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Unlike the self-assembly of aminols studied till date, that of
the conformationally locked, trans-amino alcohol under
study is unique in having the amino protons serving as mere
spectators in the crystal packing. The principal non-covalent
interactions, holding the molecules in the crystal lattice, are
O–H···N hydrogen bonds, and the rarely encountered π-π
stacking interactions between the isolated double bonds. Ex-
perimental charge density analyses have been carried out on

Introduction

As a “supramolecule par excellence”, a crystal strives in
its formation to optimize the various non-covalent interac-
tions that build up the lattice through a precise matching of
the functionalities.[1] This generality is embodied not only in
the principle of maximization of hydrogen bonding, but
also in the often applied H-bond rule that “all good proton
donors and acceptors are used in hydrogen bonding”.[2,3]

Indeed, crystal structures, in which potential hydrogen-
bond donors do not involve themselves at all in either
strong or weak H-bonding, are so rare that any aberration
is ascribed in most cases to an inaccurate determination of
the hydrogen atom positions in the crystal lattice from the
available X-ray diffraction data. A notable exception to this
widely accepted crystallagraphic lore is the crystal structure
of alloxan, which evidently constitutes a topic of much dis-
cussion even to this date.[4] Against this background, we
describe herein an unique observation of true spectator
amino protons[5] in a conformationally locked amino
alcohol 1 that assembles in the crystal lattice solely through
O–H···N hydrogen bonds and weaker π-π stacking interac-
tions. The present study was a natural extension of our on-
going investigations into the effect of conformational lock-
ing on supramolecular assemblies, held primarily through
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the amino alcohol not only to characterize the non-covalent
interactions existing in the supramolecular assembly in terms
of the topological features of electron density at their bond
critical points, but also to elucidate the apparent presence of
the “spectator” amino hydrogen atoms beyond the criteria of
mere geometry.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

strong hydrogen bonds (such as O–H···O),[6] and was fur-
ther motivated by the recent investigations into the supra-
molecular assemblies of crystalline aminols.[7–9]

Through their systematic studies into the crystal struc-
tures of linear diphenol–diamine complexes, aminophenols
and aminols, such as ethanolamine, Ermer and Erling had
demonstrated that complementarity of hydrogen bonding
capabilities of OH and NH2 groups manifests itself in the
saturation of H-bonding potential of the two functionalities
with tetrahedral environment about the O and N atoms
(Figure 1).[7]

Figure 1. Complementarity of O–H···N and N–H···O hydrogen
bonds in 1:1 alcohol–amine complex, leading to tetrahedral co-
ordination around each O and N atom.

A simlar recognition between hydroxy and amino groups
was observed by Hanessian and co-workers in crystalline
binary complexes of diaminocyclohexanes and cyclohexa-
nediols.[8] However, it was recently demonstrated by Desi-
raju and co-workers that the need to optimize herringbone
interactions (interaction interference) can result in the
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breakdown of the foregoing H-bonding model in the supra-
molecular assemblies of aminophenols and that a variety of
supramolecular synthons, based on O–H···N, N–H···O and
N–H···π hydrogen bonding, can be identified in the crystal
structures of such compounds (Figure 2).[9] The authors
further ventured to extend the information gleaned from
these supramolecular synthons to predict the crystal struc-
tures of a number of aminol molecules. Evidently, the con-
cepts and models of crystal packing in aminols, put forth
in the several studies referred to above, formed the starting
point of our investigations into preferred mode of self-as-
sembly in a conformationally locked amino alcohol such as
1.

Figure 2. A selection of the supramolecular synthons identified in
a recent study of the crystal structures of aminols.[9]

Results and Discussion

(a) Synthesis and Preliminary Crystallographic Studies

The amino alcohol 1 was conveniently synthesized
through LAH reduction of the azide functionality in 3,
which in turn was obtained from the epoxide 2 via NaN3/
LiClO4-mediated ring opening (Scheme 1).

Scheme 1. Reagents and conditions: (a) NaN3, LiClO4, MeCN,
80 °C, 21 h, 92%; (b) LiAlH4, 0 °C � r.t., THF, 4 h, 95%.

Single crystals of 1 were grown at ca. 5 °C by slow sol-
vent evaporation of their dilute solutions in 2:1:1 petroleum
ether/dichloromethane/triethylamine. Single-crystal X-ray
diffraction data, collected initially at 291 K, revealed that
the amino alcohol 1 (see Figure 3 for the ORTEP diagram
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of 1, plotted from the data collected at 90 K) packs in the
centrosymmetric monoclinic space group P21/c (Z = 4),
with O–H···N H-bonds following the c glide symmetry to
link molecules of 1 into chains along the c axis. Offset par-
allel π-π stacking interactions between the olefinic bonds
connect the molecular chains translated along the a axis
(see Figure 4 for the molecular packing diagram of 1 as
discerned from the crystal data collected later at 90 K).

Figure 3. ORTEP diagram of the amino alcohol 1, with atom num-
bering scheme for the asymmetric unit. Displacement ellipsoids
(90 K) have been drawn at 50% probability level and H atoms are
shown as small spheres of arbitary radii.

