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Additive induced polymorphism of a conformationally locked tetraacetate 3 in presence of its di-
astereomer 4 is described. The ester 3 was specially crafted on a trans-decalin backbone to relegate the
O–H/O H-bond donors to the molecular interior and have the peripheral H-bond acceptors in 1,3-
syndiaxial relationship. The supramolecular assembly of 3 was destined to evolve along two mutually
exclusive pathways, namely one, which employs intermolecular O–H/O H-bonds (pathway 1) and the
other that sacrifices these for intramolecular O–H/O H-bonds and settles for a crystal packing dictated
by weak intermolecular interactions alone (pathway 2). Exploiting the similarity between the self-as-
semblies of 4 and the two recently reported dimorphs of 3, the ester 3 has been stimulated to follow the
elusive non-hierarchical pathway 2 through preferential inhibition of pathway 1. Interestingly, the in-
hibitor 4 was obtained serendipitously en route 3 via an apparent breakdown of Fürst–Plattner rule.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Intramolecular hydrogen bonds constitute one of the most im-
portant non-covalent interactions known in nature in as much as
they mould the three-dimensional structure and are therefore
linked intimately with the functional aspects of many biological
molecules such as proteins and polysachharides.1 Quite evidently,
the structure determining ability of these H-bonds stem from the
fact that their formation requires specific molecular conformations
that bring the donor and acceptor moieties in close proximity to
each other. In small molecules, however, such a conformational
constraint often imposes a severe steric repulsion between the
functional groups, which cannot often be offset by the stability
produced by the intramolecular hydrogen bond. For example, in
polyhydroxylated molecules, formation of intramolecular O–H/O
hydrogen bonds between hydroxyl groups in 1,3-relationship
requires a molecular conformation that allows them to be syn-
diaxial to each other.1a–c In most examples of naturally occurring
polyols, such an orientation of the OH functionalities is energeti-
cally unfavorable so that intermolecular O–H/O hydrogen bonds,
either to neighboring molecules or solvent, are preferred and ob-
served ubiquitously in the crystal structures of such molecules.1a–c,2
þ918023600283.
ta).

All rights reserved.
Conformationally locked polycyclitols, constructed on a rigid
trans-decalin carbocyclic backbone 1, are however required to ex-
hibit an axial rich disposition of the hydroxyl groups, so that the OH
functionalities in 1,3-relationship are automatically brought into
a favorable geometry for the formation of intramolecular O–H/O
hydrogen bonds.3 Working within this paradigm, which was for-
mulated both logically and on the basis of the observed H-bonding
patterns in the crystal structures of several conformationally locked
polyols, we were able to demonstrate that intramolecular
H-bonding between 1,3-syndiaxial OH groups can even be used as
a tool to preordain the positions of the intermolecular O–H/O H-
bond donors and acceptors in a specially crafted polycyclitol such
as 2.3d

As an extrapolation to our above observations, a study was
undertaken to investigate the consequences of disabling the
peripheral intermolecular O–H/O H-bond donors, in the form of
the secondary hydroxyl groups, in the polycyclitol 2. To this end, the
built-in chemodifferentiation between the hydroxyl groups in 2
was exploited to protect the secondary hydroxyl moieties selec-
tively as their acetate derivatives. Inherent in this substrate design
was the expectation that the presence of the two tertiary hydroxyl
groups as the sole O–H/O hydrogen bond donors in the polyol 2
would trigger the supramolecular assembly of the tetraacetate 3 of
the hexol 2 to evolve along two mutually exclusive pathways. The
first follows the hierarchy of the strength of the non-covalent in-
teractions available in 3 and opts for a crystal packing dictated
mostly by intermolecular O–H/O H-bonds, employing albeit the
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lesser accessible tertiary hydroxyl groups (pathway 1). The second
pathway, on the other hand, relegates the central OH moieties to
function merely as intramolecular O–H/O H-bond donors to ester
oxygens and settles for a self assembly dictated by weak in-
termolecular interactions alone (pathway 2).4
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Scheme 1. Reagents and conditions. (a) 10% v/v AcOH (aq), RT, 48 h; (b) Ac2O, DMAP,
RT, 10 h [3:4¼9:1; yields over two steps: 44% (3) and 5% (4)].
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Scheme 2. Mechanism proposed to account for the formation of 6 from 5.
As the first report of this study, we have recently communi-
cated the details of crystal packing and the unusual thermal be-
havior of the two enantiotropic polymorphs (the a and b forms),
obtained upon crystallizing a pure sample of the tetraacetate 3 at
two different temperatures.5 Albeit differing in the strength of the
intermolecular O–H/O H-bonds, crystal packing in the a and
b forms of 3 were essentially similar, both having evolved along
pathway 1. Despite altering the conditions and solvent(s)
employed, obtaining a polymorphic modification of 3, which
conforms to pathway 2, remained an elusive target.6 In the
present report, we disclose the nature of molecular packing in the
third polymorph (the g form), which has eventually
been obtained by inducing 3 to follow pathway 2 through
inhibition of pathway 1 by doping the crystallization milieu with
a serendipitously encountered isomeric anti-Fürst–Plattner tet-
raacetate 4.

