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Introduction

Molecules acting as receptor antagonists are particularly
suited for studies aimed at determining the relationships be-
tween chemical properties and the biological activity of
drugs. As, in general, their action does not involve metabolic
processes, their molecular conformation and charge distribu-

tion are the true key features that govern drug-receptor rec-
ognition and all related intra- and intermolecular interac-
tions. Therefore, a structural investigation of these mole-
cules, including a detailed topological analysis of their elec-
tron-density distribution 1(r) in the solid state, can reveal
fundamental insights, such as the relevance of directionality
for some crucial interactions, as well as the relationships be-
tween charge density and geometrical parameters.
The present paper reports the case of a receptor antago-

nist of the hormone angiotensin II (AII), an octapeptide of
sequence Asp-Arg-Val-Tyr-Ile-His-Pro-Phe, which is the bio-
logically active component of the renin–angiotensin system
(RAS) and which participates in a number of physiological
functions associated with the regulation of blood pressure
and fluid balance.[1] Drugs that inhibit the RAS have been
shown to be effective in treating human hypertension. Over
the last few years, AII nonpeptide receptor antagonists have
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proved to be a suitable alternative to inhibitors of angioten-
sin-converting enzyme (ACE) and renin in order to influ-
ence the RAS. In particular, the discovery,[2] by the DuPont
group, of a series of N-(biphenylylmethyl)imidazoles as
potent and orally active AII receptor antagonists has furth-
ered progress in the area and stimulated a profusion of syn-
thetic,[1a,3] spectroscopic,[4] and computational[5] research.
A series[6] of such AII antagonists contains a pyrimidinone

ring which bears a carbon-linked biphenyltetrazole moiety
and a carboxyheteroaryl group at the 3-position. By compa-
rative analysis of the theoretical molecular electrostatic po-
tential f(r) in active and inactive compounds of the series,
together with overlay studies employing a computational
model of an AII active conformation, it was found that the
compound named LR-B/081, that is, 2-[(4-butyl-2-methyl-6-
oxo-5-{[2’-(1H-tetrazol-5-yl)-1,1’-biphenyl-4-yl]methyl}-6H-
pyrimidin-1-yl)methyl]-3-thiophenecarboxylic acid, methyl
ester (1), was one of the most effective in the series[6] .
Therefore, it was selected as a candidate for further stud-
ies.[7–12] Its crystal structure was also determined by X-ray
diffraction at room temperature.[13]

To gain an insight into the electrostatic requirements for
LR-B/081 activity, a preliminary study of its experimental
f(r) was performed in our laboratory, and a comparison
with theoretical results at the
HF level has been recently pub-
lished.[14] We report now the re-
sults of an X-ray investigation
of 1(r) in LR-B/081 at T=

17 K,[15] together with a quanti-
tative description of all the co-
valent bonds and the main
intra- and intermolecular inter-
actions, in terms of a charge-
density analysis using Bader9s
quantum theory of atoms-in-
molecules (AIM).[16] The char-
acterization of the electronic
structure of this relatively large
molecule, with five different
rings and a wide range of chem-
ical bonds (C�C, N�C, O�C,
S�C, N�N, C�H, and N�H
bonds plus interactions of the
NH···N, CH···X (X=O,S,N),
S···O, and S···N type), is a fitting

case for exploiting the broad interpretive power of the AIM
approach. Therefore, after a detailed discussion of the mo-
lecular conformation and the crystal packing, the results of
an accurate topological analysis of 1(r)exp are presented. A
report on our latest investigation of the experimental elec-
trostatic potential f(r) follows, while the evaluation of mo-
lecular multipole moments and intermolecular interaction
energies, currently in progress, will be reported separately.
To reduce the chances that artefacts, rather than genuine

features of 1(r), be described, high-quality X-ray data mea-
sured at the lowest possible temperature are essential.[17] We
have collected the diffracted intensities with a diffractome-
ter equipped with a closed-cycle helium refrigerator and
processed them with great and special care. Some decisive
steps in the acquisition and treatment of data are described
in detail in the Experimental Section. We emphasize here
one feature of the model that we have adopted to analyze
the measured X-ray intensities, that is, the anisotropic vibra-
tional motion of the hydrogen nuclei. Indeed, as hydrogen
atoms are critical for both the molecular electrostatic prop-
erties and the chemical reactivity,[18, 19] accuracy in their posi-
tional and displacement parameters is crucial in electron-
density studies of molecular crystals.

Results and Discussion

Effects of very low temperature : On going from room tem-
perature (RT) to 17 K, a marked reduction in the thermal
motion is observed, with atomic vibrational root-mean-
square (rms) amplitudes about 30% as large at 17 K as they
are at RT (Table 1). This reduction is much more pro-
nounced than that observed in crystals in which the packing
is dictated by strong hydrogen bonds, as, for instance, in the
case of glycine,[20] whose rms vibrational amplitudes at 23 K

Table 1. Root-mean-square amplitudes Drrms of the atomic motion[a] and VALRAY[41] atomic charges.[b]

Atom Drrms(296 K) [M] Drrms(17 K) [M] q [e] Atom Drrms(296 K) [M] Drrms(17 K) [M] q [e]

S1 0.2606 0.0746 +0.16(3) C12 0.2445 0.0806 �0.14(5)
O1 0.2638 0.0816 �0.17(3) C13 0.2456 0.0720 �0.16(4)
O2 0.2907 0.0843 �0.15(2) C14 0.2152 0.0689 +0.03(4)
O3 0.3330 0.1016 �0.18(2) C15 0.2202 0.0745 �0.12(4)
N1 0.2128 0.0687 �0.10(3) C16 0.2360 0.0747 �0.10(4)
N2 0.2071 0.0638 �0.05(3) C17 0.2163 0.0688 �0.01(4)
N3 0.2722 0.0817 �0.08(3) C18 0.2470 0.0771 �0.05(5)
N4 0.2778 0.0834 �0.10(2) C19 0.2496 0.0763 �0.04(4)
N5 0.2516 0.0793 �0.06(2) C20 0.2460 0.0698 �0.01(4)
N6 0.2296 0.0741 �0.06(3) C21 0.2827 0.0820 �0.03(5)
C1 0.2071 0.0667 �0.07(4) C22 0.3225 0.0901 �0.06(5)
C2 0.2074 0.0669 �0.00(3) C23 0.3347 0.0918 �0.09(5)
C3 0.2315 0.0670 +0.05(4) C24 0.3066 0.0842 +0.03(5)
C4 0.2119 0.0670 �0.08(4) C25 0.2443 0.0714 �0.06(4)
C5 0.2149 0.0705 �0.11(4) C26 0.2229 0.0703 �0.02(3)
C6 0.2054 0.0703 �0.07(3) C27 0.2398 0.0740 +0.01(5)
C7 0.2168 0.0724 �0.04(4) C28 0.2983 0.0815 �0.01(4)
C8 0.2508 0.0812 �0.02(5) C29 0.3025 0.0908 +0.01(5)
C9 0.2640 0.0840 �0.15(4) C30 0.4044 0.0995 �0.10(5)
C10 0.2494 0.0766 +0.04(4) hHi 0.32(7) 0.17(2) +0.07(5)
C11 0.3225 0.0985 +0.06(5)

[a] su of ~0.003 at 296 K and of ~0.0005 at 17 K. [b] su are given in parentheses.
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are, on average, 46% as large as those at RT. We note that,
when the temperature of the LR-B/081 crystal was lowered
only to 120 K[21] (a temperature at which electron-density
studies are sometimes performed), the rms amplitudes of
the atomic motion were, on average, 58% as large as those
at RT, hence almost twice as large as those at 17 K. It is well
known that the largest feasible reduction in thermal motion
must be pursued for an accurate deconvolution of the ther-
mal motion from the static electron density. In particular,
our results confirm an earlier anticipation by Stewart[22] that
at a temperature as low as 17 K the correlations between
positional and dipole parameters as well as those between
anisotropic atomic displacement parameters (ADPs) and
quadrupole parameters are not a serious problem, even if
data are collected only up to 2q=758 with MoKa radiation
(as in the present experiment), rather than up to a higher
resolution, for example, 2qmax=1098, as in some of our pre-
vious work[20,23] (see the Experimental Section for further
details of the correlation coefficients). Moreover, we ob-
serve that the disorder in the terminal portion of the butyl
chain of 1, a disturbing feature of the room-temperature
structure,[13] is no longer present at 17 K.

