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The charge density of the tripeptide L-alanyl-glycyl-L-alanine was determined from three X-ray
data sets measured at different experimental setups and under different conditions. Two of the data
sets were measured with synchrotron radiation (beamline F1 of Hasylab/DESY, Germany and beam-
line X10SA of SLS, Paul-Scherer-Institute, Switzerland) at temperatures around 100 K while a third
data set was measured under home laboratory conditions (MoKα radiation) at a low temperature of
20 K. The multipole refinement strategy to derive the experimental charge density was the same in
all cases, so that the obtained charge density properties could directly be compared. While the gen-
eral analysis of the three data sets suggested a small preference for one of the synchrotron data sets
(Hasylab F1), a comparison of topological and atomic properties gave in no case an indication for
a preference of any of the three data sets. It follows that even the 4 h data set measured at the SLS
performed equally well compared to the data sets of substantially longer exposure time.
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Introduction

Already in 1915, hence three years after the dis-
covery of X-ray diffraction, Peter Debye made a
note [1] that the distribution of charge density should
be obtainable from this new experimental method.
However, it was a long way from Debye’s vision
in 1915 until the present stage of charge density
work. Thanks to the technical developments in the
last decade the exposure time of high resolution X-ray
diffraction experiments has been reduced significantly
so that experimental charge density determination
on larger molecules or on series of chemically re-
lated compounds can be carried out in a reasonable
time.

The introduction of Bader’s quantum theory of
atoms in molecules (QTAIM) [2] enables the quanti-
tative derivation of bonding, non bonding and atomic
properties from the topological analysis of a charge
density distribution ρ(rrr). A key concept in Bader’s
theory is the transferability and additivity of topolog-
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ical properties of submolecular fragments. Based on
this concept various data base approaches have been
developed [3 – 5] for a modelling of the charge den-
sities of larger macromolecules, like proteins or other
oligomers, which are otherwise obtainable only in ex-
ceptional cases [6, 7].

Regarding these developments the experimental ver-
ification of the transferability concept is of major im-
portance. This can be performed by series of charge
density studies in a given class of chemical compounds
as has been done for the experimentally derived topo-
logical properties of 16 of the 20 genetically encoded
amino acids [8].

The measure of transferability has also to be seen
with respect to the reproducibility of topological data.
We have addressed this question in a further compar-
ative charge density study in the oligopeptide field, in
that tripeptides of the type L-Ala-Xxx-L-Ala were con-
sidered, where Xxx was to be varied among the 20 nat-
urally occurring amino acids. Two studies of that type
have been published recently, one with Xxx = L-Ala [9]
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and the second one on two modifications with Xxx =
L-Tyr [10].

Here we present as a third example the results for L-
alanyl-glycyl-L-alanine, where a major question was,
how fast a charge density data collection can be to lead
to an acceptable accuracy. This was studied for three
data sets of the title tripeptide measured under different
experimental conditions and at exposure times from 4
to 130 h.

Two of the data sets were measured with syn-
chrotron radiation at the Hasylab/DESY (Hamburg,
Germany, hereafter called Hasylab data set) and
the Swiss Light Source (SLS; Paul-Scherrer-Institute,
Villingen, Switzerland, SLS data set), while the third
one was measured with MoKα radiation under home
laboratory conditions, where we are able to collect
20 K data sets (home data set). The two synchrotron
setups were equipped with nitrogen gas stream cooling
devices for measurements around 100 K.

Results and Discussion
Data set considerations

In order to examine the quality of the three data sets
we discuss the commonly used figures of merit (based
on multipole refinements with exactly the same models
in all three cases, see Experimental Section) compared
to the amount of collected reflections and derived prop-
erties like completeness or redundancy.

As summarized in Table 1, the three data sets are
very different. The total number of reflections varies
from 28000 (SLS) to almost the fourfold number for
the Hasylab data. Nevertheless the latter one shows the
best agreement factors and also redundancy (close to
10), completeness and the reflection to parameter ratio
(Nref/Nvar = 21) are the highest among the three data
sets.

With respect to the amount of data the SLS figures of
merit have to be considered with care. The reduced res-
olution and the relatively small number of reflections
cause smaller completeness, redundancy and Nref/Nvar.
Since low resolution data tend to lower R values, the
comparably small R value after multipole refinement
has to be seen in relation to the limited data.