Figure 4. Molecular packing of the amino alcohol 1 as observed at
90 K. Non-interacting H-atoms bonded to C atoms have been
omitted for clarity. The C–H···O H-bond, seen here, is far too weak
to be consequential in the supramolecular assembly of 1 at 291.

However, barring possible intramolecular N–H···H–C
and N–H···π bonds, the amino protons in 1 appeared to par-
ticipate in, at best, a rather weak N–H···π or no intermo-
lecular interaction at all (Figure 5).[10]
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Figure 5. The interatomic and intermolecular N–H···X contacts,
less than 3.00 Å, observed in the molecular packing of 1 at 291 K.

This observation was rather intriguing, as previous stud-
ies on molecular packing in aminols have shown a consis-
tent and definitive role of the NH2 protons in the supramo-
lecular assembly via the formation of robust intermolecular
N–H···O, N–H···N and even N–H···π hydrogen bonds.[7–9]

With the intent of analyzing all possible N–H···X interac-
tions beyond the criteria of mere geometry and elucidating
the apparent presence of the “spectator” amino hydrogen

Table 2. Topological features of the electron density at the intramolecular bond critical points.[a]

Bond (A–B) ρb [eÅ–3] �2ρb [eÅ–5] Rij [Å] d1 [Å] d2 [Å] λ1 [eÅ–5] λ2 [eÅ–5] λ3 [eÅ–5] ε = λ1/λ2 –1

N(1)–C(1) 1.764(13) –15.290(54) 1.4808 0.8639 0.6169 –13.84 –10.57 9.11 0.31
N(1)–H(1N) 2.356(39) –28.903(187) 1.0091 0.7289 0.2802 –29.38 –27.75 28.23 0.06
N(1)–H(2N) 2.439(40) –29.444(175) 1.0095 0.7120 0.2975 –29.48 –27.81 27.85 0.06
O(1)–C(6) 1.827(14) –19.047(63) 1.4294 0.8700 0.5594 –14.53 –11.77 7.26 0.23
O(1)–H(1O) 2.641(44) –37.385(236) 0.9674 0.7124 0.2550 –38.80 –35.82 37.23 0.08
C(1)–C(10) 1.860(12) –20.572(38) 1.5345 0.7857 0.7489 –14.62 –12.93 6.98 0.13
C(2)–C(1) 1.779(12) –16.846(36) 1.5355 0.7455 0.7900 –12.88 –11.59 7.62 0.11
C(2)–C(3) 1.870(12) –19.617(36) 1.5039 0.7361 0.7677 –13.89 –12.67 6.95 0.10
C(2)–H(2A) 1.774(27) –18.141(69) 1.0930 0.6624 0.4306 –14.89 –14.49 11.24 0.03
C(2)–H(2B) 1.813(29) –18.273(85) 1.0925 0.7050 0.3874 –16.11 –15.37 13.20 0.05
C(3)–C(4) 2.225(19) –21.017(75) 1.3398 0.7149 0.6249 –15.52 –10.86 5.36 0.43
C(3)–H(3) 1.825(32) –17.500(92) 1.0772 0.6932 0.3840 –16.15 –14.95 13.60 0.08
C(4)–H(4) 1.922(31) –22.119(95) 1.0771 0.6847 0.3924 –18.48 –16.97 13.33 0.09
C(5)–C(4) 1.776(14) –15.284(47) 1.5043 0.7395 0.7648 –11.90 –11.73 8.35 0.01
C(5)–H(5A) 1.779(29) –16.624(86) 1.0921 0.7026 0.3896 –15.62 –14.93 13.93 0.05
C(5)–H(5B) 1.770(26) –18.359(70) 1.0927 0.6664 0.4262 –15.35 –14.46 11.45 0.06
C(6)–C(1) 1.649(12) –14.303(38) 1.5520 0.7743 0.7776 –11.32 –10.53 7.55 0.07
C(6)–C(5) 1.845(12) –20.071(39) 1.5433 0.7947 0.7486 –14.20 –12.78 6.91 0.11
C(6)–C(7) 1.826(11) –18.339(35) 1.5431 0.7721 0.7710 –13.36 –12.29 7.31 0.09
C(7)–H(7A) 1.765(28) –16.863(86) 1.0922 0.7096 0.3826 –15.74 –15.07 13.95 0.04
C(7)–H(7B) 1.783(28) –18.400(72) 1.0922 0.6603 0.4319 –15.22 –14.49 11.31 0.05
C(8)–C(7) 1.871(15) –19.668(47) 1.5048 0.7516 0.7533 –14.34 –13.03 7.70 0.10
C(8)–C(9) 2.222(19) –20.883(70) 1.3410 0.6361 0.7049 –15.69 –10.77 5.58 0.46
C(8)–H(8) 1.874(30) –18.661(94) 1.0771 0.6930 0.3841 –16.91 –16.41 14.66 0.03
C(9)–H(9) 1.879(29) –20.781(74) 1.0811 0.6609 0.4202 –16.47 –15.54 11.23 0.06
C(10)–C(9) 1.828(11) –17.229(35) 1.5044 0.7420 0.7624 –12.80 –11.85 7.43 0.08
C(10)–H(10A) 1.804(28) –19.459(70) 1.0929 0.6566 0.4363 –15.56 –14.60 10.71 0.07
C(10)–H(10B) 1.837(31) –18.186(92) 1.0921 0.7081 0.3840 –16.58 –15.46 13.86 0.07

