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Hydrogen bonding and hydrophobic interactions are ubiq-
uitous in biological structures, be they lipids, proteins, or
nucleic acids.[1] The interference between these two kinds of
interactions in such natural systems is obvious, but hard to
study and difficult to perceive owing to their inherent
complexity. An understanding of such interference has
important implications in biological and material phenom-

Under the best conditions (2.75 mol % 5, 2.5 mol %
Cu(OTf)2, toluene/hexane 80/20, 5 h), 5bhr was identified as
the best ligand for cyclohexenone 9 and cycloheptenone 10
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(at ÿ20 8C), giving 12 in 90 % ee and 13 in 85 % ee, with 100 %
conversion in both cases and 93 ± 95 % yield (isolated
product). Compound 5chq (Figure 1) was recognized as the
best ligand for cyclopentenone (11) (at 0 8C), giving 14 in
80 % ee albeit in a low yield (25 %).

In conclusion, we have developed a parallel library of new
Schiff base chiral ligands 5 and optimized their use in the
enantioselective conjugate addition of Et2Zn to cyclic enones
by a high-throughput screening approach. Work is in progress
to extend the scope of ligands 5 in other enantioselective
reactions.
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Table 1. High-throughput screening of the library of ligands 5 : best ten
results.

Entry Ligand R1 R2 R3 ee (12) [%] ee (13) [%]

1 5bhr iPr (S)-CH(Me)Cy 3,5-Cl2 82 81
2 5ehq tBu (S)-CH(Me)Cy 3,5-tBu2 80 79
3 5biq iPr iPr 3,5-tBu2 76 72
4 5ejq tBu CHPh2 3,5-tBu2 74 75
5 5chr iBu (S)-CH(Me)Cy 3,5-Cl2 73 74
6 5chq iBu (S)-CH(Me)Cy 3,5-tBu2 72 71
7 5aiq Me iPr 3,5-tBu2 69 76
8 5ehs tBu (S)-CH(Me)Cy (CH)4 71 71
9 5bjq iPr CHPh2 3,5-tBu2 70 69

10 5ehr tBu (S)-CH(Me)Cy 3,5-Cl2 71 67
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ena.[2] Described here are the structural details of a,w-
alkanediols and a,w-alkanediamines (named diols and dia-
mines hereafter) which are characterized by hydrogen bond-
ing and hydrophobic interactions. These systems represent a
balance between structural simplicity and interaction com-
plexity, which makes the study of interference between
interactions a feasible exercise.[3]

The melting point alternation in n-alkanes and most end-
substituted n-alkanes has been known for decades.[4, 5] Phys-
ical properties such as solubilities and sublimation enthalpies
that are related to the solid state also exhibit an alternating
pattern, whereas those related to the liquid state show
monotonic behavior.[5] n-Alkanes are solely held together by
hydrophobic interactions in the solid state, and we have
shown recently that the melting point alternation in n-alkanes
can be explained in terms of a simple geometrical model.[6]

We have now undertaken a structural study of the diols
HOÿ(CH2)nÿOH (n� 2 ± 10) and the diamines
H2Nÿ(CH2)nÿNH2 (n� 2 ± 8). Most of these are liquids at
room temperature, and their single crystals have been grown
in situ using a miniature zone melting procedure with an IR
laser.[7] The melting points were recorded by differential
scanning calorimetry and no indications of phase transitions
were found. The melting point alternation is shown in
Figure 1 a. The X-ray data (Table 1) for all the compounds
were collected at the same temperature (130 K) to allow a
comparison of calculated densities.[8, 9] The density gives a
measure of compactness in packing and in a homologous
series it may be correlated with the melting point.[6] Figure 1 b
shows that the odd-numbered members (named odd here-
after) are more poorly packed than the even-numbered
members (named even hereafter) in both series. The even
diols with n� 4 form a layerlike network (space groups P21/n
and P21/c), and the odd members form a three-dimensional
structure (space group P212121). This result is against the
intuition that a three-dimensional network should have a
higher melting point than a two-dimensional network.

The end groups in the diols and diamines form hydrogen
bonds, and the alkyl chains participate in hydrophobic
interactions. Therefore our analysis seeks to find the relevant

Figure 1. Alternation in the melting point Tm (a) and density 1 (b) in diols
(*) and diamines (&) with increasing number of C atoms n(C).

requirements for hydrogen bonding and hydrophobic inter-
actions and establish their mutual dependence. The common
packing pattern in both even and odd n-alkanes is a columnar
structure wherein the molecules are stacked such that CH2

groups of successive molecules are intergrooved (Figure 2).[6]

Typically, such a close packing of the CH2 groups occurs at an
intermolecular separation of 4.7 �.