As already mentioned above, the multipole refine-
ments were carried out with exactly the same model
for all three data sets, that means with the same assign-
ment of constraints and local symmetry. It was also at-
tempted to refine all data sets without any constraints
and symmetry assumptions. The refinement was stable

Table 1. Amount of data and figures of merit of the three data
sets of Ala-Gly-Ala.

Home Hasylab SLS
Exposure time [h] 130 28 4
Max sinθ/λ [Å−1] 1.18 1.25 0.98
Total no. of reflections 32605 97469 28133
No. of unique reflections 7601 9450 4467
Rint 0.028 0.042 0.032
Completeness [%] 89.9 97.8 77.3
Redundancy 4.4 10.3 6.3
R1/Rall [%] 3.6/4.75 2.6/3.94 2.7/3.09
Rw [%] 2.33 2.15 3.89
Nref/Nvar

a 17 21 12
GoF 1.9 2.1 2.9
a Nref/Nvar is the ratio of reflections to parameters.

Fig. 1. Ratio Fo/Fc plotted vs. resolution for the three data
sets. Color code: Hasylab = red, Home = green, SLS = blue.

for the Hasylab and home data but did not converge sat-
isfactorily for the SLS data set. While the limitations of
the SLS data set can on the one hand not be overlooked,
it has on the other hand to be noted that the whole mea-
surement at the SLS took only 4 h. Moreover, as will
be shown below, the derived quantitative tolopogical
properties are not inferior compared, for example, to
the Hasylab measurement. With respect to amount of
data and figures of merit the conventional home data
set performs between both synchrotron data sets.

As a further criterion for the accuracy of the dif-
ferent experiments and the reliability of the multipole
model the residual density, being the Fourier transform
of the Fo − Fc differences, can be utilized. A three-
dimensional distribution of residual density was calcu-
lated at different resolutions, and the main results are
shown in Table 2.

For the full order data, which are not available in the
SLS case, the residual density is satisfactorily low for
the Hasylab data. If the resolution cut off is lowered,
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Table 2. R values and residual densities (RD) with different cut off. RMS: root mean square density.

Home Hasylab SLS Home Hasylab SLS Home Hasylab SLS
– data up to 1.2 Å−1 – – data up to 1.0 Å−1 – – data up to 0.9 Å−1 –

R1 % 3.6 2.5 – 2.2 1.7 2.7 1.8 1.4 2.6

RD max [e Å−3] 0.56 0.20 – 0.23 0.14 0.28 0.18 0.13 0.25
RD min [e Å−3] −0.32 −0.25 – −0.21 −0.16 −0.24 −0.13 −0.15 −0.23
RMS [e Å−3] 0.085 0.041 – 0.043 0.030 0.053 0.033 0.027 0.047

as is sometimes applied as a cosmetic trick to smooth
the residual density, reliability factors and magnitudes
of residual density decrease, while the performance of
the Hasylab data is still the best.

An overall impression of the data set quality is
given in the diagram of Fig. 1 which shows the ratios
Fo/Fc vs. the resolution. Theoretically, a horizontal line
around Fo/Fc = 1 results in case of perfect data. Exper-
imentally, the more the resolution increases the more
the quality decreases, thus the distribution at the end of
the line widens. This spread can be taken as a measure
of quality loss. A linear spread vs. resolution relation-
ship without any outliers would indicate experimental
data of high quality. As shown in the diagram, the qual-
ity of all three data sets is very good. However, it can
be seen that the Hasylab data (in red), although having
the highest resolution have the fewest overall outliers.
Furthermore, the line spread in the high resolution re-
gion is the smallest of the three data sets. Less accuracy
is shown in the plot of SLS data (blue squares). The di-
agram shows some outliers even in the low resolution
region. The green crosses visualise the home data set.
As discussed earlier, its quality seems to be between
the two synchrotron data sets. Its spread is more pro-
nounced than in the case of the Hasylab data, but the
outliers do not start before sinθ/λ = 1.1 Å−1.

