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Abstract: Homochiral pairs of vicinal
diamines and vicinal diols form well-
defined crystalline supramolecular as-
semblies (supraminols) as a result of
mutual recognition. X-ray crystallo-
graphic analysis shows extensive hydro-

sheet- or ribbonlike secondary structure.
The outer periphery consists of left- or
right-handed helical strands of alternat-
ing diamine—diol units, depending on
the sense of chirality of the diamine and
the diol. High enantiomeric enrichment

is possible when an enantiopure diamine
and a racemic diol are allowed to
interact resulting in a matched homo-
chiral crystalline adduct. In one in-
stance, the occlusion of a molecule of
benzene within the assembly was ob-

gen bonding between amine and alcohol
groups that results in a hydrophilic inner
core and hydrophobic outer peripheral
units. The inner core consists of partially
or fully hydrogen-bonded amine —alco-
hol interactions that lead to a pleated-

recognition -

Introduction

Supramolecular chemistry!™ has evolved into one of the more
exciting and thought-provoking subdisciplines of science with
far-reaching applications. Lehn’s scholarly contributions?! in
this area have paved the way to numerous extensions of the
original concepts, resulting in the creation of a variety of
organized molecular frameworks.®l When such supermole-
cules are solids, the prospect of discovering interesting
physical properties with possible applications in materials
science is a sought-after objective and a meeting ground for
different technologies.

Advances in self-assembly of organic molecules in partic-
ular and the generation of supramolecular structures based on
noncovalent interactions have heightened interest in crystal
engineering. According to Desiraju,¥ crystal engineering is
the understanding of intermolecular interactions in the
context of crystal packing and in the utilization of such
understanding in the design of new solids with desired
physical and chemical properties. Aspects of crystal engineer-
ing have also been discussed in terms of design, strategy, and
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served. On the basis of competition
experiments, some predictions can be
made regarding the best matched pairs
of diamines and diols, which we have
termed supramolecular chirons.

architecture.[* * In spite of many contributions in this area, the
issue of predicting structural features from the chemical
composition and functional properties remains an interesting,
challenging, and elusive aim.? ° Contrary to normal discon-
nective analysis in synthesis planning, where a molecular
entity such as a natural product is simplified into its basic
building blocks”! and then chemically assembled in the
forward sense, the organization of molecules of known
structure into specific patterns and shapes in the solid state
is not predictable. In most cases, thermodynamic forces will
ultimately decide the architecture, organization, dimension-
ality, and, in human terms, the aesthetic quality of the
resulting motif.[®l

Hydrogen bonding has been an important feature in the
noncovalent assembly of neutral molecules possessing do-
nor—acceptor functionalities.’] In this context, Nature has
been a most generous provider of examples of hydrogen-
bonded entities with nucleic acids, and proteins as marquee
supermolecules.'’’ Hydrogen bonding between neutral
amide-type NH and carbonyl-type O atoms has featured
prominently in the design and self-assembly of a number of
supramolecular structures involving mainly achiral donor-—
acceptor molecules.['!]

The interaction between simple amines and alcohols has
been previously demonstrated spectroscopicallyl'” by X-ray
diffraction techniques,™® and indirectly based on analytical
techniques associated with HPLC.['Y In a recent elegant study,
Ermer and Eling!"™ reported on the self-assembly of diphe-
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nol-diamine molecules into supramolecular arrays. Our
concurrent studies!'! showed for the first time that chiral
nonracemic pairs of vicinal diamines and diols could self-
assemble to give crystalline three-dimensional helical motifs
(supraminols). Furthermore, the sense of helicity was depend-
ent on the chirality of the partners. Although (R,R)- or (S,S)-
1,2-diaminocyclohexane exists as a layered two-dimensional
structure in the solid state, it behaves as a matrix to
accommodate a matching diol partner, a fact which leads to
a right- or left-handed three-dimensional helical superstruc-
ture.l'!

The core of these assemblies consists of hydrogen-bonded
pleated sheets or ribbons depending on the nature of the C,-
symmetrical diol. It was therefore of interest to delineate
structural features in the diamine and diol units that favor a
pleated-sheet- or a ribbonlike hydrogen-bonding pattern in
the core of the corresponding three-dimensional assembly.
The notion of supramolecular chirons is introduced to identify
basic units that are the chiral counterparts of supramolecular
synthons.! We thus define a supramolecular chiron as the
minimal homo- or heterochiral molecular unit or ensemble
capable of generating ordered superstructures by self-assem-
bly through hydrogen-bonding or other noncovalent forces,
and leading to topologically distinct enantio- or diastereopure
architectures. Issues related to chirality in the context of
supramolecular chemistry have not been addressed in a
systematic manner.!'7)

Results

When a suspension containing equimolar amounts of enan-
tiomerically pure (R,R)-1,2-diaminocyclohexane (1) and
(R,R)-4-cyclohexen-1,2-diol (2)!" in benzene was brought to
the reflux temperature of the solvent and the clear solution
formed was allowed to cool, a crystalline product was formed
in over 90% yield (Scheme 1). The same procedure for
(1R2R 4R ,5R)-4,5-dibromocyclohexan-1,2-diol (4) 1 and
diamine 1 gave a crystalline adduct 5. Spectroscopic and
X-ray crystal structure analysis of adducts 3 and 5 showed the
formation of a 1:1 complex consisting of one molecule each of
diamine and diol, and linked by a pair of interactions well
within the distance of a definite hydrogen bond. Table 1
contains pertinent crystallographic data for the supraminols
discussed in this paper.?l The same procedure failed to afford
solid adducts when 1 was mixed with enantiomerically pure
(R,R)-1,2-cyclopentanediol, (1R,2R)-3,5-cyclohexadiene-1,2-
diol, (18,25)-4-cyclohexen-1,2-diol, or (15,25,4S5,55)-4,5-dibro-
mocyclohexan-1,2-diol. Adducts 3 and 5 form well-defined
and well-ordered supramolecular structures that self-assem-
ble through a unique network of hydrogen bonds. In the
adduct 3, cyclohexane and cyclohexene moieties are stacked
in four columns (Figure 1, panels A, B). The hydrogen-
bonded motif of the core has the shape of a right-handed
helical ribbon similar to that previously observed for the
crystalline adduct between enantiomerically pure (R,R)-1,2-
diaminocyclohexane and (R,R)-2,3-butanediol,'®! and differ-
ent from the pleated-sheet-like motif found in the adduct of 1
and (R,R)-cyclohexane-1,2-diol.l') Thus, the presence of the
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Scheme 1. Vicinal diamines and diols comprising carbocychc and acyclic
structures and their adducts.

4,5-double bond in the cyclohexene ring of the diol partner 2
markedly influences the topology of the hydrogen-bonded
motif of the core. The helical ribbon-shaped core consists of
eight-membered square planar hydrogen-bonded units in
which one of the NH - (O) hydrogen bonds is weak (with
average long and short distances of 2.56 A and 224 A)
(Figure 1, panels C, D). Nitrogen and oxygen atoms act as
donors or acceptors leading to a fully hydrogen-bonded
network in the core. Pairs of diamine and diol units are
interlinked by three antidromic hydrogen-bonded strands that
run parallel at a distance of 6.728 A. The hydrogen-bonding
pattern in the helical strand utilizes the amino group as donor
and hydroxyl group oxygen as acceptor generating a left-
handed helical strand with a pitch of 20.184 A (Figure 1,
panel E). A remarkable consequence is the emergence of
unusual topological features in the superstructure. Thus, while
the peripheral residues consisting of diamine and diol units
adopt a left-handed helical shape, the ribbonlike hydrogen-
bonded motif within the core has an opposite helicity
(Figure 1, panels D and E). A stereoview of the hydrogen-
bonding network along the a axis can be seen in Figure 1F. A
CPK representation of the helical structure of 3 is shown in
Figure 2.