Since OH groups act as hydrogen-bond donors and accept-
ors simultaneously, they form several types of supramolecular
synthons,[3] the most common of which is a chain pattern.[10] If
OÿH ´´´ O chains are formed at both ends of the molecule, a
layer structure consisting of molecules in columns can be
anticipated (Figure 3 a).[11] Given the OÿH ´´´ O geometry,
successive molecules in a column are then separated by 5.1 �,
a distance that is too long for the hydrophobic packing
observed in n-alkanes. However, the layer structure of the
even diols circumvents this problem in an exquisite fashion

Table 1. Important structural information of diols and diamines.

Compound Space Z Lattice parameters C*k Lattice energy [kcal molÿ1]
group a [�] b [�] c [�] b [8] H-bond van der Waals

HO(CH2)2OH P212121 4 5.0130 6.9149 9.2710 90 0.693 ÿ 7.675 ÿ 5.735
HO(CH2)3OH P21/n 4 4.9396 7.9436 10.6007 90.097 0.698 ÿ 7.623 ÿ 7.282
HO(CH2)4OH P21/n 4 5.0135 13.7880 7.4635 107.275 0.708 ÿ 7.713 ÿ 10.935
HO(CH2)5OH P212121 4 5.3234 6.6991 17.0398 90 0.672 ÿ 7.772 ÿ 11.014
HO(CH2)6OH P21/n 4 7.8676 5.0554 16.9653 93.454 0.714 ÿ 7.536 ÿ 15.018
HO(CH2)7OH P212121 4 5.1698 6.8442 22.3214 90 0.680 ÿ 7.528 ÿ 15.889
HO(CH2)8OH P21/n 2 4.7995 5.0846 17.5408 90.315 0.710 ÿ 7.726 ÿ 19.813
HO(CH2)9OH P212121 4 5.1118 6.9409 27.4620 90 0.682 ÿ 7.577 ÿ 21.028
HO(CH2)10OH[a] P21/c 2 4.799 5.113 21.029 93.37 0.714 ÿ 7.028 ÿ 23.898

H2N(CH2)2NH2 P21/c 2 5.0467 7.1552 5.4746 115.363 0.717 ÿ 3.579 ÿ 8.421
H2N(CH2)3NH2 Cmc21 4 12.6191 6.1297 5.9074 90 0.694 ÿ 4.982 ÿ 9.413
H2N(CH2)4NH2 Pbca 4 6.5516 5.7382 14.5275 90 0.698 ÿ 5.224 ÿ 12.358
H2N(CH2)5NH2 Cmc21 4 17.7088 6.2282 5.8572 90 0.688 ÿ 4.972 ÿ 13.657
H2N(CH2)6NH2 Pbca 4 6.7607 5.6643 19.0030 90 0.698 ÿ 4.923 ÿ 17.316
H2N(CH2)7NH2 Cmc21 4 22.8133 6.3654 5.7511 90 0.677 ÿ 4.938 ÿ 18.223
H2N(CH2)8NH2 Pbca 4 6.8928 5.6101 23.5274 90 0.692 ÿ 4.932 ÿ 22.387

[a] The packing fraction (C*k � and lattice energies given for this compound[2g] are extrapolated to 130 K.
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Figure 2. Columnar structure in n-heptane revealing the typical inter-
grooving pattern of CH2 groups in n-alkanes.

Figure 3. a) Hypothetical layer structure sustained by OÿH ´´´ O hydro-
gen-bonded chains in diols (shown here for an even diol). b) Offset of even
diol molecules within a column driven by the intergrooving pattern of
hydrophobic interactions. The magnitude of the offset (2.4 �) is the same
as the distance between alternate CH2 groups. c) Geometrical hindrance of
molecular offset in odd diols (conflicting areas are highlighted in dashed
circles). The OÿH ´´´ O chains can only be formed at one of the ends.

(Figures 3 b and 4). The molecules are offset along their length
such that the a-CH2 groups fit into the penultimate grooves,
and adjacent columns are inclined to preserve the OÿH ´´´ O
chains. The offset also allows the b-CH2 groups to fit into the
supramolecular grooves formed by CH2ÿOÿH ´´´ O (Fig-
ure 4), leading to a dense packing with hydrocarbon chains
separated by 4.5 � (c.f. 4.7 � in n-alkanes).