Bond topological analysis

The bond topological analysis of the experimental
ρ(rrr) was carried out with the XDPROP part of the XD
[11] program system. All expected bond critical points
(bcp’s, defined by the property that the gradient ρ(rrr)
vanishes at a bcp) could be located. For comparison
theoretical bcp’s from a B3LYP calculation were also
derived.

An estimate of the accuracy and the reproducibil-
ity obtainable from the three experiments can be de-
rived from averaging over the electron density values
ρ(bcp) and the Laplacians 2ρ(bcp) at the bond criti-
cal points of the 14 non H bonds. The corresponding
data are listed in Table 3, which gives also the av-

Fig. 2. Charge densities and Laplacians at the bond critical
points in the tripeptide main chain. The three data sets and
the theoretical results are represented in four columns for
each bond: first column gives theory (T), the second column
gives the Home laboratory (L) values, the third one shows
the Hasylab (H) values and the last column the ones of the
SLS (S) data set.

erage of the three experimental contributions to each
bond with the corresponding standard deviation σn[
σn = {1/3 ∑3

i=1(xi − x̄)2}1/2] in parentheses. If we av-
erage over the 14 σn values we get mean values of
0.069 e Å−3 for the electron density and 3.4 e Å−5 for
the Laplacians. These quantities are in the same range
as reported in the literature for the reproducibility of
these topological descriptors [10] and the uncertainty
range is that given by several authors [12 – 14] to be
considered if electron density results from different ex-
periments are to be compared.

We have also calculated the average differences be-
tween experimental and theoretical ρ(bcp)’s and cor-
responding Laplacians ( 2ρ(bcp)’s) for the fourteen
bonds. For ρ(bcp) the average differences between
experiment and theory are 0.25/0.14/0.22 e Å−3 for
the home/Hasylab/SLS data, for the Laplacians we get
9.5/9.8/7.5 e Å−5. The latter ones are unexpectedly
high, which is mainly caused by rather high experi-
mental/theoretical discrepancies in the six C–O bonds.
If they are left out from the averaging the (exp–theo)
differences for the Laplacians of the 10 non C–O bonds
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Bond type Home Hasylab SLS Average (σN) Theory
(C–O)pep O1–C2 3.11(5) 3.02(3) 2.86(6) 3.00(10) 2.66

−42.3(3) −35.6(2) −27.9(4) −35(6) −10.7
O2–C4 3.07(5) 2.97(3) 2.81(6) 2.95(11) 2.59

−41.2(3) −34.0(2) −26.2(4) −34(6) −11.1

(C–N)pep N2–C2 2.55(5) 2.43(2) 2.50(5) 2.50(5) 2.28
−27.1(2) −15.5(2) −19.0(2) −21(5) −23.0

N3–C4 2.57(5) 2.44(2) 2.52(5) 2.51(5) 2.32
−27.6(2) −15.5(2) −19.5(2) −21(5) −24.2

Cα –Npep N2–C3 2.02(4) 1.82(3) 1.99(6) 1.94(9) 1.74
−16.8(2) −16.8(1) −11.9(2) −15(2) −14.9

N3–C5 1.86(4) 1.78(3) 1.90(6) 1.85(5) 1.67
−14.6(2) −8.7(2) −13.6(2) −12(3) −13.3

Cα –Cpep C1–C2 1.76(3) 1.67(2) 1.79(4) 1.74(5) 1.69
−11.9(1) −7.4(1) −10.6(1) −10(2) −14.4

C3–C4 1.79(4) 1.75(3) 1.81(5) 1.78(3) 1.68
−13.9(1) −11.2(1) −13.4(1) −13(1) −14.3

Cα –Cβ C1–C7 1.73(3) 1.64(2) 1.61(4) 1.66(5) 1.66
−10.9(1) −7.9(1) −7.2(1) −9(2) −13.6

C5–C8 1.69(3) 1.59(1) 1.57(4) 1.61(5) 1.60
−10.1(1) −6.8(1) −6.1(1) −8(2) −12.6

(C–O)carboxyl C6–O3 3.06(6) 2.72(4) 2.87(8) 2.88(14) 2.48
−45.2(4) −28.3(2) −31.2(4) −35(7) −12.2

C6–O4 2.74(6) 2.78(4) 2.91(9) 2.81(7) 2.54
−30.7(4) −30.8(2) −34.1(4) −32(2) −11.8

Cα –Nammonium C1–N1 1.82(3) 1.70(2) 1.84(5) 1.78(6) 1.59
−13.2(2) −7.6(1) −13.0(2) −11(3) −12.2

C5–C6 1.85(3) 1.69(2) 1.83(5) 1.79(7) 1.68
−12.7(1) −7.5(1) −11.9(2) −11(2) −12.6

Table 3. Topological properties.