In the adduct 5, the cyclohexane moieties of the diamine
and of the diol are stacked in four columns similarly to the
adduct 3. In the case of 5, however, the diol exists in two
different orientations, rotated by ~20° in the a—c plane of the
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Table 1. Crystallographic data collection and structure refinement information.

3 5 8 9 10 12 14
space group P2.2.2, P2, 2 2 P2.2.2, P22.2 c2
VA 4 2 4 4 4 2 8
cell constants
a[A] 6.7282(18) 11.056(6) 18.563(7) 18.547(6) 6.432(2) 7.725(2) 20.792(6)
b[A] 10.697(4) 6.507(5) 6.7360(12) 6.779(3) 12.113(6) 7.924(2) 11.516(3)
c[A] 19.828(7) 11.599(6) 13.155(3) 12.660(6) 18.496(7) 11.540(3) 15.747(5)
A 90.0 97.78(4) 126.54(2) 109.14(3) 90.0 90.0 133.18(2)
VA3 1427.1(8) 826.8(9) 1321.6(6) 1503.8(11) 1441.0(10) 706.4(3) 2749.5(14)
u [mm™] 0.57 6.20 0.57 0.57 7.07 7.21 0.60
Qcalea [g€M ™) 1.063 1.559 1.027 1.066 1.669 1.702 1.113
F(000) 504 392 456 532 728 364 1024
radiation Cugg, Cug,, Cug,, Cug,, Cug,, Cug, Cug,,
Omax [°] 70.0 70.0 70.0 70.0 70.0 70.0 70.0
scan mode /260 /260 /20 /26 /20 /260 /26
h, k, [ ranges +8,+13, +24  +12,+7,+14  £22, 48, +16  +£22,+8,+15 £7,+14,+22  +£9,+9,+14  £25 +14,+19
no. of reflns measured 10042 4034 4892 5615 9403 4715 10136
no. of unique reflns 2705 2043 2471 2825 2734 1348 5114
Rierge 0.033 0.082 0.039 0.065 0.130 0.147 0.045
no. with 7> 2.000([) 2456 1475 2383 2225 2316 1066 4761
no. of parameters 242 258 224 159 150 76 298
R1 (obs. ref. only)! 0.040 0.061 0.038 0.075 0.062 0.054 0.051
wR2 (all data)[®! 0.104 0.160 0.113 0.198 0.188 0.135 0.148
Stel 1.00 0.98 1.11 0.99 1.06 0.97 1.09

[a] RU=2(| | F,| — | F.|)/Z(| F,|)- [b] wR2 = [Z[w(F2 — F2)?IZ[w(F2)X]"~ [c] S = [Z[w(F& — F2)?)/(No. of reflns — No. of params.)]?
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Figure 1. A) ORTEP view of the molecular adduct 3
(H-bonds are represented by thin lines); B) H-bond-
ing network of adduct 3 (top view down the a axis); C)
side view of the H-bonding network (H-bonds are
represented by thin lines) showing the full coordina-
tion of all heteroatoms; D) simplified representation
of the view in (C) showing the right-handed helical
motif constituting the ribbonlike H-bonded core of
the assembly; E) single strand for H-bonded units
extracted from the triple-stranded helicate structure
in 3 showing left-handed helicity. H-bonds are uni-
formly established between NH, donors and OH
acceptors of alternate diamine and diol molecules; F)
stereoview of the H-bonding network (side view along
the a axis).
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- In an attempt to extend our
knowledge about the relation-
ships between structure and
hydrogen-bonding capabilities
for the supraminols, we utilized
(R,R)-2,3-diaminobutane (6)??
as a new diamine component.
Equimolar amounts of 6 and
enantiomerically pure (R,R)-
cyclohexane-1,2-diol (7) afford-
ed a crystalline adduct 8. Famil-
iar stacking of butane and cy-
clohexane units can be seen as
in the case of 3 (Figure 4, pan-
els A and B). Similarly, the fully
hydrogen-bonded core consists
of a right-handed helical ribbon
(Figure 4, panels C, D, and F).
The OH --- (N) hydrogen bond-
ing (average 1.97 A) and the
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Figure 2. CPK representation of the helical secondary structure of 3, 5, 8, 10, 9. Diamine residues are shown in
blue and diols in red within one strand of the helicates in 3, 5, 8,9, and 10. Bromine atoms are shown in green. For
14, a segment showing two contiguous elements of the layered structure is depicted with diol in red and diamine in
gray. For 9, benzene molecules included in the triple-stranded helical crystal structure are shown with black
carbon atoms; CPK of 9 with partially rotated left-hand motif with included benzene molecules and an artificial

separation of the right-hand motif (not rotated).

adduct. For the sake of clarity, only the ORTEP views of the
molecular structure for the complex formed from the major
diol component are shown in Figure 3 (panels A and B). An
explanation of the occurrence of two different diol motifs
could be found in the presence of two strong van der Waals
interactions (2.13 A for the bromine —hydrogen interaction
and 3.09 A for the bromine—carbon interaction) between
adjacent columns in the superstructure. While a ribbonlike
hydrogen-bonded core is evident, only one of the two amino
groups is fully engaged in hydrogen bonding, as depicted in
Figure 3 (panels C and D). Three antidromic hydrogen-
bonded strands run parallel at a distance of 6.507 A, generat-
ing a left-handed helical strand with a pitch of 19.521 A
(Figure 3, panels C, D, and F). A CPK representation of the
helical structure of 5 is shown in Figure 2.
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smaller than those observed for
3. Three antidromic hydrogen-
bonded strands run parallel at a
distance of 6.799 A, generating
a left-handed helical strand
with a pitch of 20.337 A (Fig-
ure 4, panels D and E). This
helix is more compressed in
the a-c plane and more ex-
tended along the b plane com-
pared with that of (R,R)-1,2-
diaminocyclohexane and
(R,R)-2,3-butanediol.l"! A
CPK representation of the hel-
ical structure of 8 is shown in
Figure 2.