2. Results and discussion

2.1. Concomitant formation of the isomeric tetraacetates 3
and 4: The serendipitous identification of a competing
anti-Fürst–Plattner pathway

As reported earlier, the tetraacetate 3 was obtained as the sole
compound upon peracetylation of the reaction mixture, obtained
after PTSA (p-toluenesulfonic acid) catalyzed ring opening of the
anti-diepoxide 5 in moist dichloromethane.3d Evidently, that the
all-trans hexol 2 would have been the sole stereochemical outcome
of the hydrolytic reaction was expected from the well-known
Fürst–Plattner rule.7

However, in an alternate reaction, it was observed that the
diepoxide 5 underwent an extremely slow ring opening (about
48 h) at room temperature in presence of 10% aqueous acetic acid
to furnish a reaction mixture, which, upon peracetylation, yiel-
ded, in addition to the expected 3, a minor amount of 4, evidently
the tetraacetate derivative of the hexol 6 (Scheme 1). While quite
intriguing, the concomitant formation of 6, a diastereomer of 2,
from the diepoxide 5 was best accounted for by invoking
a competing anti-Fürst–Plattner ring opening8 in the mono-
epoxide tetrol intermediate 7 (Scheme 2). Thus, while the major
hexol 2 is obtained via a nucleophilic attack of water on 7 at
energetically favored position 1, a trans diaxial ring opening of
the epoxide moiety in 7 from position 2 would engender two
new hydroxyl groups in a less favorable twist-boat conformation
8 to yield the minor hexol 6. Relaxing the carbocyclic skeleton in
8 to a chair conformation in 6 would bring the newly generated
OH functionalities to the observed 1,2-diequatorial orientation.
Although the trans-syn-trans-anti-trans relationship of the oxy-
functionalities in the C2-symmetric tetraacetate 4 (and thus, its
congener 6) could be discerned from its NMR spectral data, it
appeared prudent, given the maverick mode of its formation, to
confirm the stereostructure of 4 through single crystal X-ray
diffraction studies.
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2.2. Crystal structure of 4 and its isostructurality with the
a-form of the isomeric tetraacetate 3

Single crystals of the tetraacetate 4 were obtained as thin plates
by slow evaporation of its solution in 2:1 petroleum ether–ethyl
acetate mixture at �20 �C. Analysis of the X-ray diffraction data,
collected on one such crystal of 4 at both room temperature and
100 K, revealed that the C2 symmetric tetraacetate packs in the
centrosymmetric monoclinic space group P21/c (Z¼4) and exhibits
a striking isostructurality with the a polymorph of 3 (Fig. 1).5 In-
deed, with intermolecular O–H/O hydrogen bonds, linking the
tetraacetate molecules into tapes along the c axis, and van der
Waals forces operating among these molecular tapes translated
along the a and b axes, the pattern of molecular packing in 4 was
virtually indistinguishable from that observed in the crystal struc-
tures of the a and b polymorphs of 3 (Fig. 2, Table 1).5 Indeed, this
observation led us to believe that the tetraacetate 4 might be
employed as a ‘tailor-made inhibitor’, which, when present in the
crystallization milieu of its diastereomer 3, would interact prefer-
entially with the precritical nucleii of the a and b forms of 3 through
O–H/O hydrogen bonding, thereby arresting pathway 1 and
goading the supramolecular assembly in 3 to evolve along the
pathway 2.9
Figure 1. ORTEP diagram of the tetraacetate 4, with atom numbering scheme for the
asymmetric unit. Displacement ellipsoids have been drawn at 50% probability level and
H atoms are shown as small spheres of arbitary radii.