First line ρ(bcp) in e Å−3, second line
2ρ(bcp) in e Å−5.

Table 4. Averaged values of electron density and Laplacian
at the BCPs for the different bond types in the three data sets
(first line), with corresponding averages from the literature
[10]; n = no. of contributing data.

Bond type n ρ(bcp) (e Å−3) 2ρ(bcp) (e Å−5)
(C–O)pep 6 2.79(10) −35(6)

8 2.90(7) −31(6)
(C–N)pep 6 2.50(5) −21(5)

8 2.44(4) −23(3)
Cα –Npep 6 1.90(8) −14(3)

8 1.82(4) −11(2)
Cα –Cpep 6 1.76(5) −11(2)

8 1.71(5) −11(2)
Cα –Cβ 6 1.64(6) −8(2)

12 1.64(6) −10(2)

reduce to 2.0/5.4/3.1 e Å−5 for the home/Hasylab/SLS
data. Nevertheless, no indication for a preference for
any of the three data sets in seen.

Fig. 2 shows the values of the electron density at
the bcp’s and the corresponding Laplacians for the
10 bonds of the tripeptide main chain. In the tripep-
tide, there are two peptide bond regions, so that trans-
ferability between the same bond types of the same
submolecular fragment (column blocks close to each

other), can be examined. For the three experimen-
tal data sets the average difference between chemi-
cally equivalent bond pairs in the peptide bond re-
gions is between 0.05 and 0.06 e Å−3 for ρ(bcp), and
between 1.3 and 2.9 e Å−5 for 2ρ(bcp). Also no
preference for one of the data sets can be found. Ta-
ble 4 shows that for the bonds in the peptide bond re-
gion, if averaged over the three experiments (hence 6
data per entry), the bond topological properties com-
pare very well with the corresponding averages re-
cently reported for the Ala-Xxx-Ala class of com-
pounds [10].

Atomic properties

Bader’s AIM theory provides a well defined proce-
dure of partitioning a molecule into atomic regions.
According to Bader, an atom is the union of a nuclear
critical point [( 3; −3) critical point] and its associ-
ated basin of attracted trajectories of the electron den-
sity gradient vector field ρ(rrr) with zero flux surfaces
(ZFS) as boundaries. The integration procedure avail-
able through the TOPXD program was applied to eval-



