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groups in peptides is possible. The necessary enzyme can be
isolated from orange peel, a waste product of the juice
industry, by a simple two-stage extraction procedure that
yields 300 ± 500 U per kilogram of peel.[9] Since the unchanged
peptide can be easily recycled, enzymatic amidation could be
economically feasable after further optimization.

Experimental Section

Typical procedure for the amidase-catalyzed amidation of peptides: The
reactions were carried out in 2-mL plastic tubes with screw caps, which
were incubated in a rotatory shaker at 1000 rpm and various temperatures.
The benzyloxycarbonyl dipeptide (0.025 mmol) was dissolved in acetoni-
trile (475 mL). The required water and ammonium concentrations were
adjusted by the addition of water and 2m NH4HCO3 to give the final
calculated volume of 500 mL. After the addition of lyophylized amidase
(2 mg), the suspension was shaken at 40 8C for several days. Before the
termination of the reaction, the apparent pH value of the mixture was
checked with indicator paper. The reactions were terminated by diluting
the mixture with 50 % aqueous methanol (1.5 mL) containing 1 %
trifluoroacetic acid (TFA). The product yield was estimated by HPLC on
an RP-18 column (Merck, WP-300, 5 mm, 25� 0.4 cm) operated isocrati-
cally with a mixture of methanol and 0.1 % TFA (45/55) at 1 mL minÿ1.
Detection was carried out at 254 nm. The newly formed peak corresponded
to the peptide amide and had a retention time identical to that of a standard
sample. To follow the course of the amidase-catalyzed amidation of Z-Gly-
Phe-OH with time, reactions were performed in several test tubes and
terminated after a given time interval.

Synthesis of Z-Gly-Phe-NH2: Z-Gly-Phe-OH (357 mg, 1 mmol) was
dissolved in a mixture of acetonitrile (19 mL) and water (0.3 mL). After
a solution of NH4HCO3 (0.7 mL, 2m) and amidase (80 mg) was added, the
mixture was shaken in a sealed vessel at 35 8C for 4 d. According to HPLC
analysis the yield of Z-Gly-Phe-NH2 was 31%. The neutral product was
isolated by cation- and anion-exchange chromatography and crystallized
from ethyl acetate/petroleum ether to give 82 mg of dipeptide amide (23 %
yield, pure according to TLC and HPLC analysis). The m.p. of 133 ± 134 8C
corresponds to that of standard sample. Amino acid analysis: Gly 1.00, Phe
0.99; FAB-MS: 356.1 [M�H]� .

The peptide amidase was isolated according to the literature procedure.[7, 9]

The lyophilized enzyme had an activity of 0.2 U mgÿ1 with Z-Gly-Tyr-NH2

as substrate. The peptides were purchased from Bachem (Germany), and
ammonium salts were obtained from Fluka (Switzerland).
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Table 2. Peptide amidase catalyzed amidation of peptides in acetonitrile
containing 5% of water.[a]

Peptide Yield [%] Precipitation of tret [min]
of amide ammonium salt amide peptide

Z-Gly-Phe-OH 33.5 no 6.73 8.84
Z-Gly-Leu-OH 27.5 yes[b] 5.83 7.89
Z-Gly-Tyr-OH 1.0 yes 3.96 4.71
Z-Ala-Phe-OH 8.0 yes[c] 8.08 11.04
Z-Leu-Phe-OH 23.0 no 19.84 26.83
Z-Pro-Phe-OH 21.5 no 11.58 14.57
Z-Phe-Ala-OH 33.0 yes[b] 8.10 9.90
Z-Ala-Pro-Leu-OH 24.0 no 8.75 10.75

[a] 0.025 mmol of peptide, 0.035 mmol of NH4HCO3, 2 mg of amidase,
0.50 mL total volume, 72 h, 40 8C. [b] Precipitation after 40 h. [c] Immedi-
ate precipitation.
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The more crystal structures we know, the clearer it becomes
that in the solid state there are many contacts in the range
between a bond and a van der Waals interaction. N. W. Alcock
introduced the useful term ªsecondary bondingº for these,
and formulated a set of rules for their occurrence and
directionality.[1]

For electron-rich main-group systems there are two popular
ways to address in a qualitative way the electronic structure of
secondary bonded speciesÐeither as a manifestation of
hypervalence (electron-rich three-center or multicenter bond-
ing[2]) or as directional donor ± acceptor bonding.[3] We feel
these approaches are in fact equivalent, though we doubt that
the number of energetic electrons expended on the demerits
of one or the other chemical views is exhausted.