Geometry and molecular conformation : An ORTEP[24] plot
of LR-B/081 is shown in Figure 1. The geometrical parame-
ters of 1 obtained at 17 K are ten times more precise than
those at room temperature, with standard uncertainties (su)
<0.001 M for bond distances, <0.038 for bond angles, and
<0.18 for torsion angles when only non-hydrogen atoms are
implied. The lengths of the 12 C�C bonds of the two phenyl
groups are in the range 1.3923(5)–1.4107(5) M, with an aver-
age value (1.399 M) much closer to that obtained[25] in a neu-
tron study of benzene at 15 K (1.3983(7) M) than to the
average in the 40 K neutron study[26a] of biphenyl itself
(1.410(9) M). Furthermore, our resulting average Carom�H

bond length (1.079(10) M) coincides, within 1 su, with that
reported[27] as the average for 218 neutron-diffraction deter-
minations of the Carom�H bond distance (1.083(11) M).
The molecule of 1 has five different rings, a thiophene

(R1), a pyrimidinone (R2), two phenyls (one (R3) para and
one (R4) ortho substituted) and a tetrazole (R5). Rings R1,
R3, R4, and R5 are almost perfectly planar, with maximum
rms deviations of the ring atoms from their planes never ex-
ceeding 0.007 M for rings R1, R3, and R5 and amounting to
0.017 M (for atom C20) in ring R4. The six-membered ring
of the pyrimidinone system assumes a half-boat conforma-
tion with puckering parameters[28] Q=0.043 M, q=50.58,
and f=59.68 for the atom sequence N2�C2�N1�C1�C4�
C3. In this ring, the C3 atom is 0.0604(6) M from the mean
plane defined by the other five atoms, whose rms deviation
from the plane is 0.002 M.
The molecular conformation of LR-B/081 in the solid

state is described by the torsion angles listed in Table 2. The
relative orientation of the rings in the biphenyltetrazole

(BPT) moiety is of particular note as this fragment has at-
tracted special attention in molecular modeling[3c] as well as
in spectroscopic and conformational analysis studies[5c] of
peptidomimetic antagonists of AII. A search for the BPT
system in the Cambridge Structural Database[29] (CSD, Ver-
sion 5.24 of November 2002, with 272000 entries) identified
a total of 12 different crystal structures, all of drugs of the
same class as LR-B/081. For all but one structure, for which
t2=648, the dihedral angle between the phenyl rings is in
the range 41.7–51.38, with an average value of 46(3)8. This
value is the same, within experimental uncertainty, as that
measured in the gas phase[26b] for normal and deuterated bi-
phenyl, 44.4(1.2) and 45.5(1.6)8, respectively, the latter value
being identical to that obtained by optimization of the mo-
lecular geometry of biphenyl at the HF/6-31G** level.[26c]

For t1, the dihedral angle between the tetrazole ring and
its adjacent phenyl ring, two values <408 are observed:
28.18 in the crystal form B of irbesartan[30] and 37.48 in the
drug named CS-866.[3c] Apart from a value as large as 78.28
in a thiadiazoline derivative[3b] (refcode SIPSOZ in the
CSD), all other eight values are clustered between 52.5 and

Figure 1. ORTEP plot of LR-B/081 at 17 K with the atom-numbering
scheme. Hydrogen atoms are numbered according to the heavy atom to
which they are bonded. Ellipsoids at 70% probability level.

Table 2. Conformational parameters for LR-B/081 at 17 K.

Parameter Torsion angle [8]

t1=C20-C25-C26-N6 55.99(5)
t2=C21-C20-C17-C16 50.84(4)
t3=C15-C14-C13-C4 163.01(2)
t4=C14-C13-C4-C3 �78.25(5)
t5=C3-N2-C5-C6 92.44(3)
t6=N2-C5-C6-C7 133.33(4)
t7=C5-C6-C7-C10 �3.03(4)
t8=C6-C7-C10-O2 �171.07(3)
t9=C7-C10-O2-C11 176.57(3)

f1=C4-C1-C27-C28 83.66(4)
f2=C1-C27-C28-C29 173.08(2)
f3=C27-C28-C29-C30 173.99(3)
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58.88, although the low energy barrier for rotation around
the bond connecting the two rings (~1.5 kcalmol�1)[5c] would
allow an almost free rotation, and hence a possible larger
range of values in the crystal structures. Evidently, similar
electrostatic and/or packing forces, especially intermolecular
hydrogen bonds, are responsible for the observed narrow
range. Indeed, changes in the molecular environment usual-
ly lead to variations in the observed or predicted molecular
conformation: see, for example, the case of losartan potassi-
um, a prototypical compound for this class of drugs, origi-
nally named DUP753,[2] and its different conformations, as
determined by NMR spectroscopy,[5c] molecular modeling,[5c]

and X-ray crystal structure.[31]

For LR-B/081 the values of the torsion angles t1, t2, and
t3 (Table 2) imply a syn orientation of the tetrazole and pyri-
midinone rings relative to the 1,4-substituted phenyl ring.
We note that such a conformation is stabilized by three rela-
tively short intramolecular contacts: N4···H9, 2.751(6) M;
S1···N5, 3.2950(3) M; S1···O1, 3.1995(3) M. The electrostatic
nature of the S···N interaction is suggested by the value of
the charges of the two atoms, +0.16(3)e for atom S1 and
�0.06(2)e for atom N5 (Table 1). Even stronger is the
S1···O1 interaction, with a contact distance about 0.1 M
shorter than the sum of the van der Waals (vdW) radii
(1.80 M for sulfur, 1.70 M for carbon, 1.55 M for nitrogen,
1.52 M for oxygen, and 1.20 M for hydrogen).[32] Here too
the electrostatic nature of the interaction is evident, the
charge of the O1 atom being �0.17(3)e (Table 1), as deter-
mined from the multipolar refinement of the X-ray data.
The role of intramolecular nonbonded S···O interactions in
the conformation and activity of biologically important sys-
tems has been investigated in the case of 1,4-type interac-
tions,[33] while more recently X-ray crystallographic analyses
and ab initio molecular orbital calculations have been used
to specifically address the possible relevance of the 1,5-type
S···O close contacts to the activity of AII receptor antago-
nists and related compounds.[3b] In the present molecule the
interaction is of the 1,6 type, and the S···O distance is much
longer than in the case of the 1,5-type contacts mentioned
above, but it can be speculated that the concept of mimic-
fused heterocycles[3b] might apply also to 1.
The position of atom S1 with respect to atoms O1 and N5

is governed by the torsion angle t6, whose value, together
with that of t8 (Table 2), brings atom O3 into proximity with
atom H5A. The separation between the two atoms in this
1,6-type O···H close contact is as short as 2.200(6) M.