[a] Definitions: ρb, electron density at the bond critical point; �2ρb, Laplacian at the bond critical point; Rij, bond length; d1, bond path
from the nucleus A to the critical point; d2, bond path from the critical point to the nucleus B; λ1, λ2, λ3, principal components of �2ρb;
ε, bond ellipticity.
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atoms in the supramolecular assembly of 1, a detailed
analysis of the topological properties of the electron density
(ED) in the crystal structure of 1 was sought.[11]

(b) Charge Density Analysis of the Amino Alcohol 1

A detailed analysis of the charge density distribution in
crystalline 1 was carried out with the XD software pack-
age[12] by applying the Hansen–Coppens multipole formal-
ism of atomic charges[13] on a high resolution ([sinθ/λ]max =
1.04 Å–1, 98.0% overall completion) X-ray diffraction data
set collected on the amino alcohol 1 at 90(2) K. The struc-
tural model of 1, employed for the experimental determi-
nation of ED, was found to fulfil the Hirshfeld’s rigid bond
postulate,[14] the DMSDA along the interatomic vector for

Table 1. Differences of mean-squares displacement amplitudes
(DMSDA).

Atom Atom DMSDA Atom Atom DMSDA
A B [10–4 Å2] A B [10–4 Å2]

O1 C6 4 C2 C3 1
C6 C5 3 C8 C9 1
C1 C10 3 C5 C4 0
N1 C1 2 C6 C1 0
C6 C7 2 C2 C1 –2
C10 C9 1 C8 C7 –4
C3 C4 1
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any pair of covalently bonded non-H atoms in 1 not ex-
ceeding 4�10–4 Å2 (Table 1). The quality of the fit ob-
tained in the multipole refinement was judged from the re-
sidual ED, evaluated at the end of the refinement protocol.
The highest peak and deepest hole in the residual ED map
of 1 were 0.208 and –0.194 eÅ–3, respectively, thereby at-
testing to the success of the ED model (Figure 6). Topologi-
cal features of the static ED, calculated at the 28 intramo-
lecular bond critical points (BCPs),[15] were too along the
lines of those expected for the respective covalent bonds in
the amino alcohol 1 (Table 2, Figure 7 and Figure 8).

Figure 6. Residual electron density in the molecular plane defined
by C1, C2 and C3. Solid lines indicate positive contours, dotted
lines negative contours and dashed lines zero contours. The first
positive contour is at 0.05 eÅ–3 and the contour levels are at 0.10
e Å–3 intervals. The first negative contour is at –0.05 eÅ–3 and the
contour levels are at –0.10 eÅ–3 intervals. Owing to the puckered
conformation of the bicyclic ring system, the entire molecule has
been represented for the sake of clarity.

In the subsequent step, all possible interatomic contacts
in 1, within the distance range r = 1.70–3.80 Å (rmax was
kept at 3.00 Å for the intramolecular contacts) and particu-
larly those involving the amino protons, were screened for
the existence of a BCP between the donor and acceptor
atoms via a bond path. In addition, interatomic contacts,
involving a donor H atom and satisfying the foregoing first
of the eight conditions proposed as benchmarks of a H-
bond by Koch and Popelier, were examined for their com-
pliance with the latter.[16] No BCP with the attendant topo-
logical features of an N–H···X interaction was observed in
case of the interatomic contacts involving the NH2 protons
(Figure 9).[17] As observed earlier, the prominent O–H···N
hydrogen bonds and well-defined π-π stacking interactions
were found to be the only definitive packing forces in supra-
molecular assembly of 1 (Figure 10, Table 3). A rather weak
C–H···O H-bond, attendant with the largest contraction of
the crystal lattice along the b axis at 90 K, was also per-
ceived as following the 21 symmetry and linking the O–
H···N H-bonded molecular chains along the (010) direction
(Figure 4, Table 3).
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Figure 7. (a) Static deformation density and (b) dynamic defor-
mation density maps in molecular planes defined by C3, C4 and
C8. Solid lines indicate positive contours, dotted lines negative con-
tours and broken lines zero contours. The first positive and nega-
tive contours are at 0.05 and –0.05 eÅ–3, respectively; the contour
levels are at 0.10 and –0.10 eÅ–3 intervals, respectively. Owing to
the puckered conformation of the bicyclic ring system, the entire
molecule has been represented for the sake of clarity.