700 D. Förster et al. · Charge Density of L-Alanyl-glycyl-L-alanine

Vtot V001 Q
Atom Home Hasylab SLS Home Hasylab SLS Home Hasylab SLS
O(1) 17.64 16.80 17.42 17.08 15.88 16.45 −1.18 −1.05 −1.16
Opep1 17.3(4) 16.5(5) −1.13(6)
O(2) 17.86 17.24 17.85 15.01 14.43 15.07 −1.05 −0.96 −1.03
Opep2 17.7(3) 14.8(3) −1.01(4)
O(3) 16.04 15.51 15.93 15.59 14.89 15.48 −1.19 −0.96 −1.02
Ocarboxy 15.8(2) 15.3(3) 1.06(9)
O(4) 20.20 18.79 19.87 17.00 16.08 17.13 −1.10 −0.98 −1.05
Ocarboxy 19.6(6) 16.7(5) 1.04(5)
O(5) 25.14 23.22 23.60 20.10 19.18 19.59 −1.69 −1.39 −1.37
Osolvent 24.0(8) 19.6(4) −1.4(3)
N(1) 17.11 14.82 14.60 16.33 14.08 13.94 −1.72 −1.28 −1.13
Nammoni 16(1) 15(1) 1.4(3)
N(2) 14.27 13.37 13.43 13.95 13.02 13.19 −1.28 −1.02 −1.12
Npep1 13.7(4) 13.4(4) −1.1(1)
N(3) 15.15 14.77 14.74 14.19 13.02 13.73 −1.24 −1.00 −1.10
Npep2 14.9(2) 13.7(5) −1.1(1)
C(1) 6.94 6.54 6.90 6.92 6.53 6.90 0.17 0.24 0.13
Cα 6.8(2) 6.8(2) 0.18(5)
C(2) 4.93 5.95 5.80 4.93 5.94 5.80 1.34 0.93 1.00
Cpep1 5.6(5) 5.6(5) 1.1(2)
C(3) 8.83 8.51 9.22 8.54 8.20 8.84 0.12 0.19 0.11
Cα+1 8.9(3) 8.5(3) 0.14(4)
C(4) 7.40 7.47 7.39 6.48 6.43 6.46 0.89 0.89 0.95
Cpep2 7.4(4) 6.5(2) 0.91(3)
C(5) 7.19 6.80 7.14 7.03 6.66 7.03 0.19 0.24 0.12
Cα+2 7.0(2) 6.9(2) 0.18(5)
C(6) 6.14 6.22 5.52 5.87 5.91 5.36 1.20 1.18 1.39
Ccarboxy 6.0(3) 5.7(3) 1.26(9)
C(7) 10.20 10.96 10.99 9.55 9.74 9.78 0.09 0.11 0.24
Cβ 10.7(4) 9.7(1) 0.15(7)
C(8) 11.73 11.59 12.00 9.51 9.75 9.93 0.10 0.14 0.23
Cβ+2 11.8(2) 9.7(2) 0.16(5)
Suma 284.52 284.18 283.32 0.02 0.04 0.08

Table 5. First line: Atomic
properties of the two peptide
groups derived from QTAM for
Home, Hasylab and SLS data
sets. Second line: Atom type
and averages of the three con-
tributions. (Units are given in
Å3 and e).

a All atoms included.

uate atomic volumes and charges. The results are sum-
marized for all three data sets of the title compound
in Table 5. While the total atomic volumes Vtot are de-
fined by the interatomic boundaries in the crystal, it
is common practise to consider also the V001 volumes,
defined by a cut off at ρ = 0.001 au, which are useful
for comparison with corresponding properties of iso-
lated molecules. Since the charge density in the outer
regions of an atomic basin does not contribute sub-
stantially to its charge, Qtot and Q001 values are practi-
cally equal so that only one charge column is given in
Table 5.

Bader volumes and charges are additive so that the
charges should sum up to zero, and the sum of the Vtot’s
(multiplied by Z = 2) should reproduce the unit cell
volume. As shown by the last line in Table 5, this is
satisfied for all three data sets of Ala-Gly-Ala (within
0.5 – 0.9 % for the volume and 0.02 – 0.08 e for the
charge) indicating that the partitioning and integration
procedure has worked properly.

If averagings and consideration of standard uncer-
tainties are performed similarly as for the bonding
properties to compare also atomic properties of the
three data sets we obtain average e.s.d.’s of the three
data sets of 0.4 Å3 for Vtot, 0.4 Å3 for V001 and 0.1 e
for Q. Again these quantities are in line with the repro-
ducibility we found in our earlier study on two mod-
ifications of Ala-Tyr-Ala and with several literature
studies, where quantitative data of this type were com-
pared [10].

For a further examination of transferability in the
peptide main chain we have averaged over the atomic
properties of the chemically equivalent atoms and
compared the results with the corresponding findings
for Ala-Tyr-Ala (Table 6). The agreement is in the ex-
pected range, within roughly 0.1 e and 1 Å for charges
and volumes, respectively. An exception is the volume
of the atom Cα of the glycyl residue which is larger
than the corresponding Ala Cα atom by about 1.5 Å3.
This makes sense because the atom carries two hydro-
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Table 6. Charges Q001 (e) and volumes V001 (Å3) for the
atoms in the peptide groups averaged over the three data sets
of the title compound (first line) and corresponding averages
from the literature [10] (second line), n = number of con-
tributing data.