In recent work we have used the concept of donor ± ac-
ceptor interactions to interpret calculations on hypervalent
bonding in the trihalides and hydrogen bihalides,[4] intermo-
lecular interactions in R2QX2 (Q� Se, Te; X� I, Br, Cl),[5] and
the secondary bonding in dimers of Ph2IX and XF3 (X� I, Br,
Cl).[6] These studies, and the importance of directionality in
secondary bonding,[7] have led us to look more broadly at the
nature of secondary interactions. In this work searches of the
Cambridge Structural Database[8] (CSD) have been used to
determine the prevalence and geometries of secondary
bonding in crystals containing chalcogens or Group 15
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elements (pnicogens) as one interacting
group and halides as the other.[9] The
arrangement of atoms used in our search
of the CSD is sketched in 1. The restrictions
we imposed are that b1 be indexed as a
bond (of any type) in the database, b2 is

any kind of contact (bonded or ªnonbondedº, inter- or
intramolecular) less than 4.5 � in length, and q has a value
between 150 and 180o (one of Alcock�s rules points to the
approximate colinearity of primary and secondary bonds;
actually the multitudinous polyiodide structures known to us
show that colinearity is not essentialÐit is the overlap of
donor and acceptor functions that is determinative). To
maintain as much generality as possible, no restrictions were
placed upon either the oxidation state or coordination
numbers of the atoms involved in the bonds.

All CSD searches were carried out using the Quest software
provided with the database. The total data set obtained was of
nontrivial size (almost 3000 entries). The data were post-
processed with ªcustomº software to ensure that b1 is less
than or equal to b2 (by switching the two values if necessary),
to calculate bond asymmetry parameters, and to remove
duplicate entries.

While CSD searches were carried out for all possible
combinations of Q�As, Sb, Bi, Se, Te; X�F, Cl, Br, I, for
reasons of brevity, and because the data sets show similar
features, only two sets of results will be discussed here: the full
X series for Q� Sb and Te.

Figure 1 shows the scatter plots of b1 and b2 for the Q� Sb,
Te; X�F, Cl, Br, I systems. Some features are immediately
apparent: First, for Q� Sb, the bond pairs observed appear to
be grouped into two distinct sets. The first, lying close to the
line b1� b2, connects to the second set at large values of b1.
The graph for Set 2 curves upward sharply as b1 gets shorter.
In order to show the data as compactly as possible the scales
for the b1 and b2 distances are different. The presence of two
sets of bond-pair types in the scatter plots of Figure 1, in
contrast to the single set (corresponding to Set 2) observed in
earlier structural database studies,[9a9e] is due to the generality
of the search criteria used. The restrictions on oxidation state

and coordination number or both used in earlier work rule out
the appearance of Set 1, which is composed almost exclusively
of Sb5� compounds.

The plots for Q� Sb with X=F all show similar curved
regions, but the plots for Q�Te, X=F are shaped differently.
These latter plots also seem to be divided into two clear sets,
however, the region where b1 and b2 are approximately equal
is now at a large value of b1. Figure 2 shows a schematic view
of the two sets of data points for both Q� Sb and Q�Te.

Figure 2. Schematic diagrams of the data sets for Q� Sb and Q�Te.

Fluorine is different, as usual. For Q� Sb there is a very
sharply increasing region with only a few points when b1 has a
value between 1.9 and 2.0 �. This region may correspond to
Set 2 . However, in general, it seems that intermolecular
contacts between pnicogens or chalcogens and fluorine mostly
occur at large values of b2; these contacts are more like van
der Waals interactions than secondary bonds.[10]

In Figure 3 we plot the bond angle (q) versus the bond-
length asymmetry parameter, asym (asym� (b2ÿ b1)/b1).
These plots share similarities: dense groupings of points with
small asym and q close to 180o (these are the members of
Set 2). In general, as asym increases, the deviations from q�
180o also increase. Another trend which can be seen in
Figure 3 is a general narrowing of the distribution of points
along the asym axis upon moving from Cl!Br!I.[11]

Scatter plots (not shown here) constructed for Q�As, Bi,
and Se, although containing varying numbers of bond pairs,
show similar features. The general trend of a narrowing of the
distribution of bond asymmetries is also seen as Q moves
down a column of the periodic table; that is the distribution

for Q�Bi is narrower
than that for Q�As.