Figure 8. Laplacian distribution map in molecular planes defined
by C3, C4 and C8. Contours are drawn at logarithmic intervals
in �2ρb, eÅ–5. Solid lines indicate positive contours and dotted lines
negative contours. Owing to the puckered conformation of the bi-
cyclic ring system, the entire molecule has been represented for the
sake of clarity.

It appeared reasonable to ask at this juncture as to
whether the particular spatial disposition of the spectator
amino protons, observed in the crystal structure of 1, repre-
sents a highly favored ground state conformation of the
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Figure 9. (a) Static deformation density and (b) dynamic defor-
mation density maps in the molecular plane defined by N1, H1N,
H2N. Solid lines indicate positive contours, dotted lines negative
contours and broken lines zero contours. The first positive and
negative contours are at 0.05 and –0.05 eÅ–3, respectively; the con-
tour levels are at 0.10 and –0.10 eÅ–3 intervals, respectively. (c)
Laplacian distribution map in molecular planes defined by N1,
H1N, H2N. Contours are drawn at logarithmic intervals in �2ρb,
e Å–5. Solid lines indicate positive contours and dotted lines nega-
tive contours. Owing to the puckered conformation of the bicyclic
ring system, the entire molecule has been represented in all the
maps for the sake of clarity.

amino alcohol. How would it correlate among the low en-
ergy gas phase conformations computed for the amino
alcohol 1?
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Figure 10. Laplacian distribution maps in planes defined by the
(a) C1–N1···H1O hydrogen bond, and (b) C3–C4···C9 π-π stacking
interactions. Contours are drawn at logarithmic intervals in �2ρb,
e Å–5. Solid lines indicate positive contours and dotted lines nega-
tive contours.

(c) Quantum Mechanical Calculations
All theoretical calculations pertaining to the conforma-

tional analysis of the amino alcohol 1 were performed using
the software GAUSSIAN 98.[20] DFT based relaxed poten-
tial energy surface (PES) scan studies on 1 were performed
at the B3LYP/6-311++G(d,p) level, with geometry optimi-
zation and single point energy calculations at each point on
a rectangular grid involving the torsion angles, H1N–N1–
C1–C6 and H1O–O1–C6–C1, each increased 6 times from
0° by 60°. Among the various conformations of the amino
alcohol 1 thus identified in the PES scan, four conforma-
tions, A, B, C and D (Figure 11), had distinctly lower ener-
gies than the rest and were therefore chosen for a full geo-
metrical optimization (followed by calculation of the IR fre-
quencies in the final optimized structure) at the B3LYP/
6-311++G(3df,3pd) (Figure 9). Absence of any imaginary
vibrational frequency at the stationary point, computed by
the optimization routine, indicated that a molecular confor-
mation corresponding to a true energy minimum has been
obtained.
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Table 3. Intermolecular bond critical points and parameters characterizing the interactions.[a]

Bond path N(1)···H(1O) C(4)···C(9) O(1)···H(8)

Symmetry operation x, 1/2 –y, 1/2 + z x, y, z –x, 1/2 + y, 1/2 –z
R [Å] 1.9995 3.7648 2.6545
∆rD – ∆rA [Å] 0.3699 –0.1326 0.1869
∆rD + ∆rA [Å] 0.7505 –0.3648 0.0655
ρb [eÅ–3] 0.104 0.028 0.035
�2ρb [eÅ–5] 3.755 0.224 0.589
λ1 [eÅ–5] –0.70 –0.10 –0.13
λ2 [eÅ–5] –0.43 –0.04 –0.12
λ3 [eÅ–5] 4.89 0.36 0.84
G (rCP) [kJmol–1 bohr–3] 75.38 4.88 11.87
V (rCP) [k Jmol–1 bohr–3] –48.48 –9.69 –23.58

[a] Definitions: R, total bond path length; ∆rX = rX
o - rX, where rX

o, rX are the nonbonded and bond critical point radii; ρb, electron
density at the bond critical point; �2ρb, Laplacian at the bond critical point; λ1, λ2, λ3, principal components of �2ρb; G (rCP), local
electronic kinetic energy at bond critical point = (3/10)(3π2)2/3(ρb)5/3 + (1/6)�2ρb (in a.u.);[18] V (rCP), local potential energy at bond
critical point = (1/4)�2ρb – 2G (rCP) (in a.u.).[19]

Figure 11. Four lowest energy conformations of the amino alcohol
1. The quantity in parenthesis refers to energy (in Hartrees) of the
optimized geometry, as calculated at B3LYP/6-311++G(3df,3pd)
level.

Interestingly, the molecular conformation A, not B, was
found to represent the global minima on the PES of 1 (Fig-
ure 11). In striking contrast to B, a conformation akin to
that observed in the crystal structure of 1, it is the hydroxy,
instead of the amino, proton in A that point towards the
interior of the molecule. Hence, going by the precedence of
the crystal packing in 1, conformation A presents a spatial
arrangement of NH2 and OH hydrogen atoms more suited
for N–H···O than O–H···N H-bonding (Figure 11).