Atom n Q001 V001
Cα 6 0.18(5) 6.9(2)

12 0.18(7) 7.0(3)
Cpep 6 1.00(16) 6.0(6)

8 1.02(10) 6.3(4)
Opep 6 −1.07(8) 15.7(9)

8 −1.07(7) 15.7(6)
Npep 6 −1.13(10) 13.5(5)

8 −1.01(6) 12.6(2)

gen atoms which is not the case for all other amino acid
residues.

It follows, that in total the variation of the central
amino acid in the system Ala-Xxx-Ala has no influ-
ence, neither on bond nor atomic properties, within the
accuracy of experimental electron density work reach-
able at present.

Electrostatic potential

The electrostatic potential (EP) was calculated from
the experimental charge density using the method of
Su and Coppens [15]. The results are displayed for all
three data sets in Fig. 3 by a color code (see color bars)
on the iso electron density surface at ρ = 0.5 e Å−3.
The color range was scaled to be the same in the three
representations in order to allow a convenient compar-
ison.

Within the graphical error the EP distributions on
the three molecular surfaces are alike confirming the
equivalence of the electronic properties of the tripep-
tide obtained from the three data sets. The EP makes
the polarization of the electron density in certain re-
gions of the molecule visible, in that, for example, pos-
itive charge is concentrated at the C-terminus while the
carboxylate group and the peptide group oxygen atoms
are the negatively charged regions.

Pronounced positive EP is found at the hydrogen
atoms which are involved in intermolecular hydrogen
bonding as is seen, for example, in the EP region be-
tween the solvent water molecule and the accepting
oxygen atom of one peptide carbonyl group.

Conclusion

Three data sets of Ala-Gly-Ala were measured un-
der very different experimental conditions with re-
spect to diffractometer setup, radiation type and wave-

Fig. 3. Electrostatic potentials (ESP) with respect to the three
data sets. The colour gradient ranges from −0.35 e Å−1 (red)
up to 2.25 e Å−1 (purple). The three representations refer to
Home lab data (top), Hasylab (middle) and SLS data (bot-
tom). Representations generated with MolIso [16].

length, detector type, temperature and beam time pe-
riod, which varied between 4 h and more than 5 d.
For the fastest data collection carried out at the SLS
beamline X10SA the amount of data and the resolution
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were the lowest. While this could have been expected
to negatively influence the result, this expectation was
not directly confirmed. A general analysis of the data
sets (see, for example, Fig. 1) and inspection of the
residual density results suggested on one hand that the
SLS data behaved inferior to the home and Hasylab
data. On the other hand, quantitative bond topological
and atomic properties gave in no case an indication for
a preference of any of the three data sets. All quan-
titative results were reproducible within the standard
uncertainties.

Transferability of atomic and bonding properties in
the peptide bond region was confirmed and the ob-
tained quantities did not show significant differences
to those which were recently derived on related tripep-
tides of the Ala-Xxx-Ala type with Xxx = Ala [9] and
Xxx = Tyr [10]. Regarding the 130 h beam time period
for the home lab data collection compared to the 4 h
time frame at the SLS it seems – theoretically – possi-
ble to collect more than 30 charge density data sets at
the latter in the time one home experiment takes with-
out significant loss in quality.

Moreover, it should be stated that the above men-
tioned limitations of the SLS data collection are related
to the typical experimental setting for a protein crys-
tallography beamline which are mostly of mechanical
nature and could be overcome with little effort to make
also high-order regions of reciprocal space accessible.
It follows that the execution of series of charge den-
sity studies of chemically or biologically related com-
pounds is in sight, so that such studies in the electron
density field can be expected in time periods presently
needed for conventional spherical X-ray analyses.

Experimental Section
X-Ray experiments and multipole refinements

Crystals were grown by evaporation of a H2O/DMF
(20 : 1) solution of a commercially available sample of Ala-
Gly-Ala (Bachem, Germany).

The home data set was collected at 20 K in our home lab-
oratory with conventional MoKα radiation on a Huber four
circle diffractometer equipped with a closed cycle He cryo-
stat, where a 0.1 mm Kapton film vacuum chamber around
the cold head was used [17]. Frames were measured with a
Bruker APEX CCD detector in ϕ scan modus with frame-to-
frame increments of 0.3◦.