The adduct between (R,R)-4-
cyclohexen-1,2-diol  (2) and
(R,R)-2,3-diaminobutane  (6)
afforded a crystalline solid 9
(Scheme 1). The overall topol-
ogy of 9 was similar to that of 8 (Figure 5, panels A and E).
However, benzene molecules were included in the crystal
structure of 9, and located at the intersection of four columns
in a plane parallel to the a—b plane of the unit cell of the
adduct.”?l No stacking interactions could be observed be-
tween the benzene ring and the double bond of the diol
(Figure 5, panels F, B). Each benzene unit exhibits a hydro-
gen—hydrogen van der Waals interaction (2.81 A) with the
next benzene unit along the b axis. Interestingly, the
preparation of 9 in a 1:1 mixture of benzene and toluene
afforded only crystals that included benzene. Some note-
worthy structural features are evident from the comparison of
the adducts 9 and 3. In 9 the OH--- (N) hydrogen-bonding
distances (average 1.94 A) and NH --- (O) (average long bond
2.42, short bond 2.24 A) are smaller than those in 3. The

r“f_"-

A_Jf

L=
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F

Figure 3. A) ORTEP view of the molecular adduct 5 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 5 (top view down the a axis); C) side view of the H-bonding network (H-bonds are represented
by thin lines) showing the coordinations of oxygen atoms and the full coordination of nitrogen atoms; D)
simplified representation of the view in (C) showing the left-handed helical motif constituting the ribbonlike
H-bonded core of the assembly; E) single strand for H-bonded units extracted from the triple stranded helicate
structure in 5 showing left-handed helicity. H-bonds are uniformly established between NH, donors and OH
acceptors of alternate diamine and diol molecules; F) stereoview of the H-bonding network (side view along the b

axis).

helical structure of 9 is compressed along the a—c plane and
more extended along the b axis, probably because this
geometry is necessary to accommodate the included benzene
molecules (Figure 5, panels C, D, E, and F). A CPK repre-
sentation of the helical structure of 9 with the included
benzene molecules is shown in Figure 2.

Both enantiomers of 4,5-dibromocyclohexan-1,2-diol!!”)
afforded crystalline adducts 10 and 12 with the diamine 6
(Scheme 1). In the case of 10, the cyclohexane rings of both
molecules are aligned into four vertical columns with the
polar groups facing inward as expected (Figure 6, panels A
and B). The hydrogen-bonding motif of the core is an
incomplete right-handed helical ribbon (Figure 6, panels C,
D). One of the NH---(O) hydrogen bonds is very weak
(2.54 A). The corresponding NH -+ (O) angle value of 132°
deviates from the theoretical value, hence the absence of the

Chem. Eur. J. 1999, 5, No. 7
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full hydrogen bonding seen in
the structures of 3 or 9. Three
antidromic hydrogen-bonded
strands run parallel at a dis-
tance of 6.432 A, generating a

(R.R,R,R)- helical strand with a 19.30 A
5 pitch that is somewhat com-
pressed along the a—c plane
compared to all other helicates
l in this series of supraminols

1%\ , (Figure 6, panels D, E, and F).
e This unexpected structural fea-
X;ﬁ{ ’ /‘3 ture could be due to the steric

\“%‘ encumbrance of the axial bro-

e mine atoms. Moreover, there

S8INY are no van der Waals interac-
tions for either bromine - bro-
mine or bromine-hydrogen
atoms.[)l The lowest value for
the bromine —bromine contact
is 4576 A and that for the
bromine — hydrogen is 3.27 A.
A CPK representation of the
helical structure of 10 is shown
in Figure 2.

Unlike 10, the adduct 12
consists of a vastly interlinked
bidirectional hydrogen-bonded
network as the constitutional
element of the assemblage (Fig-
ure 7). Channels run inside the
core along the b axis (Figure 7,
panels B, C, E) reminiscent of
the crystal structure previously
observed for the adduct formed
from enantiomerically pure
(R,R)-1,2-diaminocyclohexane
and (R,R)-tartaric acid.['®24
The supraminol structure 12
exhibits a strong face-to-face
interaction between the bro-
mine atoms along the b axis of
the adduct. The interresidue
bromine —bromine atoms distance was 3.38 A, which might
be responsible for deviations from the anticipated helical
structure observed for the matched pair in 10. The network
develops in a plane perpendicular to the ¢ axis (Figure 7,
panel D). Very weak OH -+ (N) hydrogen bonds are present
along the a—b plane (2.54 and 2.92 A) and the corresponding
angle values of 167° and 138° deviate from the theoretical
values.

At this juncture, it is informative to recall that all the
crystalline adducts studied so far have consisted of C,-
symmetrical vicinal diamines and diols comprising carbocyclic
and acyclic structures (Scheme 1, entries a—f). To study the
effect of chirality in diol partners we looked at the adducts
formed from (R,R)-1,2-diaminocyclohexane (1) and cis-1,2-
cyclohexanediol (13). The crystalline adduct 14 has a three-
dimensional structure that is self-assembled in a two-direc-
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F

Figure 4. A) ORTEP view of the molecular adduct 8 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 8 (top view down the a axis); C) side view of the H-bonding network (H-bonds are represented
by thin lines) showing the full coordination of all heteroatoms; D) simplified representation of the view in (C)
showing the right-handed helical motif of the ribbonlike H-bonded core of the assembly; E) single strand for
H-bonded units extracted from the triple stranded helicate structure in 3 showing left-handed helicity. H-bonds
are uniformly established between NH, donors and OH acceptors of alternate diamine and diol molecules; F)

stereoview of the H-bonding network (side view along the b axis).

tional hydrogen-bonding network. Although the nature of the
interactions involved is markedly different from that of the
other adducts discussed in this paper, the top view and the side
view of the assembly (Figure 8, panels A, B, D, and E) present
a similarity to the previously described charged network for
carbonated (R,R)-1,2-diaminocyclohexane.l'l In contrast to
other adducts shown in Scheme 1, where a ratio of 1:1 diol and
diamine moiety was involved, the supramolecular chiron in 14
is defined by two diamine and two diol moieties. An
incomplete ribbonlike core motif characterizes the adduct,
and there are two interlinking hydrogen bonds between
0O(22)-H(22) and N(32) for any unit cell alternating at
11.516 A on either side of the ribbon. This results in a layered
structure which develops in the second direction (a axis),
reminiscent of the carbonated (R,R)-1,2-diaminocyclohexane
assembly.['"]

2174 ——
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Competition experiments

Me._NH, HO,, and enantiomeric resolu-
j . tion:

Me™ “NH, HO Some competition experi-

(R.R)- (R.R)- ments were done by adding

g different alcohols to pre-

formed supraminols in order
to evaluate the relative sta-
bility of each adduct
(Scheme 2). When a suspen-
sion containing equimolar
amounts of 15 and 16 in
benzene was brought to the
reflux temperature of the
solvent and the clear solu-
tion allowed to cool, crystal-
line 15 was obtained in 89 %
yield as the only recovered
solid adduct. Moreover,
when the experiment was
repeated under similar con-
ditions with 1701 in the
presence of 7, again crystal-
line 15 was recovered in
78 % yield as the only solid
adduct. These experiments
demonstrate that 15 crystal-
lizes preferentially to 17. As
expected, 15 was also ob-
tained as the only adduct
when the oily complex 18
was mixed with an equimo-
lar amount of 7. The tenden-
cy of (R,R)-diols to replace
the (S,5)-diols in suprami-
nols assembled from a
(R,R)-diamine was further
confirmed in the exchange
study with enantiomeric diol
pairs. When a suspension of
an equimolar amount of 18
and 16 was heated to the
reflux temperature in ben-
zene and the resulting clear solution allowed to cool,
crystalline 17 was obtained in 94% yield and 99% de
(Scheme 2). In a similar way, a competition experiment
between 19 and 2 afforded 3 in 83 % yield and 98 % de. The
different behavior shown by (R,R)- and (S,5)-diols in the
crystallization with 1 was successfully used for the enantio-
meric enrichment of the racemic trans-diol 2. When a sample
of 1 was heated in benzene with equimolar amounts of
racemic trans-diol 2, a solid containing the (R,R)-diol 2 with a
diastereomeric enrichment of about 82 % crystallized out of
solution. Further recrystallization allowed an enrichment up
to ca. 98 % de.*

Finally, when a suspension of equimolar amounts of 14 and
7 was brought to the reflux temperature of benzene and the
clear solution allowed to cool, crystalline 15 was obtained in
86 % yield (Scheme 2).