Figure 2. (a) Molecular packing in the tetraacetate 4. The non-interacting hydrogen
atoms have been omitted for clarity; (b) Molecular overlay diagram of the packing in 4
(blue) and, the a (red) and b (green) forms of 3.
2.3. Obtaining the elusive g-form of the tetraacetate 3

In the light of the preceding argument, crystallization of the
tetraacetate 3 in presence of the additive 4 was undertaken. After
several crystallization trials with varying solvents and under dif-
ferent ambient conditions, it was observed eventually that a 2:1 M
mixture of the tetraacetates 3 and 4, when crystallized from 1:1
petroleum ether–dichloromethane at �20 �C, furnished a micro-
crystalline mass, whose PXRD pattern clearly showed the presence
of a third polymorph (the g form) of 3.10 The crystallization con-
ditions were optimized, taking this observation as a cue, and finally,
slow evaporation of a dilute solution of the tetraacetate mixture in
2:1 petroleum ether-ethyl acetate, containing a trace of methanol,
at �20 �C afforded crystals suitable for single crystal X-ray dif-
fraction studies. The crystals, thus obtained, appeared to differ only
slightly in their morphology, being both plate-like but one slightly
thinner than the other. Hence, having confirmed the presence of



Table 1
Hydrogen bond geometry in the tetraacetate 4

D–H/A D–H (Å) H/A (Å) D/A (Å) D–H/A (�)

O2dH2O/O10a 0.84 2.05 2.851(3) 160
O5dH5O/O8b 0.84 2.00 2.840(3) 174

Symmetry codes.
a x, �yþ1/2, zþ1/2.
b x, �yþ1/2, z�1/2.
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the g form of 3 in the admixture through PXRD studies (Fig. 3),
extensive cell indexing of individual crystals was undertaken to
differentiate the g form from crystalline 4.10
Figure 3. Comparison of the powder X-ray diffraction pattern recorded for the pow-
dered crystals, obtained at �20 �C from a solution of 2:1 mixture of 3 and 4 in 2:1
petroleum ether–ethyl acetate, with those simulated for 4 and the g form of 3.
In conformity to our expectations, single crystal X-ray diffraction
studies at 100 K revealed that the crystal packing in the g form of the
tetraacetate 3 indeed followed pathway 2. The crystal structure of
the g form was solved in the centrosymmetric monoclinic space
group P21/c (Z¼2), with the C2h symmetric tetraacetate molecules
Figure 4. ORTEP diagram of the g form of the tetraacetate 3, with atom numbering
scheme for the asymmetric unit. Displacement ellipsoids have been drawn at 50%
probability level and H atoms are shown as small spheres of arbitary radii. The purple
dotted lines indicate the intramolecular O–H/O hydrogen bonds.
occupying the inversion centers at (0, 0, 1⁄2 ) and (0, 1⁄2 , 0) (Fig. 4).11

With the hydroxyl groups engaging themselves in intramolecular
O–H/O H-bonding, molecular packing in the g form was effected
via C–H/O hydrogen bonds12, which connect the tetraacetate
molecules to form sheets, essentially parallel to the ac plane, and
weak van der Waals interactions, which operate between these
molecular sheets along the b axis (Fig. 5, Table 2).
Figure 5. Molecular packing in the g form of tetraacetate 3.

Table 2
Hydrogen bond geometry in the g form of the tetraaceate 3

D–H/A D–H (Å) H/A (Å) D/A (Å) D–H/A (�)

O2–H2O/O1a 0.84 1.99 2.7360(18) 147
C2–H2B/O4b 0.99 2.66 3.404(1) 132
C4–H4A/O5c 0.99 2.53 3.321(2) 137

symmetry codes.
a x, y, z.
b �x, �yþ2, �z.
c x�1, y, z.
The successful deployment of 4 as an auxiliary to induce
preferential crystallization of the g polymorph thus vindicated the
premise that the otherwise favorable pathway 1 can be blocked
by an inhibitor, which is capable of competing with the tetraa-
cetate 3 for the O–H/O hydrogen bonding sites on the surface of
the embryonic crystals of 3. Since the molecular packing in both
a and b forms of 3 is effected essentially via the agency of in-
termolecular O–H/O hydrogen bonds, such an inhibition of
crystal growth will be efficacious in stymieing pathway 1. Evi-
dently, the molecules of 4 will interact to a much lesser extent, if
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at all, with the precritical nuclei of the g form, so that its presence
in the crystallization milieu will hardly have any effect in the
progress of pathway 2 and lead eventually to the isolation of the g
form as the sole polymorph of 3.
3. Conclusions