Crystal packing : The basic crystal-packing pattern of LR-B/
081 is illustrated by the partial view, down the b axis, shown
in Figure 2. Two parallel, infinite ribbons, each formed by
pairs of molecules related to each other by a crystallograph-
ic glide plane, run along the c axis. The molecules within
each ribbon are connected by a NH···N hydrogen bond and
several relatively short contacts of the CH···S, CH···O, and
CH···N type. Interactions of the latter two types are ob-
served between contiguous ribbons. We defer to a later sec-
tion the discussion on whether such contacts can be classi-

fied as true hydrogen bonds[34] because we believe that the
topological descriptors of 1(r), and not only the geometrical
parameters, should be considered.
The NH···N hydrogen bond connects the N6 atom of the

tetrazole ring of one molecule to the N1 atom (the acceptor)
of the pyrimidinone cycle of the other molecule of each
pair. Owing to the geometry of the resulting fragment this
hydrogen bond is classified as moderate (or normal) accord-
ing to Jeffrey9s categorization.[34a] Indeed, the values of the
two N···N and H···N distances and that of the NH···N angle
(see Table 5) are well within the range found in organic
crystals in an earlier CSD search[35] on more than 280 select-
ed crystal structures. More recently, an intermolecular
NH···N hydrogen bond very similar to that of LR-B/081 was
observed[36] between the tetrazole and the other heterocycle
in a BPT imidazo[4,5-b]pyridine-based AII receptor antago-
nist (refcode ZUHTEB in CSD) and the same kind of hy-
drogen bond is also present in the crystal packing of histi-
dine,[19] one of the components of the AII hormone. The im-
portance of the presence of an aromatic nitrogen atom func-
tioning as a hydrogen bond acceptor in the LR-B/081 class
of drugs has been recently stressed in a study of pharmaco-
phore models.[5a]

Electron-density deformation maps : The important features
of electron distribution in crystals may be displayed in vari-
ous kinds of difference-density maps.[37] Examples of such
maps for the tetrazole and thiophene fragments of LR-B/
081 are shown in Figures 3 and 4, respectively. However, al-
though appealing for their pictorial effectiveness and visual
conciseness, such dynamic or static deformation maps may
suffer from serious shortcomings, such as a dependence on
data resolution (compare Figure 3a and 3b) or scale fac-
tors,[38] as well as on the radial parameters adopted in the
multipole model. This hampers any quantitative comparison
between results from different investigations if precise
values for the positions of the D1(r) peaks and their heights

Figure 2. ORTEP drawing of two molecular stacks viewed down the b
axis. Only those hydrogen atoms involved in intermolecular interactions
(dashed lines) are shown.
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are sought. Hence, we believe that only a qualitative com-
parison is appropriate, for instance, between our dynamic
deformation density of Figure 3b and that reported[39] for
the tetrazole ring in a polypeptide studied at T=125 K with
data within (sinq/l)=0.65 M�1, the two maps showing some
similarities and several differences. On the other hand, the
static maps of Figures 3c and 4 clearly illustrate how differ-
ent the deformation of 1(r) is, upon bonding, for the various
individual atomic components of the two heterocycles. Yet a
full and quantitative characterization of the interatomic in-
teractions cannot be derived from such maps and is obtained
only through a topological analysis of the total 1(r), as re-
ported for LR-B/081 in the following section.

Topological properties of 1(r): Experimental electron distri-
butions can be analyzed in terms of their topological fea-
tures,[17,40] as theoretical charge distributions are, following
Bader9s AIM theory.[16] Of the critical points (points at
which 51=0), special attention is given to those called
bond critical points (bcps), which occur on a line of maxi-
mum charge density with respect to any lateral displacement
and link two nuclei (bond path). Beyond the number and
kind of critical points, other topological indicators often
used to describe 1(r) are as follows:

1) the value of 1bcp;
2) those of the principal curvatures of 1, usually called l1,

l2, and l3 ;
3) the corresponding value of the Laplacian 521= l1+l2+

l3 ;
4) the bond ellipticity e= (l1/l2)�1;
5) the bonded radius RX, which is the distance along the

bond path from the bcp to one of the two bonded nuclei.

Table 3 reports most of the properties of the bcps for all
the covalent bonds of LR-B/081, while a full list can be
found in the Supporting Information. The properties of
eight ring critical points (rcps) are reported in Table 4, while
those of the most relevant intra- and intermolecular contacts
are listed in Table 5.
The critical points of the density were searched by using a

Newton–Raphson algorithm implemented in the VALRAY
code[41] starting from a suitable initial guess of their posi-
tions. A set of 78 bcps was searched and found, including all
the 74 conventional covalent bonds of the molecule
(Table 3), together with the four intramolecular contacts
(see Table 5) described above (N4···H9, S1···N5, S1···O1, and
O3···H5A). The bond path lengths (Rb, see the Supporting
Information) and the standard uncertainties of both the cur-
vatures and the e values were evaluated with the PAMoC
code.[42]

Figure 3. Contour maps of D1 in the plane of the tetrazole ring of LR-B/
081 (6 MR6 M; plane defined by atoms N4 and N6 and the point at 1=4 of
the distance between atoms N6 and N3). Contours are plotted at inter-
vals of 0.05 eM�3 units. Solid lines show the positive regions of D1,
dashed lines the negative regions. a) Dynamic deformation density from
all data; b) dynamic deformation density from data within sinq/l=

0.65 M�1; c) static deformation density from all data.

Figure 4. Contour map of the static deformation density D1 in the plane
of the thiophene ring of LR-B/081 (9 MR9 M; the plane is defined by
atoms C6, C7, and C9). Contours and units as in Figure 3.
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C�C bonds : As expected, the bcps are located very close to
the midpoint of the C�C bonds (hRX/Rbi=0.50(1)). A plot
of 1bcp (eM

�3) versus the bond path length Rb (M) for the 28
C�C bonds of LR-B/081 is shown in Figure 5 (top). As in
the case of citrinin,[23c] the dependence of 1bcp on Rb can be

adequately represented by a
straight line, given here by
Equation (1), with a correlation
coefficient of �0.984. The slope
and intercept values coincide,
within experimental error, with
those of the straight line for cit-
rinin (�3.8 and 7.4, respective-
ly), while the correlation coeffi-
cient (�0.996 in citrinin) is less
satisfactory. Anyhow, for LR-B/
081 the differences between the
experimental 1bcp values and
those calculated on the straight
line never exceed 0.07 eM�3

(�3.5 su).

1bcp ¼�3:7ð1Þ 	 Rb þ 7:3ð2Þ ð1Þ

A well-defined trend is ob-
served in the values of the bond
ellipticity e for the C�C bonds
(Table 3): for the eight single
bonds involving at least one sp3

carbon atom the average value
of e is 0.06; for the three bonds
with bond lengths in the range
1.472–1.483 M, hei=0.13; for
the 12 aromatic bonds in the
two phenyl rings, hei=0.19; and
for the remaining five bonds,
which are all C(sp2)�C(sp2)
bonds involved in conjugative
interactions, hei=0.23. (In the
latter group, the average e be-
comes 0.26 if only the three
shortest bonds, that is, those
with the largest double-bond
character, are considered.)
These values reflect an in-
creased contraction of the den-
sity towards the bond path with
increasing bond order. The in-
crease (in absolute value) of l1

dominates that of l2 and leads
to the observed trend in the el-
lipticities: the density at the
bcps of double bonds is more
curved along the minor axis of
the bond than at those of single

bonds. Values of l3 are instead
nearly constant for all the 28 C�C bonds of LR-B/081, lying
in the very narrow range of 10.4–11.6 eM�5.

N�C bonds : A shift of the bcps towards the carbon nucleus
is observed for all seven N�C bonds of the molecule, with

Table 3. Topological properties of the bond critical points of LR-B/081.