Figure 4. Layer structure in even diols illustrated with the structure of 1,6-
hexanediol. Notice the offset of molecules within the columns and the fit of
b-CH2 groups into the supramolecular grooves formed by CH2ÿOÿH ´´´ O
(marked with thick lines).

However, a similar offset packing is not possible in odd
diols. Whereas the all-trans conformation in even diols leads
to an antiparallel projection of the two CÿO groups, in odd
diols it projects the two CÿO groups in the same direction,
thus precluding the formation of OÿH ´´´ O chains at opposite
ends of the molecule (Figure 3 c). In fact, in the odd diols one
of the CÿO groups adopts a gauche conformation, leading to a
three-dimensional network (Figure 5)[12] in which the packing
of the hydrophobic moiety is not as effective as in the even
diols. The odd diols are thus less densely packed than the even
ones.[13]

Like the OH groups, the NH2 groups also act as hydrogen-
bond donors and acceptors simultaneously, and extend to a
chain pattern in the diamine structures.[10] The layer structure
in even diamines is similar to that in even diols (Figure 6), but
the N ´´´ N separation (3.2 �) is generally longer than the
O ´´´ O separation (2.8 �). Thus, adjacent molecules are now
spaced at 5.2 �, a distance at which the hydrophobic packing
pattern of the even diols or n-alkanes would leave much
empty space. The hydrocarbon chain therefore swivels with
respect to the fulcrum of the hydrogen-bonded chain (around
the main molecular axis by 458) to fill the gaps (compare
Figures 4 and 6).

As described for odd diols, odd diamines cannot adopt the
offset packing. Nevertheless, unlike odd diols, odd diamines
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Figure 6. Layer structure in even diamines illustrated with the structure of
1,6-hexanediamine. Notice the offset of molecules within the columns and
the fit of b-CH2 groups into the supramolecular grooves formed by
CH2ÿNÿH ´´´ N (marked with thick lines). Attention is also called to the
swiveling of molecules with respect to the layer plane (compare with
Figure 4).

form a layer structure with NÿH ´´´ N chains, but without the
offset of the molecules within a column (Figure 7). This layer
is analogous to the hypothetical layer depicted in Figure 3 a.
Adjacent molecules within a column are now separated by
5.7 �. Even after the swiveling of the hydrocarbon chain, the

odd diamines are less densely packed than the even
ones.[13] We note that the interlayer packing in even
and odd diamines is similar, with the second NH
group forming a longer NÿH ´´´ N hydrogen bond
between the layers.

Lattice energy calculations have been made for all
the structures reported here.[14] The contributions
from hydrogen-bond and van der Waals interactions
are recorded in Table 1. While hydrogen bond
energies are similar within each series, the van der
Waals energies are greater for even members and
show an alternation similar to that of the melting
points in both series. It is therefore the difference in

hydrophobic packing that causes the alternation of melting
points.

The packing patterns in 1,2-ethanediol, 1,3-propanediol,
and 1,2-ethanediamine are different from those described
here because in these lower members the hydrogen bonds
overrule the hydrophobic interactions.

The analysis of the crystal structures of diols and diamines
has revealed the interplay between two important intermo-
lecular interactions that are possible in these amphiphilic
compounds, namely, hydrogen bonding and hydrophobic
interactions. While hydrogen bonding and hydrophobic
interactions operate in consonance in even members, and
therefore culminate in dense packing, they run into geo-
metrical conflicts in odd members, leading to looser packing.
Accordingly, the odd members of the diol and diamine series
have relatively lower densities and melting points than the
even members.[15, 16]
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Figure 5. Crystal structure of 1,7-heptanediol illustrating the three-dimensional net-
working of OÿH ´´´ O hydrogen bonds in odd diols. Notice that one of the CÿO groups
adopts a gauche conformation.

Figure 7. Layer structure in odd diamines illustrated with the structure of 1,7-heptanediamine. Notice
the similarity to Figure 3 a and the absence of the offset as well as the swiveling of molecules with
respect to the layer plane (compare with Figure 6).
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The base sequences of genes are translated with comple-
mentary mRNA and the assistance of tRNAs into protein
sequences. This process takes place at the ribosome.[1] There-
by, the formation of specific Watson ± Crick base pairs
between codon (mRNA) and anticodon (tRNA) is crucial.
The structure of the corresponding pairing complex is similar
to a double helical A-form RNA.[2, 3] Although in general,
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