However, geometry optimization of N–H···O and O–
H···N H-bonded dimers of A and B, respectively, employing
both ab initio (HF/6-31G*) and DFT (B3LYP/6-31G*)
methods, revealed that the H-bonded dimers of A are less
stable than those of B by an amount of about 14 kJmol–1

(Figure 12).[21] Hence, given the fact that the difference in
energy between A and B was found to be smaller than the
thermal energy of the molecules at the crystallization tem-
perature, the preferred mode of self assembly of 1 through
O–H···N hydrogen bonding, involving the more acidic hy-
droxy H-atom and the more basic amino group, can easily
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be accounted for. Such a H-bonding pattern automatically
relegates the protons of the tertiary amino group to the in-
terior of the conformationally constrained carbocyclic scaf-
fold in 1, making them far less accessible than peripheral
C=C bonds. The consequence is quite apparent in the well-
defined and rather less encountered π-π stacking interac-
tions between the isolated double bonds in the crystal struc-
ture of 1.

(d) Crystallographic Studies on the Amino Alcohol 4, a
Perhydro Variant of 1

Presence of the distinct π-π stacking interactions in the
crystal structure of 1 prompted us to investigate the solid
state supramolecular assembly of the amino alcohol 4 (Fig-
ure 13), which was conveniently synthesized from the unsat-
urated azido alcohol 3 via catalytic hydrogenation. After
several trials, crystals of 4, suitable for single-crystal X-ray
crystallography, was obtained by slow evaporation of its
solution in 2:1:1 petroleum ether/CH2Cl2/Et3N at ca. 5 °C.
However, these crystals were observed to lose crystallinity
quite rapidly on exposure to air even at low temperature
(this precluded the possibility of collecting low temperature
data), so that the X-ray data was collected as expeditiously
as possible on a good quality crystal of 4, mounted inside
a Lindeman capillary.

Crystals of the amino alcohol 4 (Figure 13) exhibited iso-
structurality to those of its unsaturated sibling 1, and be-
longed to the centrosymmetric monoclinic space group P21/
c (Z = 4). The packing in crystalline 4 followed an identical
trend as the archetypical 1 with O–H···N H-bonding link-
ing the molecules as chains parallel to the c axis (Figure 14
and Figure 15). These molecular chains are in turn con-
nected parallel to the b axis by weak C–H···O interactions,
following the symmetry of the 21 screw (Table 4, Figure 14).
In both instances of 1 and 4, the amino protons, buried
within the molecular bulk, were left as mere spectators in
the supramolecular assembly, with the weaker yet more ac-
cessible interactions (π-π stacking for 1 and C–H···O for 4)
exhibiting their presence in the crystal packing.
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Figure 12. Optimized geometry of (a) N–H···O and (b) O–H···N
H-bonded molecular dimers constructed from conformations A
and B, respectively. Calculated energy (in Hartrees): (a) for the N–
H···O H-bonded molecular dimer: –1033.37563678 (HF/6-31G*),
–1040.05420174 (B3LYP/6-31G*); (b) for the O–H···N H-bonded
molecular dimer: –1033.37919987 (HF/6-31G*); –1040.05948653
(B3LYP/6-31G*).

Conclusions

As a novel addition to the existing information on the
supramolecular chemistry of amino alcohols, the crystal
structures of 1 and 4 provide a new perspective to the un-
derstanding of molecular packing in this class of com-
pounds. Indeed, when compared to the models of hydrogen
bonding proposed for aminols to date, the self-assembly of
amino alcohols 1 and 4 presents an extreme case, in which
conformational locking (“interference”) completely seques-
ters an otherwise dominant H-bond donor. This observa-
tion was elucidated beyond the criteria of mere geometry in
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Figure 13. ORTEP diagram of the amino alcohol 4, with atom
numbering scheme for the asymmetric unit. Displacement ellip-
soids (291 K) have been drawn at 50% probability level and H
atoms are shown as small spheres of arbitary radii.

Figure 14. Molecular packing of the amino alcohol 4 as observed
at 291 K. Non-interacting H-atoms bonded to C atoms have been
omitted for clarity.

Figure 15. Comparison of the molecular packing (291 K) via O–
H···N H-bonding in the amino alcohols 1 (dark gray) and 4 (black).
The unit cells have been colored following the color code of the
respective molecules.
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Table 4. Hydrogen bond geometry (Å,°) in the amino alcohol 4.

D–H···A[a] D–H H···A D···A D–H···A

O1–H1O···N1i 0.84(3) 2.06(3) 2.889(3) 169(3)
C8–H8A···O1ii 0.97 2.66 3.520(4) 148

[a] Symmetry codes: (i) x, 3/2 –y, –1/2 + z; (ii) 2 – x, 1/2 + y,
1/2 – z.

the crystal structure of 1 through experimental charge den-
sity analysis, which confirmed the non-involvement of the
amino H-atoms in any form of either intra- or intermo-
lecular hydrogen bonds. The robustness of the O–H···N
synthon, as judged from the near invariance of the molecu-
lar packing in 1 and 2, should also be noted at this point.
Taken in a wider perspective, the present study puts forward
the possibility of engineering solid-state assemblies of spe-
cially crafted molecules, wherein conformational locking
may be employed as a tool to disable the structural inter-
ference of an activated hydrogen-bond donor, while retain-
ing its role either as a H-bond acceptor or an indispensable
moiety necessary for the desired functional property of the
solid.