Bond Re
[a] [M] RX/Rb

[b] 1bcp [eM
�3] 521bcp [eM

�5] l3 [eM
�5] e[c]

C2�C12 1.4933(5) 0.524 1.80(2) �14.1(9) 11.0(6) 0.03(7)
C5�C6 1.5029(4) 0.487 1.70(2) �12.4(8) 10.9(6) 0.08(5)
C4�C13 1.5032(4) 0.501 1.75(2) �13.3(8) 11.0(5) 0.09(5)
C13�C14 1.5193(4) 0.487 1.61(2) �10.0(8) 11.0(5) 0.14(8)
C1�C27 1.5061(4) 0.525 1.74(2) �13.3(8) 10.9(4) 0.02(5)
C27�C28 1.5365(5) 0.511 1.60(2) �10.4(8) 10.9(2) 0.06(4)
C28�C29 1.5305(5) 0.496 1.63(2) �10.3(8) 11.3(2) 0.04(4)
C29�C30 1.5270(5) 0.491 1.60(2) �10.2(8) 10.9(4) 0.06(9)

C14�C15 1.3996(5) 0.476 2.12(3) �19(1) 10.5(5) 0.18(5)
C14�C19 1.3966(5) 0.495 2.13(2) �19.5(9) 10.6(7) 0.16(7)
C15�C16 1.3958(5) 0.500 2.09(3) �17.9(9) 11.1(7) 0.2(1)
C16�C17 1.4026(5) 0.505 2.07(2) �17.4(9) 11.0(7) 0.13(8)
C17�C18 1.4006(5) 0.497 2.06(2) �17.2(9) 11.0(6) 0.20(5)
C18�C19 1.3921(5) 0.529 2.14(3) �19(1) 10.4(7) 0.21(8)
C20�C21 1.4014(4) 0.500 2.14(2) �18.6(9) 11.2(5) 0.23(9)
C20�C25 1.4109(5) 0.504 2.04(2) �17.2(9) 10.9(7) 0.22(7)
C21�C22 1.3962(5) 0.496 2.15(3) �19.6(9) 10.9(2) 0.17(4)
C22�C23 1.3969(5) 0.486 2.14(3) �20(1) 10.8(8) 0.12(9)
C23�C24 1.3930(5) 0.511 2.16(3) �19(1) 11.1(5) 0.20(9)
C24�C25 1.3986(5) 0.470 2.10(3) �18(1) 10.6(6) 0.2(1)

C17�C20 1.4829(4) 0.496 1.79(2) �14.0(8) 11.0(5) 0.2(1)
C7�C10 1.4779(5) 0.473 1.87(2) �15.1(9) 11.3(3) 0.15(4)
C25�C26 1.4725(4) 0.491 1.91(2) �15.4(8) 11.6(5) 0.03(9)

C3�C4 1.4440(4) 0.500 2.00(2) �16.7(9) 11.5(6) 0.16(8)
C1�C4 1.3698(4) 0.511 2.20(2) �19(1) 10.8(7) 0.24(9)
C7�C8 1.4330(5) 0.490 2.05(2) �18.7(9) 10.9(7) 0.22(7)
C6�C7 1.3824(4) 0.479 2.13(3) �17(1) 10.9(5) 0.23(8)
C8�C9 1.3660(5) 0.487 2.25(3) �21(1) 10.7(7) 0.30(7)

N2�C5 1.4749(4) 0.581 1.70(3) �11(1) 12.4(6) 0.03(7)
N2�C3 1.4069(4) 0.582 2.09(3) �22(2) 11.7(6) 0.13(5)
N1�C1 1.3852(4) 0.560 2.18(3) �19(1) 14.2(6) 0.10(4)
N2�C2 1.3669(4) 0.593 2.25(4) �25(2) 10.8(9) 0.12(6)
N6�C26 1.3444(4) 0.635 2.31(5) �27(3) 9(1) 0.10(6)
N3�C26 1.3287(5) 0.576 2.49(4) �28(2) 12.1(8) 0.19(4)
N1�C2 1.3154(4) 0.586 2.51(4) �26(2) 12(1) 0.19(8)

O2�C11 1.4409(5) 0.590 1.66(3) �9(2) 13.9(7) 0.16(9)
O2�C10 1.3475(5) 0.614 2.16(4) �24(2) 11(1) 0.20(7)
O1�C3 1.2320(4) 0.641 2.79(5) �30(4) 20(2) 0.16(4)
O3�C10 1.2178(5) 0.658 2.85(6) �19(5) 33(2) 0.09(8)

S1�C6 1.7216(3) 0.506 1.40(2) �4.5(5) 9.4(3) 0.2(1)
S1�C9 1.7208(3) 0.512 1.40(2) �5.3(5) 9.4(3) 0.2(1)

N4�N5 1.2982(5) 0.503 2.83(3) �13(2) 34(1) 0.09(6)
N5�N6 1.3465(5) 0.492 2.53(3) �8(1) 32.5(9) 0.10(6)
N3�N4 1.3602(5) 0.496 2.52(3) �9(1) 33.0(9) 0.05(5)

N6�HN6 1.029(16) 0.744 2.23(6) �45(5) 21(2) 0.01(5)
hC�Hi[d] 1.082(14) 0.609 1.90(6) �19(2) 15(1) 0.06(4)

[a] Experimental bond lengths are uncorrected for thermal motion. [b] RX=distance from the first atom of the
pair to the critical point (su of about 0.002 M). Rb=bond path length. RX and Rb are measured in M. [c] Ellip-
ticity, defined as (l1/l2)�1. [d] In view of the essential identity, in chemical terms, of the 29 C�H bonds, their
bcp values are reported as averages, while those of the unique N�H bond are shown separately.
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RX/Rb ranging from 0.560 to 0.635. Equation (2) describes
the least-squares straight line obtained for the plot of 1bcp

versus Rb for the N�C bonds (Figure 5 bottom), which has a
correlation coefficient of �0.993. The fit is considerably
better than that obtained for the C�C bonds. Clearly, the
differences in the slope and intercept values of Equa-
tions (1) and (2) are inherent to the different electronic na-
tures of the carbon and nitrogen atoms.

1bcp ¼ �5:0ð3Þ 	 Rb þ 9:1ð4Þ ð2Þ

Six of the N�C bonds belong to ring fragments, and the
values of their path lengths are uniformly spread between
1.315 and 1.407 M. The remaining N�C bond, which is
1.475 M long, is the only bond in 1 that connects a nitrogen
atom to an sp3 carbon atom. The overall, rather wide range
of bond lengths is typical of systems with several N�C
bonds involved in an extensively conjugated system, for ex-
ample, as in the purine rings of 9-ethylguanine.[43]

The fit given by Equation (2) is better than that ob-
tained[44] with a logarithmic relationship based on 11 calcu-
lated (at the B3LYP and MP2 level with the 6-311++G**
basis set) pairs of 1bcp and Rb values. Indeed, from Equa-
tion (2) the largest difference between the calculated and
observed 1bcp values is 0.04 eM�3, while the logarithmic
Equation (3)[44] would give differences of 0.16 and 0.21 eM�3

for the two shortest N�C bonds. We note also that Equa-
tion (2) is in only modest, qualitative agreement with the
1bcp versus Rb relationship recently reported for HF/3-21G-
calculated 1bcp values of the 46 C�N bonds (bond lengths in
the range 1.30–1.36 M) in the protein crambin (slope=

�4.0836, intercept=7.5476).[45]

ln 1bcp ¼ 1:809�2:183 	 Rb ð3Þ

A much larger range of l3 values is observed for the N�C
bonds than for the C�C bonds; the values of the positive
curvature observed for the N�C bonds vary between 9 eM�5

for the C26�N6 bond and 14 eM�5 for the C1�N1 bond
(average su<1 eM�5). As expected, the absolute value of l1

increases while Rb decreases, that is, while the bond order
increases.