0947-6539/99/0507-2174 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 7
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(R ’R)_

Figure 5. A) ORTEP view of the molecular adduct 9 (H-bonds are represented by thin lines); B) ORTEP view of
the inclusion complex between benzene and adduct 9 (top view down the a axis, H-bonds are represented by thin
lines); C) side view of the H-bonding network (H-bonds are represented by thin lines) showing the full
coordination of all heteroatoms; D) simplified representation of the view in (C) showing the right-handed helical
motif of the ribbonlike H-bonded core of the assembly; E) single strand for H-bonded units extracted from the
triple stranded helicate structure in 9 showing left-handed helicity. H-bonds are uniformly established between
NH, donors and OH acceptors of alternate diamine and diol molecules; F) stereoview of the inclusion complex
between benzene and adduct 9 showing the spatial proximity between the hydrogens of two consecutive benzene

molecules (side view along the b axis).

Hydrogen-bonded core structure as a function of torsional
and dihedral angles:

As shown in Table 2, it is possible to correlate some
dihedral angle values of the diol and diamine moieties with
the ribbon-shaped versus pleated-sheet-like core motif for
helical supraminols. The absolute 6 value observed for the
diol component of adducts with a ribbon-shaped core is in
general smaller than that found in the pleated-sheet motif
with the exception of 5 and 10, probably as a result of the
presence of the bulky axial bromine atoms. The sign of the ¢
angle depends on the chirality of the diols with a positive
value for (S§,5)-diols and a negative one for (R,R)-diols. The
absolute 0 value observed for the diamine component of all
the adducts with a ribbon-shaped core is in general also
smaller than that found in the pleated-sheet-like motif present
in 15 and 15a.

NMR studies in solution:
Interchangeable donor—acceptor interactions between di-
amines and diols were also manifested in solution as evident

Chem. Eur. J. 1999, 5, No. 7
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from 'H NMR spectroscopy in
0.1m [Dg]benzene and CDCl,
solutions at 25°C (Table 3). A
downfield shift is observed for
both the CHOH and the
CHNH, protons in all the ad-
ducts. In particular, the ribbon-
shaped core adducts 3, 5, 10
show a higher downfield shift
for the CHOH signal than that
observed for 15, which is char-
acterized by a pleated-sheet
motif, particularly in [Dg]ben-
zene (entry 8). The adducts 3
and 5 with ribbon-shaped cores
formed between (R,R)-1,2-dia-
minocyclohexane and cyclic al-
cohols (entries 1 and 2) show a
shift for the CHOH signal fur-
ther downfield than that of 17
(entry 9). In a similar way, ad-
ducts 3 and 5 show a shift for
the CHOH signal further down-
field than that of all the ribbon-
shaped core adducts of the
(R,R)-1,2-butanediamine (en-
tries 4-7). Moreover, in all ad-
ducts the individual CHOH and
CHNH, signals collapse to sin-
gle broad signals, the position
of which changes in proportion
to the amount of added diol (as
shown by a titration experiment
between 1 and 7). Generally an
upfield shift is observed for the
CHOH signal and a downfield
shift for the CHNH, signal of 3
and 5 (entries1 and 2). An
upfield shift is observed for
adducts 9, 10, 12, and 14, which consist of the (R,R)-2,3-
diaminobutane and various diols (entries 4-7).

Since a number of adducts did not crystallize or gave
crystals that were not suitable for X-ray analysis, we studied
their '"H and 13C spectra in order to establish the existence of
hydrogen-bonded associations. Scheme 3 depicts the struc-
tures of a variety of diamine—diol and diamine—alcohol
adducts prepared by mixing equimolar quantities in benzene.
Except for the adduct 27, which afforded fine needles, all the
adducts were oils. Characteristic downfield shifts of the
CHOH and CHNH, signals were observed in their '"H NMR
spectra of adducts 20-22; we therefore conclude that
combinations of vicinal C,-symmetrical diols were in fact
mutually recognized, with the exception of adduct 23, in which
overlapping resonances precluded any deduction. In order to
assess the importance of geometry, distance, and symmetry,
we studied the solution interactions of diamine-diol and
diol —amine pairs as in 24—26 by 'H NMR. Although some
shifts were observed, they were not as significant as in other
better matched adducts (Table 3). The spectrum of 28 did not

(R.R)-
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Figure 6. A) ORTEP view of the molecular adduct 10 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 10 (top view down the a axis); C) side view of the H-bonding network (H-bonds are
represented by thin lines) showing the coordination of oxygen and nitrogen atoms; D) simplified representation
of the view in (C) showing the right-handed helical motif of the ribbonlike H-bonded core of the assembl; E)
single strand for H-bonded units extracted from the triple stranded helicate structure in 10 showing left-handed
helicity. H-bonds are uniformly established between NH, donors and OH acceptors of alternate diamine and diol
molecules; F) stereoview of the H-bonding network (side view along the a axis).

show any difference in chemical shift for either com-
ponent, no doubt because of the diminished basicity of the
diamine, which could explain the lack of adduct forma-
tion.

Molecular recognition was nicely demonstrated for the
adducts 22 and 27 as seen in Figure 9. Thus a 1:1 mixture
(spectrum C, Figure 9, left) and a 0.5:1 mixture (spectrum D)
of 22 clearly shows a resonance for the matched R,R/R,R-pair
and another for the unbound diol at lower field (presumably,
the S,S-diol). Likewise, a 1:1 mixture of racemic 1,2-diamino-
cyclohexane and (R)-binaphthol (Figure 9, right) could be
easily distinguished from an adduct containing 35% enan-
tioenriched diamine and an adduct of two enantiopure
components (spectra B, C, D). Thus, given the requisite
geometry and the basicity/acidity characteristics between
pairs of diamines and diols, NMR spectroscopy can be a
valuable tool to establish the existence of molecular recog-
nition in the absence of crystal structure data.

2176 ——

Me:rNHz HO.,, Br
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Discussion

We have reported the prepara-
r tion and X-ray single-crystal
structural studies of several
new uncharged metal-free su-
pramolecular assemblies that
result from the association
of vicinal C,-symmetrical
(Scheme 1) diamines and diols.
Alternating units of (R,R)-dia-
mines and (R,R)-diols are in-
terlinked by hydrogen bonds
between one amino and one
alcohol group to give rise to
single strands. A full turn of the
helix will encompass two pairs
of diamines and diols. In the
homochiral (R,R)-series, the in-
ner core consists of a right-
handed ribbon-shaped hydro-
gen-bonded array that can be
fully or partially associated.
The column-shaped suprami-
nols are organized so that one
amino and one hydroxyl group
are part of the inner, extensive-
ly hydrogen-bonded core, while
the other pair is involved in a
outer peripheral hydrogen-
bonded interaction that links
the hydrophobic backbone of
the diamine and diol units. A
fascinating feature observed in
our previous study of suprami-
nolsl'®l was the change in the
sense of helicity of the strands,
from left-handed to right-hand-
ed, caused simply by changing
the chirality of the diamine or
diol partner (compound 1 and 7,
compared with 1 and enantiomer of 7 (Table 2 15 and 15a,
respectively). It is of interest and somewhat intriguing that the
adducts 10 and 12 formed from the same diamine 6 and the
all-R dibromide 4 or all-S enantiomer 11 exhibit different
molecular networks (helix versus bidirectional layers). An-
other fascinating feature that distinguishes seemingly identi-
cal adduct structures such as 3 and 15 (Schemes 1 and 2) is the
ribbon-shaped hydrogen-bonded core in the former, and a
pleated-sheet-like hydrogen-bonded core in the latter. Fig-
ure 10 depicts the hydrogen-bonded inner-core motifs for a
number of supraminols. The ribbon-shaped hydrogen-bonded
motif is clearly evident in the case of 3, 5, 10 and 17. However,
complete hydrogen bonding is observed in only the inner core
of 3 and 17 The hydrogen bonding seen in 5 and 10, while
sufficient to maintain the ribbon-shaped motif, is only partial,
perhaps as a result of the geometric constraints imposed by
the presence of the bulky bromine atoms??l in the diol partner.
It is interesting that a seemingly minor skeletal variation in