The Hasylab data set was measured with synchrotron ra-
diation (beamline F1 at Hasylab/DESY, Hamburg, Germany)
at 100 K with nitrogen gas stream cooling, while the SLS
data set was measured at beamline X10SA of the Swiss Light

Table 7. Measuring conditions of the three data sets of Ala-
Gly-Ala.

Home Hasylab SLS
Beamline Huber (home) F1 X10SA
Detector APEX MARCCD-165 MAR-CCD-225
Cooling system He-cryostat N2-flow N2-flow
Temperature, K 20 100 92
Radiation type MoKα synchrotron synchrotron
Wavelength, Å 0.7107 0.55 0.6214
Frame-to-frame ϕ ω/ϕ ϕ
scan modus
Frame increments, 0.3 3 3
deg

Source (SLS at the Paul-Scherrer-Institute, Villigen, Switzer-
land) [18]. For both synchrotron data collections MAR CCD
detectors were used, type 165 at F1 und type 225 at X10SA.
The MAR control and data processing software [19] allowed
frame-to-frame increments of 3◦ enabling very short beam-
time periods, so that combined with the high synchrotron
primary intensities the exposure times were reduced to 28 h
at F1 and even to 4 h at X10SA. Since station X10SA is a
protein dedicated beam line the highest regions of reciprocal
space could not be reached owing to geometrical restrictions
so that compared to the two other data sets a few limitations
in resolution (sinθ/λmax = 0.98 Å−1), completeness and re-
dundancy had to be accepted.

The SAINT and SADABS [20] software was applied for in-
tegration of the APEX data, while this was done with the XDS

software for the integration of the MAR detector data. For a
summary of experimental setups, see Table 7.

The results of a spherical structure determination have
been reported elsewhere and need no further discussion
here [21]. The Hansen-Coppens multipole formalism [22] as
implemented in the XD program system [11] was then ap-
plied for aspherical refinement of all data sets with the spher-
ical model used in the initial stage of refinement. The atomic
electron density ρa(rrr) in this model is

ρa(r) = ρcore(r)+Pν κ3ρval(κr)

+
l max

∑
l=0

κ ′3R1(κ ′r)
1
∑

m=−1
PlmYlm(θ ,φ),

(1)

were the first two terms represent the spherical core and va-
lence density and the last term accounts for aspherical con-
tributions. In all cases the full matrix least squares program
(XDLSM) of the XD package was used with statistical weights
wH = σ2 (Fobs(H)).

The chosen refinement procedure and the multipole model
were exactly the same for all three data sets. Carbon, nitro-
gen and oxygen atoms were refined up to the hexadecapole
level, while for hydrogen atoms additionally to monopole re-
finement only a bond directed dipole was refined. Hydrogen
bond distances were fixed at neutron distances according to
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their bond type as listed in the International Tables for X-ray
crystallography [23].

According to the different hybridizations and atom types
altogether 8 contraction/expansion parameters (κ) were in-
troduced. For hydrogen atoms a fixed κ of 1.2 was used,
while all other κ parameters were refined. For κ ′ energy opti-
mized values were used. The resulting agreement factors for
the three data sets are summarized in Table 1.

Theoretical calculations

Theoretical calculations were performed at the B3LYP
density functional using the GAUSSIAN98 program [24].
A single point calculation was performed with the 6-
311++G(3df,3pd) basis set at experimental geometry and al-

lows a direct comparison of bond topological parameters
with the experimental ones. Topological analysis was per-
formed with MORPHY98 [25].

CCDC 278555, CCDC 627276 and CCDC 627277
contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data request/cif.
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W. Morgenroth, P. Luger, Org. Biomol. Chem. 2006, 4,
3242 – 3251.
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[13] B. Dittrich, T. Koritsánszky, M. Grosche, W. Scherer,
R. Flaig, A. Wagner, H. G. Krane, H. Kessler,
C. Riemer, A. M. M. Schreurs, P. Luger, Acta Crystal-
logr. 2002, B58, 721 – 727.

[14] M. Messerschmidt, S. Scheins, P. Luger, Acta Crystal-
logr. 2005, B61, 115 – 121.

[15] Z. Su, P. Coppens, Acta Crystallogr. 1992, A48, 188 –
197.
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