O�C bonds : The average distance of the bcps from the
oxygen atom in the two formal C=O bonds is 0.650Rb, to be
compared with an average value of 0.602Rb for the other
two O�C bonds. The Rb and 1bcp values of the four O�C
bonds of LR-B/081 satisfy moderately well the best correla-
tion found for the six bonds of the same kind in citrinin,[23c]

that is, by the exponential[46] given by Equation (4).

1bcp ¼ 8:443 	 Rb
�3:521 ð4Þ

In compound 1, the differences between the experimentally
determined 1bcp values and those predicted by Equation (4)
are within 3 su, the largest disagreement occurring at the
C10�O3 bond, with an expected 1bcp of 3.03 eM

�3 compared
with the observed value of 2.85(6) eM�3.[47]

S�C bonds : The topological indicators of these bonds are
reported in the literature[48–53] to range from 1.03 to
1.45 eM�3 for 1bcp and from �0.90 to �9.78 eM�5 for 521bcp.
In keeping with the aromaticity of the thiophene ring, the
two S�C bonds of LR-B/081 (Table 3) are among the short-
est of those analyzed topologically, with 1bcp and 521bcp

values (1.40 eM�3 and �4.5 eM�5 for the S1�C6 bond and
1.40 eM�3 and �5.3 eM�5 for the S1�C9 bond) very close to
those of the two S�C bonds of similar length in the thiazole
fragment of polymorphs A and B of the anti-ulcer drug fa-
motidine.[53]

N�N bonds : The three N�N bonds present in the tetrazole
ring of 1 provide insufficient data to establish a really mean-
ingful relationship between the 1bcp and Rb values. The
linear fit (1bcp versus Rb) here gives Equation (5) with a
rather poor correlation coefficient of �0.974. The high un-
certainty in the values of the slope and intercept reflects the
contradictory situation for the two longer bonds (see
Table 3) which differ by 0.014 M (more than 27 su) in length,
but only by 0.01 eM�3 (1 su) in the 1bcp values.

1bcp ¼ �5ð1Þ 	 Rb þ 10ð2Þ ð5Þ

The tetrazole ring : We are not aware of any reported, de-
tailed topological study of this system, which appears as the
elective acidic group in sartan drugs (see Chart 2 of
ref. [5b]). In LR-B/081 the total charge of this fragment

Figure 5. Values of the electron density (1bcp) at the C�C (top) and the
C�N (bottom) bond critical points versus the bond path lengths (Rb).
The su of 1bcp are shown as vertical bars.
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amounts to �0.15(7)e, with a contribution of �0.30(6)e from
the four nitrogen atoms, all of which are negatively charged.
The N4�N5 bond has the shortest bond length in the ring,
the highest value of 1bcp, and the most negative value of
521bcp, although all three N�N bonds have high 1bcp values,
which, together with the planar arrangement, are indicative
of p delocalization. Quite surprisingly, these values are ac-
companied by low (in modulus) values of 521bcp compared,
for instance, with those of the ring9s N�C bonds. Note also
that the large value of 1 at the ring critical point 1rcp of the
tetrazole fragment (Table 4) is far larger than that of the
other four “conventional” rings, including thiophene, the
other five-membered ring of LR-B/081.

The contour map of �521 in the plane of the tetrazole
ring (Figure 6) clearly shows the lone-pair charge concentra-
tions on the N3, N4, and N5 atoms, anticipating the overall
pattern of the electrostatic potential in the same plane (see
below).

Intramolecular short contacts : Table 5 lists the topological
properties of four relevant intramolecular interactions in
1.[54] The most interesting features of two of these interac-

tions, S1···N5 and S1···O1, are shown in the maps of 1(r) and
its negative Laplacian in the plane defined by the three S1,
N5, and O1 atoms (Figure 7). The locations of the two
saddle points are clearly indicated by the shapes of the con-
tours at 0.05 and 0.0625 eM�3 in Figure 7a, while Figure 7b
illustrates the directionality of the two interactions, with re-
gions of charge concentration on the nitrogen and oxygen
atoms facing the regions of charge depletion in the valence
shell of the S1 atom. The features of the intramolecular
S···N contact in 1 resemble those reported[55] for a shorter
(3.0882(8) M) intermolecular contact in tetrasulfur tetrani-
tride, S4N4, for which the topology of the experimental and
theoretical charge densities revealed similar directional in-
teractions. Owing to the longer separation, the value of 1bcp

for this interaction in 1 is smaller than that in S4N4

(0.050(1) eM�3 versus 0.085(1) eM�3).
The H5A···O3 interaction results in the formation of the

six-membered ring R6 of Table 4, with a C5�H5A···O3
angle of 126.3(4)8 and a C10�O3···H5A angle of 102.1(2)8.
The distance between the bcp on the H5A···O3 bond path
and the ring critical point (rcp) of ring R6 is 0.577 M. Al-
though short, such a separation is large enough to exclude
possible topological instability of the ring,[16] even if a close
alignment (11.88) between the major axis of the H5A···O3
bond and the eigenvector for l2 at the rcp is observed.
Similarly, the two interactions S1···N5 and H9···N4 lead to

the five-membered ring R7 of Table 4. The five atoms of the
ring are far from being coplanar, with atom N4 at 0.43 M
from the mean plane and atom N5 at 0.54 M on the opposite
side of the plane. The distances between the rcp of this ring
and the bcps of these two short intramolecular contacts are
0.89 M for S1···N5 and 0.68 M for H9···N4. 1(r) at the rcp is
flatter for R7 than for R6, and the eigenvector for l2 at the
rcp of ring R7 is closely aligned with the major axis of the
H9···N4 bond, at an angle of 6.88. No appreciable alignment
with the major axis of S1···N5 is observed, the corresponding
angle being 27.28.
The rcp of ring R8 (Table 4), that is, the ring created by

the S1···O1 interaction, is only 0.24 M from the bcp of this
short intramolecular contact. Although small, such a dis-
tance indicates that the two critical points are still far from
merging and annihilating each other through a fold catastro-
phe.[16]

Intermolecular interactions : Figure 8 shows the map of
�521(r) in the plane of the intermolecular N6�HN6···N1’
hydrogen bond. A marked polarization of the Laplacian of
1 around the hydrogen atom towards the acceptor atom N1’
can be observed. It has been noted[56,57] that such a feature,
typical of some hydrogen bonds, can be seen only if multi-
pole models for the hydrogen atoms include quadrupolar
electron-density functions (which, in turn, can be adopted
only if anisotropic ADPs for these atoms are taken into ac-
count). The bond path trajectory along NH···N is almost per-
fectly linear, with the N�H bond path only 0.001 M longer
than the corresponding internuclear distance and the H···N
bond path identical to the atom–atom distance.

Table 4. Topological properties at the ring critical points of LR-B/081.

Ring[a] 1rcp [eM
�3] 521rcp [eM

�5] drcp
[b] [M]

R1 0.311(9) 5.1(1) 0.020
R2 0.182(7) 3.63(7) 0.037
R3 0.187(7) 3.24(6) 0.001
R4 0.178(7) 3.26(6) 0.018
R5 0.52(1) 9.7(2) 0.006
R6 0.095(4) 1.44(2) 0.016
R7 0.038(1) 0.47(1) 0.044
R8 0.062(2) 0.77(1) 0.427

[a] R1: S1-C9-C8-C7-C6; R2: C1-N1-C2-N2-C3-C4; R3: C14-C15-C16-
C17-C18-C19; R4: C20-C21-C22-C23-C24-C25; R5: C26-N3-N4-N5-N6;
R6: O3-C10-C7-C6-C5-H5A; R7: S1-N5-N4-H9-C9; R8: O1-C3-N2-C5-
C6-S1. [b] Distance of the ring critical point from the least-square plane
of the ring.