(R.R.R,R)-
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Figure 7. A) ORTEP view of the molecular adduct 12 (H-bonds are represented by thin lines); B) H-bonding
network of adduct 12 (top view down the a axis); C) side view of the H-bonding network (H-bonds are
represented by thin lines) showing the coordination of oxygen and nitrogen atoms and the spatial proximity of the
inter-residue bromine atoms; D) single strand for H-bonded units extracted from the interlinked bidirectional
hydrogen-bonding network in 12 along the ¢ axis showing the tweezer-shaped motif. H-bonds are uniformly
established between NH, donors and OH acceptors of alternate diamine and diol molecules; E) stereoview of the

H-bonding network (side view along the b axis).

the diol partner in 3, 17, and 15 can result in a drastically
changed inner-core architecture. The three-dimensional struc-
tures of the supraminols could be the consequence of
thermodynamically driven phenomena involving symmetry,
steric, geometric, and electronic effects. Investigations of the
binding affinities between vicinal diamines and diols by
microcalorimetry have shown unexpected differences be-
tween diastereomeric complexes.?l Preferences for O —N
hydrogen bonds rather than N —O hydrogen bonds were
predicted and rationalized based on enthalpic considerations.
Furthermore, the thermodynamic parameters for R,R and R,S
pairs of diamines and diols were found to be different, with
the heterochiral pair being twice as favored on the basis of
enthalpic considerations, but less favored entropically. From
the data so far available, it is not possible to predict
unequivocally if a particular diamine —diol motif will undergo

Chem. Eur. J. 1999, 5, No. 7
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self-assembly to a helical or
different spatial arrangement.
Equally unpredictable is the
prospect of obtaining solid ad-
ducts suitable for X-ray analy-
sis. However, even with the
relatively limited examples
shown in this study, it is possible
to make some logical predic-
tions regarding the architecture
of supraminols from a knowl-
edge of the structures of the
interacting components. For ex-
ample, it is clear that the stereo-
chemical information encoded
in the (R,R)-diamine 1 leads to
preferential  recognition of
(R,R)-diols rather than (S,S)-
diols, and ultimately to self-
assembly. It is fortuitous that
the homochiral adducts 3 and §
were obtained as crystalline
solids, while the corresponding
heterochiral adducts 19 and 20
were obtained as oils. On the
other hand, the adducts of
(R,R)-2,3-diaminobutane  (6)
with enantiomeric diols 4 and
11 were nicely crystalline
(Scheme 1).

Adduct 10 is characterized by
the presence of a vast hydro-
gen-bonding network, through
which a three-dimensional
structure assembles along the
crystallographic a axis with a
right-handed helical hydrogen-
bonded ribbon-shaped core
motif (Figure 6). Adduct 12,
formed from the enantiomeric
diol 11, is characterized by a
highly interlinked bidirectional
hydrogen-bonding network
that comprises an incompletely hydrogen-bonded core motif
(Figure 7). This contrasts with the diastereomeric adducts 15
and 15a, both of which are helical but with opposite senses of
chirality, and with a pleated-sheet-like hydrogen-bonded core
(Table 2).'l Why then should there be such a diversity in
three-dimensional architecture and core structure of adducts
resulting from the same diamine and a diol or its enantiomer ?
(e.g. adducts 5 and 20, 10 and 12, 15 and 15a, Schemes 1 and 3,
Table 2, Figure 10). Although torsional angles and geometric
parameters between acyclic and cyclic diamines (e.g. 1 and 6)
and diol partners could be in part responsible for the different
core structures, the differences are not so distinct as to permit
definitive predictions (Table 2). Rather, the better matched
pairs may be thermodynamically much more stable, especially
when the adduct crystallizes out preferentially. Curiously,
when 1 and racemic trans-cyclohexane 1,2-diol are heated in

(8,5,5,5)-
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Scheme 2. Competition experiments to evaluate the relative stability of supraminols.
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Figure 8. A) ORTEP view of the dimeric
molecular adduct 14 (H-bonds are repre-
sented by thin lines); B) H-bonding network
of adduct 14 (top view down the b axis); C)
H-bonding network linking columns of di-
meric units (H-bonds are represented by thin
lines); D) side view of the H-bonding net-
work within one dimeric column; E) single
strand for H-bonded units extracted from the
two dimensional network in D; F) simplified
representation of the view in D showing the
incomplete right-handed ribbon motif of the
H-bonded core of the assembly; G) right-
handed incomplete ribbon motifs of two
columns of dimeric units with interlinked
square planar H-bonds.

refluxing benzene, the homo-
chiral adduct 15 crystallizes out
preferentially, while 15a re-
mains in the mother liquor
(Table 2).16:21  Competition
experiments also show that 15
appears to consist of the pre-
ferred matched chiron combi-
nation given the choice of diol
partners.

One would have intuitively
presumed a preference for dia-
mine 1 to incorporate a fully
hydrogen-bonded core as found
in adduct 17 (m.p. 63-65°C)
given the choice between the
acyclic and cyclic diols 16 and 7.
Competition experiments re-
veal that preference goes to 7
to give the adduct 15 (m.p. 78 -
79°C) in which the core
is only partially hydrogen-
bonded as a pleated-sheet motif
(Scheme 2).
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Table 2. ¢ angle values and inter-residue distances for repeating helical units (pitch).