Experimental Section
Syntheses of the Amino Alcohols 1 and 4: Infrared spectra were
recorded on JASCO FT-IR 410. 1H NMR and 13C NMR spectra
were recorded on JEOL JNM-LA 300 spectrometer. Chemical
shifts are reported with respect to tetramethylsilane (Me4Si) as the
internal standard (for 1H NMR) and the central line (δ = 77.0 ppm)
of CDCl3 (for 13C NMR). The chemical shifts are expressed in
parts per million (δ) downfield from Me4Si. The standard abbrevi-
ations s, d, t, q and m refer to singlet, doublet, triplet, quartet and
multiplet, respectively. Coupling constant (J), whenever discernible,
have been reported in Hz. Both Low Resolution Mass Spectra
(LRMS) and High Resolution Mass Spectra (HRMS) were re-
corded on a Q-TOF Micromass mass spectrometer. Reactions were
monitored by thin-layer chromatography (tlc), which was per-
formed either on (10�5 cm) glass plates or on microscopic slides,
coated with Acme’s silca gel G, containing 13% calcium sulfate as
a binder. Visualization of the spots on the tlc plates was achieved
either by exposure to iodine vapor or using UV radiation or by
spraying with either ethanolic vanillin or 30% methanol/sulfuric
acid solution and heating the plates at 120 °C. Commercial Acme’s
silica gel (100–200 mesh particle size) was used for column
chromatography. Yields reported are isolated yields of materials
judged homogeneous by tlc and NMR spectroscopy.

1,4,5,8-Tetrahydro-4a,8a-epoxynaphthalene (2): Epoxide 2 was pre-
pared from 1,4,5,8-tetrahydronaphthalene as previously report-
ed.[6d]

anti-8a-Azido-1,4,4a,5,8,8a-hexahydro-4a-naphthalenol (3): A solu-
tion of the epoxide 2 (444 mg, 3 mmol), anhydrous LiClO4 (321 mg,
3 mmol) and NaN3 (325 mg, 5 mmol) in dry acetonitrile (7 mL)
was refluxed for 21 h under nitrogen atmosphere. The reaction was
then quenched with minimum quantity of water, and the aqueous
phase extracted with dicloromethane (3�10 mL). The combined
organic solution was dried with anhydrous sodium sulfate, filtered
and concentrated to dryness. The residue thus obtained was sub-
jected to column chromatography over silica gel (100–200 mesh)
with 15% EtOAc/hexane to obtain the azido alcohol 3 as a color-
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less viscous oil (527 mg, 92%). FTIR (KBr): = ν̃ = 3482, 3031,
2116, 1655 cm–1. 1H NMR (300 MHz, CDCl3): δ = 5.67 (s, 4 H),
2.48–2.10 (m, 8 H), 1.98 (s, 1 H) ppm. 13C NMR (75 MHz, CDCl3):
δ = 124.3 (2 C), 123.3 (2 C), 69.4, 62.0, 36.2 (2 C), 33.1 (2 C) ppm.

anti-8a-Amino-1,4,4a,5,8,8a-hexahydro-4a-naphthalenol (1): LiAlH4

(100 mg, 2.618 mmol) was added to a solution of the azido alcohol
3 (250 mg, 1.309 mmol) in sodium dried THF at 0 °C. The suspen-
sion was stirred for 4 h while allowing the reaction mixture to
slowly attain the ambient temperature. The reaction was then
quenched by careful addition of ethyl acetate followed by saturated
sodium sulfate solution. The crystalline white precipitate of alu-
minium salts was filtered off and washed thoroughly with ethyl
acetate. The combined organic solution was concentrated to dry-
ness, and the residue purified rapidly by column chromatography
over silica gel (100–200 mesh, pretreated with 20% Et3N/EtOAc)
with a 10:1 mixture of 50% EtOAc/hexane and Et3N to obtain the
amino alcohol 1 as a colorless crystalline solid (205 mg, 95%). The
product darkens and deteriorates into a dark sticky mass upon pro-
longed exposure to air at room tempearture. FTIR (KBr): ν̃ = 3358,
3209, 3022, 1650 cm–1. 1H NMR (300 MHz, CDCl3): δ = 5.74–5.60
(m, 4 H), 2.39 (d, J = 16 Hz, 4 H), 2.17 (d1/2ABq, J = 17, 4 Hz, 2
H), 1.96 (d1/2ABq, J = 16, 5 Hz, 2 H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 125.1 (2 C), 123.6 (2 C), 70.9, 51.0, 37.4 (2 C), 36.2
(2 C) ppm. HRMS (ES) calcd. for C10H16NO [M + H]+: 166.1232,
found 166.1232.