Figure 6. Contour map of �521 in the plane of the tetrazole ring (6 MR
6 M; plane defined by atoms N4 and N6 and the point at 1=4 of the dis-
tance between atoms N6 and N3). Contours are plotted at variable inter-
vals in units of eM�5. Solid lines show the negative regions of 521 (indi-
cating charge concentration), dashed lines the positive regions (indicating
charge depletion).
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Besides the NH···N hydrogen bond, all the relevant inter-
molecular interactions of 1 are of the CH···X type, where
X=O, S, or N (Table 5). The critical points of these interac-
tions all share the same features of low values of 1, which
decrease as the interatomic separation increases, and of pos-
itive 521 values, indicative of closed-shell interactions or
ionic-type bonding. As usual in these cases, the Laplacian is
dominated by the positive curvature along the internuclear
line. We note that atom N5 is simultaneously engaged in
three interactions and atom H12A in two (the shortest
CH···N and the relatively long CH···S).

Table 5. Geometrical and topological properties of the most relevant intra- and intermolecular interactions.[a]

Bond lengths [M] Bond angle [8]
D�H H···A D···A D�H�A 1bcp

[b] [eM�3] 521bcp
[b] [eM�5] RX/R

[c]

intramolecular interactions
C5�H5A···O3 1.081(6) 2.200(6) 2.9710(5) 126.3(4) 0.120(8) 1.74(7) 0.406
C9�H9···N4 1.060(6) 2.751(6) 3.5142(5) 128.9(4) 0.043(3) 0.54(1) 0.421
S1···N5 3.2950(3) 0.050(1) 0.60(1) 0.530
S1···O1 3.1998(3) 0.063(2) 0.74(1) 0.532

intermolecular interactions
N6�HN6···N1[d] 1.029(10) 1.871(10) 2.8972(5) 174.1(8) 0.310 0.97 0.359

C12�H12C···O1[e] 1.064(7) 2.345(7) 3.3733(5) 162.0(5) 0.067 0.92 0.403
C5�H5B···O2[d] 1.096(6) 2.460(6) 3.4873(5) 155.6(4) 0.069 0.82 0.409
C28�H28B···O2[f] 1.097(6) 2.743(6) 3.6500(5) 139.7(4) 0.033 0.48 0.411
C30�H30B···O3[f] 1.094(6) 2.994(6) 3.7392(5) 125.7(4) 0.022 0.30 0.450

C12�H12A···S1[e] 1.068(6) 3.068(6) 3.5941(3) 111.2(4) 0.043 0.50 0.407

C12�H12A···N5[e] 1.068(6) 2.329(6) 3.3894(5) 172.1(5) 0.087 1.05 0.391
C11�H11C···N3[g] 1.064(7) 2.508(7) 3.5601(6) 169.9(5) 0.067 0.71 0.419
C22�H22···N3[h] 1.079(6) 2.516(6) 3.4991(5) 151.0(5) 0.065 0.78 0.404
C12�H12B···N5[f] 1.077(6) 2.553(6) 3.5615(5) 155.6(4) 0.056 0.71 0.401
C5�H5A···N4[f] 1.081(6) 2.677(6) 3.4814(5) 130.9(4) 0.055 0.68 0.408
C9�H9···N2[i] 1.060(6) 2.941(6) 3.5850(5) 119.7(4) 0.031 0.42 0.431
C12�H12A···N6[e] 1.068(6) 2.608(6) 3.5046(5) 141.2(4) no bcp
C5�H5A···N5[f] 1.081(6) 2.630(6) 3.5879(5) 147.3(4) no bcp
C11�H11C···N4[g] 1.064(7) 2.634(7) 3.5099(6) 139.4(4) no bcp

[a] See also a full version of the table in the Supporting Information (Table S3). [b] At the bcp of the H···A/D···A interaction for DH···A/D···A contacts,
respectively. For intermolecular interactions, there are su of 0.002–0.012 for 1 and 0.01–0.04 for 521. [c] RX=distance from the hydrogen/donor atom to
the critical point of the H···A/D···A noncovalent bond (su of about 0.002 M); R=bond length. [d] At (x, 1=2�y, �1=2 +z). [e] At (x, 1=2�y, 1=2 +z). [f] At
(�x, 1=2 +y, 1=2�z). [g] At (�x, �y, 1�z). [h] At (1=2�x, �y, �1=2 +z). [i] At (�x, y�1=2,

1=2�z).

Figure 7. Contour maps (7 MR7 M) of a) 1 and b) its negative Laplacian
�521 in the plane defined by the S1, N5, and O1 atoms. a) The contour
levels are at 0.025, 0.0375, 0.05, 0.0625, 0.075, 0.0875, 0.1, 0.4, 0.7, 1.0, 1.3,
1.6, 1.9, 2.2, and 2.5 eM�3. b) The contour levels and lines are as de-
scribed in Figure 6.

Figure 8. Contour maps of �521 in the plane of the intermolecular hy-
drogen bond N6�HN6···N1’ (9 MR5 M; plane defined by atoms N1’ and
HN6 and the bond critical point of the N1’···HN6 bond). Contour levels
and lines are as described in Figure 6. Atom N1’ is the same as atom N1
of Table 5.
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Of the interactions of the CH···X type, those where X=O
are the most studied,[34c,58] and the relevance of weak
CH···O hydrogen bonds in biological systems is well estab-
lished. Recently, the role and properties of these bonds have
been extensively studied by topological analysis of the bis-
(dimethylamino) derivative of cyclobutene-1,2-dione
(DMACB),[59] a system particularly suited for a thorough in-
vestigation of CH···O interactions because 23 unique CH···O
short contacts are observed in its crystals (in which no other
contacts closer than the sum of vdW radii are present). As
in the case of DMACB, the bcps of all the H···O contacts in
LR-B/081 less than 3.0 M (four in number) were searched
for and all four were found (Table 5). Both the geometrical
and topological features of these CH···O interactions are
well within the range of those, 19 out of 23, which, in the
DMACB case, were classified as hydrogen bonds by the
Koch and Popelier criteria.[60]

On topological grounds, six out of the nine CH···N inter-
molecular contacts reported in Table 5 would all be regard-
ed as hydrogen bonds (including C9�H9···N2, with an H···N
contact well above the sum of the vdW radii, 2.75 M[32a]). We
note that only one of them, C12�H12A···N5, satisfies Mas-
cal9s[32a] purely geometrical criteria for such a classification,
as for this interaction the H···N distance is less than 2.45 M
and the CH···N angle is between 170 and 1808.
As for the remaining short interaction given in Table 5,

that is C12�H12A···S1, it has been pointed out[34b] that hy-
drogen bonds of this kind have not yet been systematically
investigated. In the present case, the long H···S separation
and the small C�H···S angle would favour this contact to be
classified as a short vdW interaction, although the recent lit-
erature[61] also classifies C�H···S interactions, in which the
angle is in the range 105–1188, as possible hydrogen bonds.
On the other hand, if the criterion that Koch and Popelier[60]

consider as sufficient for the existence of a hydrogen bond is
examined, one finds that there is a total mutual penetration
between H12 and S1 of 0.75 M. Hence, on this basis, even
this interaction is to be considered a true hydrogen bond.