From a comparison of the values of the pitch in

A of the helical strands in homo- and heterochiral

Adduct [{’nCp| :Qg,:i::ﬁ :q;fg: 8 ri?)i?f P[II;:]h I:Iehx adducts (Table 2), it appears that a more compact
s e helical structure is associated with adduct 15a
O,’N‘NHZ 41-43 592 - -~ - - (pitch 15.05 A). This would tempt one to assume
H that it would also be the more stable supra-
Oj; 107-109 - —60.8 - - - molecular chiron with a shorter averaged hydro-
Oz““f“j;i) ' gen-bonded network throughout the assembly.
“NHz H 58-60 -53.5 -37.3 ribbon  20.18  lefthanded  Dyjrect competition between 7 and its enantiomer
. :o,, o in combination with the diamine 1 leads to the
(INHZ-H(/'O:Br 64-66 3.9 -63.0 fbbon 1952 lefthanded  Preferential crystallization of the higher melting,
gl -61.0 slightly more elongated helical adduct 15. The
He HO, preference for crystallization of the homochiral
tzH 42-44 -48.9 -58.5 ribbon  20.34 left-handed R,R complex 15 over the heterochiral R,S pair
15a is intriguing in view of the prediction from
BJ’NHZ.HOD 6466 9.0 $39 b 021 eft-handed microcalorimetry that the heterochiral complex is
Me "'““2“0 ) e o R ) clihande energetically more favored.”®! It appears that
NHaHO, entropy rather than enthalpy plays a more
?NHZH ()ij 78-80 -54.4 -69.7 ribbon  19.30  lefrhanded ~ important role in the pairing of homochiral
diamines and diols compared to the heterochiral
::r”“f“o\oi e ers 660 . o counterparts. Thus, the slightly more elongated
"’NHEHOI“h"I Br ’ ’ weeset ’ i architecture of complex 15 (pitch 15.72 A) may
N:ZZH be entropically more favoored than the more
OI) 44.46 -564 574 incomplete || 5, i compact 15a (pitch 15.05 A) in the context of a
N:ZTL] -60.3 -56.0 ribbon supramolecular structure. Clearly, it is not possi-
NH2 Ho, ble to make definitive predictions regarding the
NHZ 78-79 -57.4 -63.5 pleated 1572 lef-handed  stability of a given adduct based solely on its
sheet crystallization properties and the limited physical

NH2 HO\O . data we have gathered so far.
““2“ 63-65 578 +60.1 "éi";f{i 15.05  right-handed The geometry of the diol (cis vs. trans stereo-
Nlejo Mo chemistry) shows an important directional effect
UNHZH {[Me 63-65 -56.1 -54.6 ribbon  20.29 left-handed in the organization of supraminols. In fact, in the
17" adduct formed from the achiral diol 13 and 1, a

[a] Ordered diamine. [b] C, symmetric. [c] Double asymmetric unit (two diols and two

diamines).

Table 3. Difference in '"H NMR chemical shift 6 for CHOH, CHNH,, ROH,

and RNH, [ppm].

Entry Adduct AAPF AADP] AAL AADP] AAR AADR
CHOH CHOH CHNH, CHNH, ROH RNH,

1 3 +030 +0.18 +0.08 +0.07 —2.20 +1.04
2 5 +038 +0.18 +0.08 +0.08 —0.80 +0.99
3 8 +0.12  +0.10 +0.08 +0.15 —0.39 —-0.27
4 9 +0.18 +0.11 +0.20 +0.20 —2.38 —-0.23
5 10 +0.21 +0.10 +0.20 +0.23 —-1.18 —0.48
6 12 +024 +0.12 +0.28 +0.25 —0.40 —0.30
7 14 +0.18 +0.10 +0.10 +0.07 —0.57 +0.52
8 15 +0.10  +0.06 +0.08 +0.07 —0.30 +0.54
9 17 +0.15 +0.08 +0.08 +0.08 —0.32 +0.64

10 19 +0.31 +0.14 +0.24 +0.06 —1.45 +1.79

11 20 +039 +0.14 +0.04 +0.07 —-0.57 +1.22

12 21 +0.18  +0.08 +0.15 +0.18 —0.30 +1.94

13 22 +0.14  +0.07 +0.08 +0.07 —0.80 +0.86

14 24l +0.36 —0.07 +0.09 —0.01 +0.98 +1.22

15 25l +0.11 +0.02 —-0.02 —-0.03 —la —la

16 26!l +022 -0.03 —0.04 0.00 —la —la

17 27k el —0.1410  _[] — 04000 — 1,751 41750

[a] Spectra were recorded in 0.1m [Dg]benzene solution at 25°C. [b] Spectra
were recorded in 0.1M CDCl; solution at 25°C. [c] '"H NMR spectra recorded
with equimolar amount of alcohol and amine. [d] Signal overlap. [e] Adduct
insoluble in benzene. [f] f-Hydrogen.
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markedly different hydrogen-bonded neutral net-
work is observed. Two diamine and two diol
molecules are necessary to define the elemental
crystallographic unit cell which extends into a
layered structure with incompletely hydrogen-bonded rib-
bon-shaped cores (Figure 8). The presence of two supple-
mentary diol and diamine molecules in the elemental unit
cell is probably necessary to compensate for the lack of C,
symmetry in the recognition process, as opposed to adduct
15, for example.

The inclusion of a molecule of benzene in the adduct 9
(Figures 2, 5) represents an interesting example of host—
guest chemistry in three-dimensional assemblies in which
an aromatic hydrocarbon is involved without stacking
interactions.?? Of interest is the alignment of the benzene
rings in a plane parallel to the axis of the helical columns
that comprise the crystallographic unit, and the exclusion of
toluene when it was present during the crystallization
process.

Conclusion

We have shown that C,-symmetrical vicinal diamines and
functionalized diols can form stable supramolecular ad-
ducts which we have called supraminols. In general, the

0947-6539/99/0507-2179 $ 17.50+.50/0 2179



FULL PAPER

S. Hanessian et al.

r™ ”°‘©
NH, HO'

20, (R,R/S,S.S.S)- 21, (R,R/R,R)-
NH2 HO@ UNH2 HOj

“NHz HO “NHy HO
23, (R,R/ racemic diol)- 24, (R,R/ diol)-

T O

26, (R,R/ amine)-

27, (R.R/IR)-

Scheme 3. The structures of diamine —diol and diamine —alcohol adducts prepared from equimolar quantities of

the reagents.

UNHZ

NHz H O
22, (R,R/R,R)-

27, (R.R/R)-

L L

o

L
| | \\

A \
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Figure 9. Partial *C NMR spectra (0.2m CDCl;) for 22 and 27. For 22: A)
(R,R)-1,2-diaminocyclohexane; B) trans-(£)-1,2-cyclopentanediol; C) 1:1
adduct between (R,R)-1,2-diaminocyclohexane and trans-(+)-1,2-cyclo-
pentanediol showing molecular recognition and chiral discrimination of the
diastereomeric supraminols; D) 0.5:1 adduct between (R,R)-1,2-diamino-
cyclohexane and trans-(+)-1,2-cyclopentanediol showing selective molec-
ular recognition and chiral discrimination of the supraminol 22. For 27: A)
(R,R)-1,2-diaminocyclohexane; B) 1:1 adduct between (R)-1,1"-bi-2-naph-
thol and trans-(£)-1,2-diaminocyclohexane showing molecular recognition
and chiral discrimination of the diastereomeric supraminols; C) 1:1 adduct
between (R)-1,1-bi-2-naphthol and (R,R)-1,2-diaminocyclohexane (ee
35%) showing molecular recognition and chiral discrimination of the
diastereomeric supraminols; D) 1:1 adduct between (R)-1,1"-bi-2-naphthol
and (R,R)-1,2-diaminocyclohexane (27).

stereochemical information encoded in these acyclic and
cyclic vicinal diamines is reflected in their preference for
stereochemically matched diols to give homoadducts. This
aspect of functional and molecular recognition through
hydrogen bonding between amino and hydroxyl groups was

2180 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999
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further confirmed by competi-
tion experiments in which ho-
moadducts were formed from
heteroadducts by exchange
with the better matching diol
partner. As a result, enantio-
meric enrichment of racemic
mixtures of diols or diamines
is possible. While it is clear that
a number of vicinal C,-symmet-
rical diamines and diols will
self-assemble, it is not possible
at present to predict the three-
dimensional architecture of
the assembly with a high degree
of confidence. Within the fam-
ily of trans-2,3-diaminobutanes
and trans-1,2-diaminocyclo-
hexanes, however, prospects of
forming helical assemblies with matching homochiral cyclic
and acyclic vicinal diols are excellent. The left- or right-
handed helicity of such three-dimensional assemblies is also
predictable within a given series. In general, a (R,R)-diamine
and the corresponding homochiral (R,R)-diol will give rise to
a left-handed helical shape.