The regularities in the
large crystallographic
data set are intriguing.
To get a feeling for what
is happening, we exam-
ine a selection of struc-
tures from the Q� Sb,
X�Cl data set. We start
at the short (low b1) end
of Set 1. The [SbCl6]ÿ ion
is well knownÐa CSD
search turns up more
than 200 distinct
[SbCl6]ÿ units. For in-
stance, the geometry of
[SbCl6]ÿ when it is a
counterion for the meth-

Figure 1. Scatter plots of the bond lengths b2 and b1 for the antimony± and tellurium ± halide systems. The number in
italics in each plot is the number of structures found in the database. The number in boldface is the number of distinct b1 ±
b2 pairs.
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yloxocarbonium ion is shown in 2.[12] [SbCl6]ÿ , isoelectronic to
the familiar SF6, is a hypervalent molecule with electron-rich

three-center bonds.[13] The potential en-
ergy surfaces for distortions of these
bonds are quite flat (more about this
below), so we would expect the geome-
try of [SbCl6]ÿ to be sensitive to its
environment in the crystal. Such effects
can easily give rise to the 0.01 � differ-
ences in bond lengths observed in 2.[14, 15]

The Sb ± Cl distances need not be so short, even if b1� b2. An
example is SbPh3Cl2.[16] This trigonal bipyramid structure has
Sb ± Cl distances of 2.46 and 2.47 �. The surface for sym-
metrical hypervalent bonding must therefore be soft.

From the ªlong sideº of the linear region of the Sb ± Cl
graph, past the point where Sets 1 and 2 merge, comes the
[SbCl6]3ÿ ion found in tetrakis(dimethylammonium)hexa-
chloroantimony chloride (3).[17] This interesting species is
roughly isoelectronic to XeF6 and exhibits both very long

(2.65 �) symmetrical Sb ± Cl con-
tacts and an asymmetrical (asym�
0.10) secondary bond. The antimony
center here is in the �3 oxidation
state and has a lone pair of electrons
that should occupy the sixth site of
an octahedron. The geometry of the

secondary bond here violates one of Alcock�s rules: the
secondary bond should not lie in the same direction as a lone
pair on the central atom.[1]

The bonding in these molecules can be described as being
not very different from the many, and well-understood,
triiodides.[4] The symmetrical Iÿ3 , [SbCl6]ÿ , and [SbCl6]3ÿ ions
are classic cases of electron-rich three-center bonding.[13] In
the same way, the unsymmetrical cases can also be viewed as
perturbed three-center systems. Alternatively, they may be
seen as donor ± acceptor complexes: the donor is a halide lone
pair of electrons, the acceptor the only remaining s* orbital of
the I2 molecule, or the Sb ± Cl bond. Alcock�s rules are often

not followed.
Another species that

has Sb ± Cl interactions
falling into both Sets 1
and 2 is SbPh3Cl2 ´ SbCl3

(4).[18] The Cl-Sb-Cl
system within the

SbPh3Cl2 molecule here is quite similar to that in [SbPh3Cl2]
itself. The secondary contact (indicated with a thin dashed
line) is both long and very asymmetric (asym� 0.38), but still
shorter than an Sb ± Cl van der Waals contact (� 4.0 �).[19]

The geometry of the secondary contact is somewhat unusual,
because it is not immediately clear from the geometry which
molecule is acting as a donor and which is the acceptor. Both
molecules have donor capabilities (SbPh3Cl2 through the lone
pairs on the Cl atoms and SbCl3 through the lone pair on the
Sb3� ion) and both have s* levels which can act as acceptors.
The secondary bond is parallel to the s* orbitals of both the
SbPh3Cl2 and SbCl3 molecules. It seems there is no clear
division in this intermolecular complex between the donor
and the acceptor species. The Sb ± Cl bond of 2.36 � in the
SbCl3 molecule is also opposite a SbPh3Cl2 molecule (not
shown in 4). The shorter Sb ± Cl contact (2.30 �) on SbCl3 is
not involved in intermolecular interactions.