As highlighted in a seminal study by Leiserowitz et al., use of
‘tailor-made inhibitors’ constitutes a pragmatic approach to control
the polymorphic modification during a crystallization process. Such
crystallization inhibitors are generally employed as a tool for
obtaining metastable polymorphs through preferential inhibition
of the stable forms. In the present study, the tetraacetate 4 has been
observed to exhibit attributes of a ‘tailor-made inhibitor’ and
provides access to an elusive polymorphic modification of its
diastereomer 3. It is interesting to note that from a synthetic per-
spective, the molecular additive 4, identified serendipitously in the
ring opening reaction of the diepoxide 5, is in itself an oddity, which
owes its origin to a minor competing anti-Fürst–Plattner pathway
in the hydrolysis of 5. The results of the present endeavor are sig-
nificant and help to further the understanding of an inadequately
researched, yet promising, area of crystal engineering, viz. additive
induced polymorphism.3e,13
Table 3
Summary of crystal data, data collection, structure solution and refinement details

3 (a form)a 3 (b form)b 3 (g form)c 4d

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c P21/c P21/c
a [Å] 21.433(7) 19.430(4) 8.1946(17) 21.126(5)
b [Å] 5.7126(18) 6.0815(13) 13.627(3) 5.8832(13)
c [Å] 16.720(5) 15.994(3) 9.581(2) 16.533(4)
a [�] 90 90 90 90
b [�] 105.664(5) 91.849(4) 114.764(3) 103.494(4)
g [�] 90 90 90 90
V [Å3] 1971.1(11) 1888.9(7) 971.5(4) 1998.2(8)
T [K] 291(2) 100(2) 100(2) 100(2)
Z 4 4 2 4
F (000) 856 856 428 856
r calcd[g cm�3] 1.356 1.415 1.376 1.338
m [mm�1] 0.111 0.116 0.122 0.110
Reflns collected 6929 7047 7509 13,237
4. Experimental section

4.1. Aqueous acetic acid catalyzed ring opening of the
diepoxide 5

A suspension of the diepoxide 5 (100 mg, 0.504 mmol) in 10%
aqueous acetic acid solution (5 mL) was stirred at ambient tem-
perature for 48 h. After the completion of the reaction, the volatiles
were removed under vacuum and the residue, thus obtained, was
put directly for acetylation at room temperature in presence of
acetic anhydride (6 mL) and N,N-dimethyl-4-aminopyridine
(271 mg, 2.220 mmol). The reaction takes 10 h to complete as in-
dicated by TLC analysis, after which it was quenched by addition of
4 mL of methanol. Column chromatography carried out on the
residue, obtained from the reaction mixture after removal of the
volatiles under vacuum, with 50% ethyl acetate/hexane allowed
separation of the minor tetraacetate 2 (10 mg, 5% over two steps)
from the more polar, major 1 (90 mg, 44% over two steps). Char-
acterization data for 2: mp 205.8–206.1 �C; IR (neat): v ¼ 3466,
1733, 1714 cm�1;1H NMR (300 MHz, CDCl3): d¼5.26 (dd appearing
as a triplet, J¼5 Hz, 2H), 5.23 (brs, 2H), 2.99 (s, 2H), 2.08 (s, 2H), 2.22
(doublet of 1⁄2 ABq, J¼16, 3 Hz, 2H), 2.11 (s, 6H), 2.03 (s, 6H), 1.98–
1.90 (m, 4H), 1.78 (1⁄2 ABq, J¼16 Hz, 2H); 13C NMR (100 MHz,
CDCl3): d¼170.5 (2C), 168.3 (2C), 73.0 (2C), 70.9 (2C), 69.2 (2C), 37.4
(2C), 32.0 (2C), 21.2 (2C), 21.1 (2C); LRMS (ES, 70 eV) 425 [MþNa]þ;
HRMS (ES) calcd for C18H26O10Na [MþNa]þ:425.1424, found
425.1420.
l.s.parameters 139 179 130 259
Unique reflns 1800 1853 1959 3659
Observed reflns 1419 1588 1607 2376
R1 [I>2s (I)] 0.0514 0.0343 0.0398 0.0576
wR2 [I>2s (I)] 0.1402 0.0796 0.0938 0.1550
Goodness of fit 1.052 1.034 1.051 0.981

a The a form coverts to the b form at �4 �C.5
b Crystal data for the b form at 291K: monoclinic, C2/c, a¼19.991(5),

b¼6.0024(15), c¼16.225(4) Å, b¼91.130(4)� , V¼1946.5(8) Å3, Z¼4, rcalcd¼1.373 g/
cm3, R1¼0.0405.