It is more difficult to predict the three-dimensional
architecture of the hydrogen-bonded core motifs of these
helical supraminols. There appears to be a preference for a
ribbon-shaped hydrogen-bonded structure in the case of
functionalized diols (Figure 10). In the absence of steric
constraints, the amine and alcohol groups are engaged in
hydrogen bonding; otherwise partial association through
hydrogen bonds is observed while the integrity of the
ribbonlike architecture is maintained.

It is of interest to point out that while the outer architecture
of the (R,R)-supraminols 3, 5, 8,9, and 10 portrays left-handed
helicity that of the inner core ribbon-shaped motif is of the
opposite sense. Through the power of hydrogen bonding we
have thus created supramolecular assemblies that are endow-
ed with and encoded for two types of distinct helical motifs
within one structure.

In the case of adducts 15 and 15al'®l (Table 2), the outer
architectures show left- and right-handed helicity, respective-
ly, simply by changing the sense of chirality of one of the
partners. The inner core consists of a pleated-sheet hydrogen-
bonded structure. It is of interest to point out that nature has
selected among its many three-dimensional arrays of molec-
ular shapes the helix and the 3-sheet as part of its mechanisms
for recognition and catalysis in life processes.[*’!

Finally, it may be compelling to address the origin of the
process by which supraminols self-assemble. To this end, we
suggest the following possibilities. Firstly, an enantiodifferen-
tiating recognition between a diamine and a matching diol to
give a supramolecular chiron (e.g. Figure 1 A), followed by
interlinking through a network of hydrogen bonds to produce
the supramolecular assembly in its thermodynamically most
stable architecture. Alternatively, matching diol molecules
could insert in the layered two-dimensional lattice of the
diamine 1, followed by association through hydrogen bonding

NH2 HO
22, (R,R/R,R)-

28, (R.RIR)-
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Figure 10. Comparison between core H-bonded structures for supraminols 3, 5, 10, 15, and 17 showing right-

handed core ribbon motif and a pleated-sheet staircaselike motif (15).

and building the assembly. The competition experiments in
solution showing the preference for a particular diol partner
over an existing one in a preformed supraminol further
demonstrate the importance of thermodynamic and other
considerations in the assembly of the supraminols. Under the
nonpolar conditions of the interaction, a strong driving force
is to orient all the polar groups in a mutually complementary
manner resulting in maximum coordination through hydrogen
bonding. There seems to be no particular preference for
O —N or N—O hydrogen bonds, contrary to predictions
based on microcalorimetry.¢!

Clearly, more examples with additional functional and
geometric variations are needed to lay a deeper foundation
for our understanding of the factors governing three-dimen-
sional molecular architectures in the supraminol family of
superstructures. Studies towards these goals, in conjunction
with exploiting possible applications of supraminols in
catalysis, in solid-state chemistry and related areas of interest
are in progress.

Experimental Section

General methods: All the starting materials used were commercial
products whose physical constants were in agreement with reported values.
Compound 1 was obtained by a resolution process described in
refs. [16, 18]. Compound 6 was synthesized with the procedure reported
in ref. [21]. Compounds 2, 4, and 11 were synthesized using the procedure
reported in ref. [19]. Melting-point determinations are uncorrected. NMR
spectra were recorded at 300 and 400 MHz for 'H and at 75 and 100 MHz
for BC. For details of X-ray structure determination®! and additional data,
please contact the author.

General procedure for preparing adducts: Equimolar quantities of
diamines 1 and 6 and appropriate diols were suspended in dry benzene,
and the suspension was heated to boiling point on a hot plate. The
homogeneous solution was allowed to cool to room temperature. The
crystalline adducts that formed were filtered and recrystallized from
benzene. In the case of oils, they were dried under high vacuum and directly
characterized.

Adduct between (R,R)-1,2-diaminocyclohexane and (R,R)-cyclohexen-
1,2-diol (3):I! Colorless needles, m.p. 58-60°C, [a]} =—-77.02 (c=1,
CDCl;), 'H NMR (300 MHz, CDCl;, 0.Im): 6=1.05 (m, 2H,

Chem. Eur. J. 1999, 5, No. 7
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) CH,CH,CHNH), 128 (m, 2H,
CH,CH,CHNH), 164 (m, 2H,
CH,CHNH), 180 (m, 2H,
CH,CHNH), 201 (m, 2H,

CH,CHOH), 2.22 (m, 2H, CHNH),
2.43 (m, 6H, OH+NH,), 3.51 (m, 2H,
CHOH), 550 (m, 2H, CH=CH);
13C NMR (300 MHz, CDCl;, 0.1m):
5=2505 (CH,CH,CHNH), 330
(CH,CHOH), 3550 (CH,CHNH),
57.0 (CHNH), 71.05 (CHOH), 124.95
(CH=CH).

Adduct between (R,R)-1,2-diamino-
cyclohexane and (1R,2R,4R,5R)-4,5-

e

dibromocyclohexan-1,2-diol (5):11
Colorless needles, m.p. 64-66°C,
[alp=—44.63 (c=0.64, CDCL);

'H NMR (300 MHz, CDCl;, 0.1m):
6=1.10 (m,2H, CH,CH,CHNH), 1.30
(m, 2H, CH,CH,CHNH), 1.70 (m,
2H, CH,CHNH), 185 (m, 2H,
CH,CHNH), 228 (m, 2H, CHNH),
2.40 (m, 8H, CH,CHOH-+OH+NH,),
2.50 (m, 2H, CH,CHOH), 3.95 (m,
2H, CHBr), 4.51 (m, 2H, CHOH); *C NMR (300 MHz, CDCl,, 0.1m): 6 =
25.10 (CH,CH,CHNH), 3530 (CH,CHOH), 35.90 (CH,CHNH), 51.10
(CHBr), 57.10 (CHNH), 70.30 (CHOH).

Adduct between (R,R)-2,3-diaminobutane?!! and (R,R)-cyclohexane-1,2-
diol (8): Colorless needles, m.p. 42-44°C, [a]p, = — 53.33 (¢ =0.43, CDCL,);
'"H NMR (400 MHz, CDCl;, 0.1m): 6 =1.08 (d, J=7.0 Hz, 3H, CHj;), 1.38
(m, 4H, CH,CH,CHOH), 171 (m, 2H, CH,CHOH), 195 (m, 2H,
CH,CHOH), 2.20 (brs, 6H, OH+NH,), 2.63 (m, 2H, CHNH), 3.30 (m,
2H, CHOH); BC NMR (300 MHz, CDCl;, 0.1m): 6 =20.70 (CH;), 24.26
(CH,), 32.79 (CH,), 52.86 (CH), 75.54 (CH).

