55 121.44
A-S,R.R+B-R,R.S 148.80 -197.14 -1.94 -50.29
A-S.R.R+B-S.R.R 51.50 -204.71 -3.65 -156.86
A-S,R,R+B-S,R,S 418.11 -195.90 -1.96 220.25
A-S.R,S+B-R,R,R 133.86 -192.33 -1.87 -60.34
A-S,R,S+B-R,R,S 231.86 -184.50 -0.16 47.21
A-S,R,S+B-S,R,R  400.02 -180.50 -0.76 218.76
A-S,R,S+B-S,R,S 501.18 -183.37 -0.17 317.64
C-RR.R+C-R,R,R  688.88 -219.56 -4.53 464.79
C-R,R,R+C-R,R,S 777.03 -198.06 -2.55 576.43
C-R,R,R+C-S,R,R  367.34 -230.48 -2.43 134.43
C-R,R,R+C-S,R,S  422.99 -194.03 -2.28 226.67
C-R.R,S+C-R,R,S  865.08 -165.82 -0.56 698.70
C-R,R,S+C-S,R,R 45547 -200.32 -0.44 254.70
C-RR,S+C-S,R,S 511.11 -161.86 -0.29 348.96
CSRR+C-S.R.R  134.98 -241.93 -0.33 -107.27
C-S,R,R+C-S,R,S 192.55 -203.62 -0.18 -11.26
C-S,R,S+C-S,R,S 248.15 -154.72 -0.03 93.40

The total non-bonding energies for both forms of the (R)-ester are high, mainly due to the unfavourable
van der Waals interactions. Because of that, the (R)-timolol-(R,R)-ester does not crystallize under the same
conditions as the known polymorphic forms of the (S)-timolol ester. The pair of molecules A and B have total
non-bonding energy of -156.9 kJ/mol, and the same value for the pair of C molecules is -107.3 kJ/mol. Thus
the two sets of molecules have equivalent packing effects when crystallization is modelled by starting with two
molecules in known crystalline environment.

All the single molecules and pairs of molecules modelled in the fixed or "strained” crystalline state were
also optimized to a nearest local minimum using the AMBER force field. With single molecules, MNDO
energies were calculated for AMBER minima. All studied molecules, when relaxed from the strained crystal
conformation in this way, gave closely similar MNDO energies, ranging from -582 to -611 kJ/mol for
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A-N,X.Y, from -502 to -574 kJ/mol for B-N,X,Y and from -481 to -544 kJ/mol for C-N,X,Y, where N, X
and Y are Sor R.

Summary

The extraordinarily good crystallization property of the (S)-timolol O,O-diacetyl-(R R)-tartaric acid
monoester arises from the infinite hydrogen bonding system consisting of both inter- and intramolecular
hydrogen bonds. According to NMR analysis and theoretical calculations, the R,R,R-form is unlikely to
crystallize because the stabilizing intermolecular hydrogen bonds are lacking. NMR analysis of the S,R,R- and
R.R,R-forms showed that the same C5-C6 rotamer (IV in Scheme 1) as in crystalline state predominates in
solution. Furthermore, the most stable C6-C7 rotamer of the S,R,R-form is the same as in the crystal state (I in
Scheme 1), but only with slight preference over the other two conformations. However, the molecules are very
flexible in solution state and the smaliest coupling constants corresponds to the most stable conformer. NMR
analysis indicated the most stable conformer of the R,R,R-form: its C5-C6-C7 part proved to be the mirror
image of that of the corresponding S,R,R-form. Theoretical calculations gave qualitatively reasonable results
concerning the stability order of the different conformers of the S,R,R- and R,R,R-forms.
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