c Crystal data for the g form at 291 K: monoclinic, P21/c, a¼8.2917(17),
b¼13.742(3), c¼9.730(3) Å, b¼114.818(3)� , V¼1006.4(4) Å3, Z¼2, rcalcd¼1.328 g/
cm3, R1¼0.0447.

d Crystal data for the tetraacetate 4 at 291K: monoclinic, P21/c, a¼21.603(4),
b¼5.9587(11), c¼16.596(3) Å, b¼103.000(3)� , V¼2081.6(7) Å3, Z¼4, rcalcd¼1.284 g/
cm3, R1¼0.0536.
4.2. Crystallization protocol

4.2.1. Preliminary crystallization trials. All the preliminary crystal-
lization attempts, aimed towards identifying the optimum condi-
tions for obtaining the g form of 3, were performed in 5 mL glass
sample vials with 10 mg (z0.02 mmol) of 3 and 4, present in mole
ratios (3:4) of 10:1, 5:1 and 2:1. With lower proportions of the ad-
ditive (i.e., 3:4[10:1 and 5:1), the crystallization milieu afforded
the best crystals from 1:1 petroleum ether–dichloromethane at
�20 �C. As revealed through extensive cell indexing, all the ob-
servable single crystals obtained in each case corresponded to the
b form of 3. As already alluded to, a 2:1 M mixture of 3 and 4
afforded, under the same ambient conditions, a microcrystalline
mass whose PXRD pattern evidenced the presence of the g form of 3.

4.2.2. Obtaining single crystals of the g form. The tetraacetate 3
(16 mg) and the additive 4 (8 mg) were dissolved in 8 mL of 2:1
petroleum ether-ethyl acetate, containing 0.1% v/v of methanol.
This solution was taken in a 10 mL Erlenmeyer flask and allowed to
evaporate at �20 �C for 2 weeks when crystals of well-defined
morphology and suitable for single crystal X-ray diffraction studies
were obtained. Interestingly, endeavors to obtain single crystals of
the g form of 3 in the absence of methanol proved far less fruitful, as
the crystals obtained in such cases were either too minute or too ill-
defined in their morphology to be employed for crystallographic
studies.
4.3. Crystal structure analysis

For data collection at low temperature, a crystal of good
quality and reasonable size was mounted in a Lindeman capillary
and was cooled slowly from the ambient temperature to 100(2) K
at a uniform rate of 40 K/h with an Oxford Cryostream N2 open-
flow cryostat. The temperature of the crystal was then allowed to
stabilize for 1 h; the unit-cell parameters were determined re-
peatedly every 15 min hereafter until the estimated standard
deviations in cell dimensions did not vary beyond acceptable
limits. Single crystal X-ray diffraction data were collected on
a Bruker AXS SMART APEX CCD diffractometer. The X-ray gen-
erator was operated at 50 KV and 35 mA using MoKa radiation.
The data was collected with a u scan width of 0.3�. A total of 606
frames per set were collected using SMART14 in three different
settings of 4 (0�, 90� and 180�) keeping the sample to detector
distance of 6.062 cm and the 2q value fixed at �28�. The data
were reduced by SAINTPLUS14; an empirical absorption correc-
tion was applied using the package SADABS15 and XPREP16 was
used to determine the space group. The crystal structures were
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solved by direct methods using SIR9216 and refined by full-matrix
least-squares methods using SHELXL97.17 Molecular and packing
diagrams were generated using ORTEP3218, CAMERON19 and
MERCURY20, respectively. The geometric calculations were done
by PARST21 and PLATON.22 All hydrogen atoms were initially lo-
cated in a difference Fourier map. The methine (CH) and meth-
ylene (CH2) H atoms were then placed in geometrically idealized
positions and allowed to ride on their parent atoms with C–H
distances in the range 0.97–0.98 Å and Uiso(H)¼1.2Ueq(C). The
CH3 and OH hydrogen atoms were constrained to an ideal ge-
ometry with C–H distances as 0.96 Å and Uiso(H)¼1.5Ueq(C), and
O–H distances fixed at 0.84 Å and Uiso(H)¼1.5Ueq(O). During re-
finement, each methyl and hydroxyl group was, however,
allowed to rotate freely about its C–C or C–O bond, respectively.
The details of data collection and refinement are given in Table 3.
CCDC 729321 (g form of tetraacetate 3) and CCDC 729322 (tet-
raacetate 4) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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