Adduct between (R,R)-2,3-diaminobutane!?!! and (R,R)-4-cyclohexen-1,2-
diol (9):* Colorless needles, m.p. 64-66°C, [a]p=—70.56 (c=0.85,
CDCly); '"H NMR (400 MHz, CDCl;, 0.1m): 6=1.0 (d, J=7.0 Hz, 3H,
CHS,), 2.05 (m, 2H, CH,CHOH), 2.22 (brs, 6H, OH+NH,), 2.47 (m, 2H,
CH,CHOH), 2.68 (m, 2H, CHNH), 3.64 (m, 2H, CHNH), 5.53 (m, 2H,
CH=CH); 5C NMR (400 MHz, CDCl,, 0.1m): 6=20.77 (CHs), 33.35
(CH,), 52.88 (CH), 71.81 (CH), 124.49 (C=CH).

Adduct between (R,R)-2,3-diaminobutane?! and (1R,2R,3R,5R)-4,5-di-
bromocyclohexan-1,2-diol (10):2! Colorless needles, m.p. 78-80°C, [a]p =
~34.75 (c=0.61, CDCL); 'H NMR (400 MHz, CDCl,, 0.1m): 6= 1.05 (d,
J=70Hz, 6H, CH,), 1.95 (brs, 6 H, OH+NH,), 2.30 (m, 4H, CH,CHOH),
2.53 (m, 2H, CH,CHOH), 2.65 (m, 2H, CHNH), 3.98 (m, 2H, CHBr), 4.63
(m, 2H, CHOH); 3C NMR (300 MHz, CDCL, 0.1m): 6 =20.86 (NCH,),
35.43 (CH,CHOH), 51.31 (CHBr), 52.82 (CHNH), 70.71 (CHOH).

Adduct between (R,R)-2,3-diaminobutane?!! and (1R,2R,3R,5R)-4,5-di-
bromocyclohexan-1, 2-diol (12):} Colorless needles, m.p. 64-66°C,
[a]p=—13.33 (c=1.50, CDCly); 'H NMR (400 MHz, CDCL, 0.1m): 6 =
1.05 (d, J=70 Hz, 6H, CHy), 2.30 (m, 4H, CH,CHOH), 2.58 (m, 2H,
CHNH), 2.74 (brs, 6H, OH + NH,), 3.92 (m, 2H, CHBr), 4.59 (m, 2H,
CHOH); “C NMR (300 MHz, CDCL, 0.1m): 6 =21.10 (NCH3), 39.99
(CH,CHOH), 55.87 (CHBr), 57.33 (CHNH), 75.16 (CHOH).

17

Adduct between (R,R)-1,2-diaminocyclohexane and cis-cyclohexan-1,2-
diol (14): Colorless needles, m.p. 44-46°C, [a]p,=—18.05 (c¢=0.72,
CDCly); 'H NMR (300 MHz, CDCl;, 0.Im): 6=120 (m, 8H,
CH,CH,CHNH and CH,CH,CHOH), 1.75 (m, 8H, CH,CHNH and
CH,CHOH), 2.03 (brs, 6H, OH+NH,), 2.26 (m, 2H, CHNH), 3.72 (m,
2H, CHOH); BC NMR (300MHz, CDCl;, 0.1wm): 06=21.10
(CH,CH,CHOH), 2524 (CH,CH,CHNH), 29.28 (CH,CHOH), 35.42
(CH,CHNH), 57.37 (CHNH), 71.05 (CHOH), 124.95 (CH=CH).

Adduct between (R,R)-1,2-diaminocyclohexane and (S,5)- cyclohexen-1,2-
diol (19):! Oil; '"H NMR (300 MHz, CDCl;, 0.1m): 6=1.05 (m, 2H,
CH,CH,CHNH), 1.28 (m,2H, CH,CH,CHNH), 1.62 (m, 2H, CH,CHNH),
1.81 (m,2H, CH,CHNH), 2.02(m, 2H, CH,CHOH), 2.22 (m, 2H, CHNH),
3.05 (m, 6H, OH+NH,), 3.49 (m, 2H, CHOH), 5.50 (m, 2H, CH=CH);
3C NMR (300 MHz, CDCl;, 0.1m): 6 =25.05 (CH,CH,CHNH), 33.10
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(CH,CHOH), 35.50 (CH,CHNH), 57.2 (CHNH), 71.06 (CHOH), 124.95
(CH=CH).

Adduct between (R,R)-1,2-diaminocyclohexane and (1S,25,4S,55)-4,5-
dibromocyclohexan-1,2-diol (20):!) Oil, 'H NMR (300 MHz, CDCl;,
0.1m): 6=1.10 (m, 2H, CH,CH,CHNH), 1.30 (m, 2H, CH,CH,CHNH)),
1.70 (m,2H, CH,CHNH), 1.92 (m, 2H, CH,CHNH), 2.25 (m,2H, CHNH),
2.42 (m, 8H, CH,CHOH+OH+NH,), 2.58 (m, 2H, CH,CHOH), 3.96 (m,
2H, CHBr), 4.55 (m, 2H, CHOH); BC NMR (300 MHz, CDCl;, 0.1m): 6 =
25.0 (CH,CH,CHNH), 34.48 (CH,CHOH), 3590 (CH,CHNH), 51.15
(CHBr), 57.11 (CHNH), 70.32 (CHOH).

Adduct between (R,R)-1,2-diaminocyclohexane and (R,R)-3,5-cyclohex-
adiene-1,2-diol (21):1'] Oil, '"H NMR (300 MHz, CDCl;, 0.1m): 6 = 1.12 (m,
2H, CH,CH,CHNH), 121 (m, 2H, CH,CH,CHNH), 1.63 (m, 2H,
CH,CHNH), 1.81 (m, 2H, CH,CHNH), 2.33 (m, 2H, CHNH), 3.30 (brs,
6H, OH+NH,), 4.42 (s, 2H, CH), 5.80 (s, 2H, CH); *C NMR (300 MHz,
CDCl;, 0.1M): 6=25.5 (CH,CH,CHNH), 35.32 (CH,CHNH), 56.82
(CHNH), 74.51 (CHOH), 123.78 (CH), 131.4 (CH).

Adduct between (R,R)-1,2-diaminocyclohexane and (R,R)- cyclopentan-
1,2-diol (22):?® Oil, '"H NMR (300 MHz, CDCl;, 0.1m): 6 =1.10 (m, 2H,
CH,CH,CHNH), 120 (m, 2H, CH,CH,CHNH), 140 (m, 2H,
CH,CH,CHOH), 1.65 (m, 4H, CH,CHNH and CH,CHOH), 1.70 (m,
2H, CH,CHOH), 1.80 (m, 2H, CH,CHNH), 2.20 (brs, 8H, CH,CHOH),
3.90 (m, 2H, CHOH), 5.50 (m, 2H, CH=CH); ®*C NMR (300 MHz, CDCl;,
0.1m): 6=19.7 (CH,CH,CHOH), 2521 (CH,CH,CHNH), 31.19
(CH,CHOH), 35.39 (CH,CHNH), 5727 (CHNH), 78.79 (CHOH).

General procedure for the competition experiments: Equimolar quantities
of the crystalline adduct and the appropriate diol were suspended in dry
benzene, and the suspension was heated to the boiling point on a hot plate.
The homogeneous solution was allowed to cool to room temperature,
whereupon crystalline adducts were formed. These were filtered, recrystal-
lized from benzene, and fully characterized by optical rotation and
spectroscopic analyses.
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