In the Te ± Cl data set the bond pairs which are found in
Set 1 are also clearly hypervalent: many of the bond pairs are
from [TeCl6]2ÿ ions (isoelectronic to both XeF6 and the
[SbCl6]3ÿ species discussed above). The members of Set 2 are,
once again, primarily intermolecular contacts.

Just from this small sampling of structures, the two sets
found in the plots of Figure 1 can be interpreted. The systems
which lie in Set 1 (with low asymmetry parameters and angles
close to 180o) are best described as intramolecular electron-
rich three-center bonds. Set 2 consists mainly of intermolec-
ular and long intramolecular contacts: these are secondary
bonds, best thought of as donor ± acceptor interactions.[20]

These conclusions can be extended to the other members of
the pnicogen-halide and chalcogen ± halide series.

The potential energy surfaces for distortions of a [SbCl6]ÿ

octahedron were systematically explored by using density
functional calculations. Three distortions, corresponding to
the symmetric stretch in an octahedron, a symmetrical stretch
of the axial bonds alone, and an asymmetric stretch of just one
bond, were studied. The energy curves computed, per bond
distorted, are nearly identical. In every case, the energy
required to stretch an individual Sb ± Cl bond by 0.15 � is on
the order of only 2 kcal molÿ1. Similar results are obtained for
the isoelectronic species TeCl6 and [ICl6]� . The surface for the
distortion of [ICl6]ÿ , isoelectronic to [SbCl6]3ÿ and XeCl6, is
even softer: a distortion of the I ± Cl bond by 0.15 � costs less
than 1 kcal molÿ1. The surfaces for distorting these electron-
rich three-center bonds are really flat.

Figure 3. Scatter plots of the bond asymmetry parameter (asym) and angle q for the antimony ± halide systems.
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There are still some questions left unanswered about the
plots of Figures 1 and 2. For example, why is it that the
incidence of secondary bonding seems to decrease as Q or X
move upwards in the periodic table[1] (Figure 1)? Why does
the width of the distribution of the asymmetry parameter
(asym) decrease as X changes from Cl!Br!I or as Q moves
down a column of the periodic table? These two questions are
intimately related and can be answered simultaneously, we
believe.

If we focus on the members of Set 2 in Figure 1 (recall that
these are the secondary contacts), there is a clear inverse
correlation between secondary (b2) and primary (b1) bond
lengths: as b2 becomes shorter, b1 gets longer. So, forming the
secondary bond weakens the primary bond; an effect that an
inorganic chemist would call a ªtrans influenceº. This is what
we would predict based upon our donor ± acceptor view of
these interactions; increased secondary bond strength indi-
cates increased donation into the antibonding orbitals (and
thus weakening) of the primary bond.

Towards the top of the periodic table bonds tend be
strongerÐthis effect is well known for primary bonds and
presumably holds for secondary bonds as well. The delicate
balance between two effectsÐbond strengthening and the
competition between primary and secondary bondsÐmay
change as we move up the periodic table, affecting in turn the
nature of the secondary bonds observed. For example, as we
pointed out above, the distribution of the bond asymmetry
parameter for secondary systems changes with position in the
periodic table. As either Q or X is moved up in the table, the
width of the distribution of asym gets broader; a consequence
of the secondary bonds getting longer relative to the primary
bonds. Since bonds b1 and b2 are both of the same type
(between the same types of atoms), the secondary bonds
must be getting weaker relative to the primary bonds.
Note that these comments are about general trends; it is
possible to delve into the data sets and find specific counter-
examples.

Finally, we would like to point out that there is no clear
dividing line between secondary and hypervalent bonding in
the systems that we have examined. For example, the curve of
Set 2 in the Sb ± Cl system (Figure 1) runs smoothly, without
breaks, between b2� b1� 2.65 � (this hypervalent contact is
shown in 3) and the higher regions where b2 is approximately
4.0 �. There just is no logical place to divide the data that
connect these two extremes.
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