anti-8a-Aminoperhydro-4a-naphthalenol (4): A heterogeneous mix-
ture of the azido alcohol 3 (100 mg, 0.524 mmol) and 10% Pd-C
(10 mg, 10% w/w) in dry methanol (2 mL) was stirred overnight in
an atmosphere of hydrogen at 1 Torr. The reaction mixture was
then filtered through a small pad of celite and washed with meth-
anol. The combined filtrate and washings were concentrated under
vacuum, and the residue subjected to column chromatography over
silica gel (100–200 mesh, pretreated with 20% Et3N/EtOAc) with a
10:1 mixture of 50% EtOAc/hexane and Et3N to obtain the satu-
rated amino alcohol 4 as a colorless crystalline solid (86 mg, 97%).
FTIR (KBr): ν̃ = 3528, 3022 cm–1. 1H NMR (300 MHz, CDCl3):
δ = 1.78–1.42 (m, 14 H), 1.22 (d, J = 11 Hz, 2 H), 1.11 (d, J =
13 Hz, 2 H) ppm. 13C NMR (75 MHz, CDCl3): δ = 72.8, 52.5, 35.1
(2 C), 34.1 (2 C), 20.6 (2 C), 20.5 (2 C) ppm. HRMS (ES) calcd.
for C10H20NO [M + H]+: 170.1545, found 170.1542.

X-Ray Data Collection, Structure Solution and Refinement (291 K):
Single crystal X-ray diffraction data was collected on a Bruker
AXS SMART APEX CCD diffractometer. The X-ray generator
was operated at 50 KV and 35 mA using Mo-Kα radiation. The
data was collected with a ω scan width of 0.3°. A total of 606
frames per set were collected using SMART[22] in three different
settings of φ (0°, 90° and 180°), keeping the sample to detector
distance of 6.03 cm and the 2θ value fixed at –28°. The data were
reduced by SAINTPLUS;[22] an empirical absorption correction
was applied using the package SADABS[23] and XPREP[22] was
used to determine the space group. The crystal structure was solved
by direct methods using SIR92[24] and refined by full-matrix least-
squares method on F2 using SHELXL97.[25] The geometric calcula-
tions were done by PARST[26] and PLATON.[27] All hydrogen
atoms were initially located in a difference Fourier map. The meth-
ine (CH) and methylene (CH2) H atoms were then placed in geo-
metrically idealized positions and allowed to ride on their parent
atoms with C-H distances fixed at 0.93 and 0.97 Å, respectively,
and Uiso(H) = 1.2Ueq(C). The positions of the H atoms of the
amino and hydroxy functionalities were refined freely, along with
an isotropic displacement parameter.
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Crystal Data for the Amino Alcohol 1: C10H15NO, M = 165.23,
monoclinic, space group P21/c, a = 6.749(2) Å, b = 11.420(4) Å, c
= 12.161(4) Å, β = 105.067(5)°, V = 905.1(5) Å3, Z = 4, ρcalcd. =
1.213 gcm–3, F(000) = 360, µ = 0.078 mm–1, R = 0.0455, wR =
0.1099, GOF = 1.071 for 1429 reflections with I�2σ(I).

Crystal Data for the Amino Alcohol 4: C10H19NO, M = 169.26,
monoclinic, space group P21/c, a = 7.071(6) Å, b = 11.425(10) Å,
c = 12.245(11) Å, β = 104.42(2)°, V = 958.1(15) Å3, Z = 4, ρcalcd.

= 1.173 gcm–3, F(000) = 376, µ = 0.075 mm–1, R = 0.0612, wR =
0.1460, GOF = 1.081 for 1487 reflections with I�2σ(I). All the
relevant CIF files have been submitted to the Cambridge Crystallo-
graphic Data Centre and assigned to the corresponding depository
number.

CCDC-641487 (for 1) and -641488 (for 4) contain the supplemen-
tary crystallographic data. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

X-ray Data Collection, Structure Solution and Spherical Atom Re-
finement (90 K): The high-resolution single-crystal X-ray diffrac-
tion data was collected on a Bruker AXS SMART APEX CCD
diffractometer using Mo-Kα radiation (50 kV, 35 mA). During the
data collection the temperature was maintained at 90(2) K with
an Oxford Cryostream N2 open-flow cryostat. A crystal of good
quality and reasonable size (0.60�0.54�0.44 mm) was mounted
in a Lindeman capillary and was cooled slowly from the ambient
temperature to 90 K at a uniform rate of 40 K/h. The temperature
of the crystal was then allowed to stabilize for 1 h; the unit-cell
parameters were determined repeatedly every 15 min hereafter until
the estimated standard deviations in cell dimensions did not vary
beyond acceptable limits. The diffraction data was collected using
SMART[22] in three batches as detailed in Table 5, keeping the crys-
tal to detector distance fixed at 6.03 cm. In order to perform the
crystal decay correction, an additional 100 frames were collected
with a ω scan width of 0.3°, maintaining 2θ and φ at 25° and 0°
respectively. This data collection strategy has been shown to pro-
vide high resolution, large redundancy and appropriate complete-
ness in data sets.[28]

Table 5. X-ray data collection strategy at 90 K.