Electrostatic potential : It is well known that one of the most
useful applications of charge densities is the derivation of
the molecular electrostatic potential f(r), which can be used
as a highly sensitive measure to predict the strength of inter-
molecular interactions.[53] Owing to the geometric and elec-
trostatic complementarity between a drug and its receptor,
the knowledge of f(r) can give novel insights into electronic
receptor environments in drug–receptor molecular recogni-
tion processes.[62] The electrostatic potential of 1 in the crys-
tal state has been obtained from the refined multipolar pa-
rameters following the procedure of Stewart.[63] Maps of the
potential associated with some relevant molecular fragments
removed from the crystal are shown in Figure 9. The essen-
tial features of these maps confirm the findings of the pre-
liminary[14] study of f(r) in 1 when the multipolar model for
the interpretation of X-ray data was not as complete as that
adopted here. In particular, Figure 9a and 9c show two re-
gions of negative potential around the N1 and O1 atoms of

the pyrimidinone moiety (in Figure 9a, minima of �37 and
�36 kcalmol�1, respectively), and one, also negative, split
into three relative minima surrounding the outermost part
of the acidic tetrazole ring (�60 kcalmol�1 near atom N3,
�58 kcalmol�1 near atom N4, and �53 kcalmol�1 near atom
N5, Figure 9c).[64] The f(r) distribution in the plane of the
thiophene ring, as obtained by including the contribution of
all atoms of 1 (Figure 9b), shows two rather shallow minima
close to the two electronegative oxygen atoms
(�17 kcalmol�1 at 1.317 M from atom O3 and
�12 kcalmol�1 at 1.315 M from atom O2) separated from an

Figure 9. Contour maps of f(r) in some relevant planes of LR-B/081.
a) Pyrimidinone ring (12 MR12 M; plane defined by the C1, C4, and N2
atoms); b) thiophene ring (12 MR12 M; plane defined by atoms C6, C7,
and C9); c) tetrazole ring (8 MR8 M; plane defined by atoms N4 and N6
and the point at 1=4 of the distance between atoms N6 and N3). Contours
are plotted at intervals of 0.03 eM�1 (1 eM�1�332.1 kcalmol�1). Negative
and zero contours: short and long dashed lines, respectively; positive con-
tours: solid lines.
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electropositive region around the methyl group. As seen in
the lower part of the map, the minima of the pyrimidinone
(on the left) and of the tetrazole (on the right) merge to
form a unique wide, negative region markedly modified by
the interplay of the potential around the thiophene ring.
In agreement with previous computational findings,[5d,6, 14]

it appears that the features of f(r) that play a key role in
the binding to the AII receptor are the strongly electro-
phile-attractive regions bulging out from the central hetero-
cycle�N= type nitrogen atom and from the lactamic oxygen
atom, and a region of positive long-range potential around
the 6-butyl chain, the latter being believed to fit into a lipo-
philic pocket of the receptor that accommodates the Ile5

side chain of AII.[2] It has to be stressed that while all these
key features clearly emerge from the maps reported here
(obtained from the refined multipolar parameters up to the
hexadecapole level for non-hydrogen atoms and up to the
quadrupole level for hydrogen atoms), all the minima of
f(r) are significantly reduced and the f(r) maps loose most
of their detail when the multipolar expansion is truncated at
the monopole level. Similar effects were found by Stewart
and Craven by neglecting higher multipoles when mapping
the electrostatic potential of the neurotransmitter g-amino-
butyric acid (GABA).[63b]

Conclusions

We have shown that the topological analysis of the experi-
mental charge density of 1, described by a pseudoatom mul-
tipolar model, have allowed us 1) to obtain a quantitative
characterization of the covalent and noncovalent bonding of
a relatively large (70 atoms) drug; 2) to reveal both gross
and subtle features of 1(r); and 3) to clarify the important
features of intra- and intermolecular interactions. In particu-
lar, the electrostatic nature of two short S···O and S···N in-
tramolecular contacts that stabilize the overall conformation
of LR-B/081 has been established, and their directional
“key-lock” character, which faces charge concentrations and
charge depletions in the valence shells of sulfur, nitrogen,
and oxygen atoms, has been illustrated by means of 521(r)
maps. The molecular conformation of 1 in the solid state has
been examined in detail and compared with that reported in
the literature for other drugs of the same class. Knowledge
of the molecular geometry and of the electrostatic potential
distribution has allowed us to elucidate the characteristic
properties this class of drugs must have to successfully bind
to AII receptors.
Many of our findings are based on the experimental

values we have obtained for 1(r) and its Laplacian for the
crystal. To rely on such values, especially when fine details
are involved, very precise measurements of X-ray diffracted
intensities are required: thanks to the very low temperature
(17 K) and the special care in the treatment of raw data (see
the Experimental Section), we believe we have achieved the
necessary high level of accuracy and precision. In particular,
the inclusion of atomic ADPs for the hydrogen nuclei in the

least-squares multipole model seems worth noting. To our
knowledge, the charge-density and electrostatic-potential
properties presented herein have not been determined ex-
perimentally for any other sartan drug or for other drugs of
a size similar to that of LR-B/081 by such up-to-date meth-
ods.
The extent and accuracy of the results obtained confirm

that experimental charge-density studies are well suited to
the evaluation of solid-state interactions in large biologically
important molecules, which up to now have been very diffi-
cult to study by using a fully periodic ab initio approach.
The report, in a forthcoming paper, of the experimental
evaluation of multipole moments and electrostatic energies
for the intermolecular interactions of LR-B/081 can be ex-
pected to yield further insights, crucial for studies of molecu-
lar modeling and recognition.

Experimental Section

Data collection and reduction : All data were collected from the same
crystal, grown from a solution in ethanol. The crystal quality was checked
by using diffraction photographs. The sample was mounted on a four-
circle Syntex P1̄ diffractometer equipped with a Samson cryostat[65] in
which the crystal is enclosed in an evacuated, nearly isothermal cavity.
The specimen used was the last of a series of six crystals obtained in the
same way. The first five of this series were mounted and exposed to X-
ray radiation, but none of them reached the final temperature of 17 K
without incurring fractures. The last sample was cooled very slowly, at a
speed of 1 degmin�1 from room temperature to 100 K, and of
0.2 degmin�1 from 100 down to 17 K.

Unit-cell dimensions (Table 6) were obtained from the setting angles of
15 medium-angle reflections centered before and after each set of inten-
sity measurements, for a total of 16 times. Intensities were collected at
17(1) K up to a 2q value of 758 for MoKa radiation (sinq/l =0.86); the
three octants hkl, hkl̄, and hk̄l̄ were collected in separate steps, with
warming in between. The behavior of three standard reflections was peri-

Table 6. Crystallographic data and refinement details for the X-ray anal-
ysis of 1.

empirical formula C30H30N6O3S
formula weight 554.66
crystal system orthorhombic
space group Pbca
a [M] 29.831(4)
b [M] 15.505(2)
c [M] 11.985(1)
V [M3] 5543(1)
1calcd [gcm

�3] 1.329
Z 8
T [K] 17(1)
l [M] 0.71073
m [mm�1] 0.145
crystal size [mm3] 0.45R0.45R0.125
F(000) 2336
reflections collected/unique reflections 51485/14698
(sinq/l)max [M

�1] 0.86
parameters refined 1633
reflections observed 13812 (F2

obs>0)
extinction coefficient [10�4 rad�1] 0.52(3)
R(F)/R(F)2 (all data) 0.0299/0.0242
goodness of fit 1.173
R(F)/R(F)2 (for 6144 data with sinq/l�0.65 M�1) 0.0171/0.0168
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odically monitored during each of the three steps of the data collection.
Within statistical uncertainty, the three standard reflections behaved in a
similar manner and no decay was observed during the 600 h of exposure
to X-ray radiation. Low-angle data (2q�258) were remeasured at a
lower current setting to minimize possible problems associated with non-
linearity of the counting system. The total number of intensity measure-
ments was 51485, each recorded with w/2q scans at a scan rate of
3 degmin�1 in 2q.