Run 2θ [°] ω [°] φ [°] ω Scan width [°] Frames Exposure [s]

1 –25 –25 0 –0.3 606 5
2 –25 –25 90 –0.3 606 5
3 –25 –25 180 –0.3 606 5
4 –25 –25 270 –0.3 606 5
5 –50 –50 0 –0.3 606 20
6 –50 –50 90 –0.3 606 20
7 –50 –50 180 –0.3 606 20
8 –50 –50 270 –0.3 606 20
9 –75 –75 0 –0.3 606 80
10 –75 –75 90 –0.3 606 80
11 –75 –75 180 –0.3 606 80
12 –75 –75 270 –0.3 606 80

All the 7272 frames thus collected were integrated with SAINT[22]

using a narrow frame integration method. Sorting, scaling, merg-
ing, and empirical correction for absorption of the set of intensities
were performed with SORTAV.[29] The crystal structure of 1 was
solved by direct methods using SHELXS97[25] and refined in the
spherical atom approximation (based on F2) using SHELXL97[25]

included in the package WinGX. Molecular thermal ellipsoid plots
and packing diagrams were generated using ORTEP32[30] and
CAMERON[31], respectively. All hydrogen atoms were located from
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the difference Fourier map and refined freely, along with an iso-
tropic displacement parameter.

Multipole Refinement: The aspherical atom refinement, based on
F2, was carried out using the XD package.[12] The module
XDLSM, a full-matrix least-squares program, was used to carry
out the multipolar refinement. Scattering factors for all atoms were
derived from the Clementi and Roetti wave functions.[32] During
the least-squares refinement, the function Σw{|Fo|2 – K|Fc|2}2 was
minimized for all 6122 reflections with I�3σ(I). Initially only the
scale factor was refined on all reflections in order to check the
accuracy of the data transfer from SHELX to XD via XDINI.
Hereafter, the scale factor was allowed to refine in all the successive
steps of the multipole refinement. In the next step, the positional
coordinates and thermal parameters of all non H-atoms was accu-
rately determined by carring out a higher order refinement, using
2809 reflections with 0.8�sinθ/λ�2.0 Å–1 and I�3σ(I). The posi-
tional coordinates and isotropic thermal parameters of the H-
atoms were subsequently refined using the lower angle reflections
(0.0� sinθ/λ�0.8 Å–1). Owing to unavailability of neutron scat-
tering data on the amino alcohol 1, the positions of the hydrogen
atoms in this as well as in the subsequent refinements were fixed
at the average bond length values obtained from reported neutron
diffraction studies.[33] The multipole populations (upto the hexade-
capole level for all non-H atoms) were now allowed to refine in a
stepwise manner. For all H-atoms, the multipole expansion was
truncated at lmax = 1 (dipole, bond-directed) level. No restraints
based on chemical symmetry were applied in the refinement of the
multipole populations of the atoms; the molecular electro-neu-
trality constraint was however switched on to ensure that the unit
cell remains neutral throughout all refinements. In the next step,
a single refinement of the κ parameters for all non H-atoms was
performed; a single κ� was then refined along with the respective κ
parameter for each group of chemically distinct non H-atoms till
convergence was achieved. The κ and κ� values for all H atoms
were fixed at 1.2. Finally, all the multipole parameters (including

Table 6. Crystal data, structure solution and aspherical atom re-
finement of the amino alcohol 1.

Cell setting, space group monoclinic, P21/c
Unit cell dimensions
a [Å] 6.693(5)
b [Å] 11.285(5)
c [Å] 12.087(5)
β [°] 105.421(5)
V [Å3] 880.1(8)
Z 4
ρcalcd. [g cm–3] 1.247
µ [mm–1] 0.080
F(000) 360
θ Range [°], (sinθ/λ)max [Å–1] 2.51–47.66, 1.04
Range of h, k, l –13 � h � 13

–23 � k � 22
–22 � l � 24

Measured reflections 42375
Unique reflections 7949
Overall completeness 98%
Rint 0.0323
Observed reflections [I�3σ(I)] (Nobs) 6122
Refinement based on F2

R(F2) 0.0524
Rw(F2) 0.0504
R(F) 0.0255
Rw(F) 0.0249
Goodness of fit (S) 2.1839
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the isotropic thermal parameters of H-atoms) were refined to ob-
tain the final model of charge density distribution. The modules
XDFFT and XDFOUR was used to measure the residual electron
density and the dynamic deformation density, respectively. In order
to obtain a quantitative picture of the electronic structure, the mod-
ule XDPROP was used for topological analysis of the electron
densities. Experimental details of the crystal data, structure solu-
tion and aspherical atom refinement have been given in Table 6.

Supporting Information (see also the footnote on the first page of
this article): Tables providing the multipole population parameters,
κ and κ� from experimental refinements, local definition axes, frac-
tional coordinates, thermal parameters, bond lengths and bond
angles; additional elucidative deformation density and Laplacian
maps.
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