Owing to the relatively large dimension of the a axis (Table 6), a narrow
2q-scan range of 1.28 was adopted, but corrections were made for trunca-
tion effects which were carefully estimated.[66] Background counts for the
weak reflections were averaged over regions of 2q and the averaged
values were applied to all reflections within that region. As these aver-
aged backgrounds had much higher precision than the individual values,
the precisions of the net intensities, particularly for the weaker reflec-
tions, were appreciably improved.

Corrections were made for Lorentz and polarization effects but not for
absorption, which was presumably negligible. Each intensity was assigned
a variance s2(I) based on counting statistics plus an additional term
(0.02S)2, where S is the scan count; this term was suggested by the fluctu-
ations in the intensities of the three standard reflections. Weighted aver-
aging of multiple observations yielded 14698 independent values of F 2

obs,
of which 886 were negative. The value of R(merge) was 0.0246 for the
13812 non-negative reflections measured more than once. The quantity
minimized in all least-squares calculations was e =�w(F 2

o�k 2F 2
c )

2, based
on all positive reflections, with weights (w) obtained by summing s�2(F 2

o)
over the contributing measurements. All crystallographic details are
given in Table 6.

In order to test the suitability of CCD Area Detectors for accurate elec-
tron-density studies, the same crystal sample was used to collect X-ray
diffraction data on a SMART CCD area detector at 120 K.[21]

Refinements : After a preliminary least-squares refinement with the con-
ventional, spherical atom model, the multipole formalism of Stewart[22]

was introduced to take into account the asphericity in the electron distri-
butions. Several different multipolar models were tested. The most satis-
factory model included multipoles up to the hexadecapole level for the
sulfur, oxygen, nitrogen, and carbon atoms and up to the quadrupole
level for the hydrogen atoms. The generalized scattering factors (GSF)
for the monopoles of these species were computed from the Hartree–
Fock atomic functions tabulated by Clementi.[67] Electron-population pa-
rameters of inner monopoles were constrained to be equal for all 40 non-
hydrogen atoms. Radial terms for the higher multipoles were of the form
rnexp(�ar): for oxygen, nitrogen, and carbon atoms we have adopted
values of n=2, 2, 3, and 4 for dipole, quadrupole, octupole, and hexade-
capole, respectively, while for the sulfur atom we used a value of n=4
for all high multipoles. Values of k and a, as obtained from some prelimi-
nary least-squares refinements, are reported in the Supporting Informa-
tion. Initial scattering factors for hydrogen were those of the H2 mole-
cule,[68] and their coordinates and isotropic U values were allowed to
shift ; subsequently, the coordinates of hydrogen atoms were kept fixed
and generalized monopole and dipole functions were introduced (n=0
for the monopole and 1 for the dipoles). Finally, anisotropic Uij values
(ADPs) were introduced for the 30 hydrogen atoms based on spectro-
scopic information and the molecular rigid-body librations derived from
the refined ADPs of the carbon and nitrogen atoms.[57] Quadrupoles,
with n=2, could then also be introduced for the hydrogen atoms. a0 and
a1 values for the hydrogen atoms were initially set to the standard molec-
ular value of 2.48 bohr�1 and then refined (see the Supporting Informa-
tion for their final values). An isotropic extinction parameter of type I
and Lorentzian distribution (in the formalism of Becker and Coppens[69])
was also refined.

The total number of parameters was 1633, comprising the extinction pa-
rameter, 360 positional and displacement parameters for the 40 non-hy-
drogen atoms of the molecule, and 1272 electron-population parameters
(1002 for the sulfur, oxygen, nitrogen, and carbon atoms and 270 for the
30 hydrogen atoms). The overall scale factor was not among the refinable
parameters; it was estimated at the end of each cycle as the sum of all
monopole populations divided by F(000)=2336e.

All refinements were carried out with the VALRAY set of programs,[41]

based on the 13812 reflections with F2
obs>0. Despite the large size of the

molecule, no constraint between the parameters, besides that on the
inner monopoles, was deemed necessary as the ratio Nobservations/Nvariables=

8.46 was considered sufficiently high.

Convergence was assumed when the absolute value of the relative varia-
tion of e in two subsequent cycles was �10�6. All second derivatives
were included in the last cycles in order to insure convergence to the cor-
rect minimum.

The problem of correlation : A crucial and often neglected point in any
multipole analysis of X-ray diffraction data is the problem of correlation,
mostly between coordinates and dipole parameters, as well as between
the Uij values and the quadrupole terms. As already noted,[20] correlation
becomes negligible when high-resolution and low-temperature data are
used. In the present case, there were only 67 correlation coefficients
greater than the usual threshold value of 0.707 (in absolute value) at the
end of the least-squares refinement, rather few compared with the large
number of variables (1633). Of these 67 coefficients, 59 did not exceed
0.800, while the remaining 8 are in the range 0.800–0.821. The two largest
coefficients (0.821 and 0.811) relate a quadrupole component to the cor-
responding ADP for a nitrogen and an oxygen atom, respectively. Only
one of these 67 coefficients involved a carbon atom, and only three in-
volved hydrogen atoms. Generally, the quantities that suffer the existence
of some significant correlation coefficients are the estimated standard de-
viations, which tend to increase, but in the present work, fractional coor-
dinates and ADPs for non-hydrogen atoms have been determined with
high precision (su of 5R10�5–5R10�4 and 4R10�5–1R10�4 M2, respective-
ly). It can be stated that, thanks to the low temperature of 17 K, the size
of our data set ((sinq/l)max=0.86) is sufficiently large that correlation
problems are not too severe.

Thermal motion : The Hirshfeld rigid-bond test[70] and TLS rigid-body
analysis[71] were performed in order to investigate the quality of the re-
fined ADPs. The first test showed that in LR-B/081 the differences be-
tween the mean-square displacement amplitudes (MSDA) along bond di-
rections have a mean value of 0.00032 M2, well below the limit (0.001 M2)
suggested by Hirshfeld as indicative of an adequate agreement with the
rigid-bond postulate. In particular, only two D values, in the O2�C11
(D=0.0012 M2) and N2�C5 (D=0.0011 M2) bonds, marginally exceed
that limit.

The results of the TLS analysis confirm that the whole molecule, as ex-
pected, cannot be considered as a unique rigid body. Indeed, a single fit-
ting of molecular T, L, and S to all the atomic U tensors gave calculated
Uij values differing from the observed ones by, on average, about 9 su.
On the other hand, when the fit was performed over individual, separat-
ed fragments (thiophene group, pyrimidinone plus butylic chain, phenyls,
and tetrazole), a much better agreement was reached (hDUi�1.5 su).
Somewhat irrespective of the number of atoms assumed to form a rigid
fragment, the corrections to bond lengths due to the librational motion
amount to less than 0.002 M. Throughout the paper we have reported the
experimental values of bond distances uncorrected for thermal motion.

ADPs for the 30 hydrogen atoms of 1 have been obtained following the
procedure of Roversi and Destro.[57] As an approximate check of the
values obtained, equivalent U values were compared with the previously
refined X-ray Uiso values: the difference exceeded 2.5 su in only one case,
the average jD/s j value being 1.1. These hydrogen-calculated ADPs
were included, and kept fixed, in the least-squares refinement, thus al-
lowing the addition of quadrupoles to the multipolar expansion of the hy-
drogen atoms.

CCDC-207037 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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