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The guanidinium cation C(NH,);* serves as a powerful
structure-determining component in a number of networks,
both metal/ligand-bonded and hydrogen-bonded. The six
hydrogen atoms of the cation are nicely disposed to form a
pair of hydrogen bonds to each of three oxyanions, as shown
in the generalized representation 1. In an extensive family of

carbonate-bridged coordination polymers reported recently,
the guanidinum cation plays the crucial structural role
represented in 1 (Z=C), thus promoting the formation of
highly symmetrical metal/carbonate networks with cubic
symmetry and sodalite-like topology.'! The arrangement
seen in 1 (Z=B) is present in some highly symmetrical
cubic guanidinium borate derivatives we discovered recently
which have the boracite topology.” A closely related hydro-
gen-bonding mode, again as in 1 (Z=S), is seen in a range of
guanidinium sulfonates in which the sulfonate units, as well as
the guanidinium components, act as 3-connecting nodes, each
being attached to three guanidinium units as in 2. In some of
the nicest examples of true crystal engineering, Ward and co-
workers have elegantly exploited this complementarity
between the guanidinium cation and various sulfonate
anions to generate an extensive family of solids having a
common, predictable, yet pliable, underlying hydrogen-
bonded 3-connected sheet structure with the (6,3) topology
or hexagonal grid topology.’! We report here a new family of
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hydrogen-bonded frameworks related to these guanidinium
sulfonates in which the guanidinium cation again acts as in 1
(Z =S) and a sulfur oxyanion (in this case SO,*") again acts as
a second type of 3-connecting node; however, the network
generated is the most symmetrical 3-connected 3D network
possible, namely the (10,3)-a net, rather than the most
symmetrical 3-connected 2D network possible that was seen
by Ward and co-workers.

Solvent-free  crystalline products of composition
[C(NH,);][N(CH,),][XO4], (X=S, Cr and Mo) suitable for
single-crystal X-ray diffraction studies were obtained directly
from mixtures containing the component ions in the following
solvents or solvent mixtures: X =S, from methanol; X = Cr,
from aqueous DMSO; X =Mo, from methanol/DMFEP! All
our attempts to generate the analogous tungsten derivative
[C(NH,);][N(CH;),][WO,] have failed. In all cases, the
crystals appear almost exclusively as well-formed tetrahedra,
space group P23, a=10.5828(6) A (X=S5), 10.7589(5) A
(X=Cr), or 10.8802(4) A (X =Mo).1 The three compounds
are isostructural and the following observations pertaining to
the sulfate apply equally well to the chromate and molybdate,
except for minor differences in some distances and angles. All
the guanidinium cations in [C(NH,);][N(CH;),][SO,] are
equivalent and act as 3-connecting nodes, each being attached
to three sulfate anions by hydrogen-bond pairs as represented
in 1 (Z=S). Each sulfate unit is attached by hydrogen-bond
pairs to three guanidinium cations (Figure 1), and therefore
acts as a second type of 3-connecting node. Figure 2a shows
the extended 3D network and Figure 2b shows the net
generated by linking together the carbon centers of the
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Figure 1. Three guanidinium cations each provide a pair of hydrogen
bonds to a sulfate ion in the structure of [C(NH,);][N(CH;),][SO,]. The
three equivalent hydrogen bonds to the oxygen atom at the apex of the
SO, tetrahedron are slightly longer (N—H---O, 2.899 A) than the other
three (2.792 A); this expands the C-S-C angle to 97.5°.
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Figure 2. a) The extended 3D hydrogen-bonded [C(NH,);]/[SO,] net-
work in [C(NH,);][N(CH;),][SO,]. b) The underlying (10,3)-a connectiv-
ity of the network showing only the sulfur atoms and the carbon
atoms of the guanidinium units.

guanidinium units and the sulfur centers of the sulfate units
that are hydrogen-bonded to them. The net has the intrinsi-
cally chiral (10,3)-a topology.”! The guanidinium nodes are
slightly pyramidal (S-C-S angle 118.6°) but the sulfur nodes
are much more so (C-S-C angle 97.5°). We have noted
previously that it is possible to construct strain-free (10,3)-a
nets and still retain the cubic symmetry not only when all the
nodes are trigonal planar but also when all the nodes are
trigonal pyramidal;”! the present case brought to our
attention the fact, previously unrecognized we believe, that
it is also possible to construct strain-free (10,3)-a nets, again
conserving cubic symmetry, in which half the nodes are
trigonal planar and the other half are pyramidal, provided the
latter retain a threefold axis of symmetry. These variants on
the (10,3)-a net highlight the distinction that should be drawn
(in considerations of networks in general) between geometry
and topology: from the geometrical point of view, the three
variants—1) all nodes trigonal planar, 2) all nodes trigonal
pyramidal, and 3) alternate nodes trigonal planar and trigonal
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pyramidal—appear to be very different, but from a topolog-
ical point of view they are of course identical.

The tetramethylammonium cations, all of which are
equivalent, are snugly accommodated in cavities within the
framework (Figure 3). In the imaginary transition from a
(10,3)-a net in which all the nodes are trigonal planar
(Figure 4 a) to one in which every other node is made trigonal
pyramidal (Figure 4b), half the cavities centered on the

Figure 3. a) The environment of the tetramethylammonium ion showing
only the guanidinum carbon atoms and the sulfur atoms of the surround-
ing hydrogen-bonded (10,3)-a net. b) View down the threefold axis show-
ing the nine C—H---O interactions in which each [N(CH,),]" ion partici-
pates.

Figure 4. The imaginary transformation of a (10,3)-a net in which all
nodes are trigonal planar (a) to one in which alternate nodes are trigo-
nal planar and trigonal pyramidal (b). In the latter net, which retains
cubic symmetry, half the cavities centered on the threefold axes are
expanded (site A) and the others (site B) are contracted.

threefold axes are increased in size (A in Figure 4b) and the
others (B) are contracted: the [N(CHj;),]* units are found in
the expanded cavities of type A and the sites on the threefold
axes at the centers of the contracted cavities are empty. One
C—N bond of the tetramethylammonium cation is oriented
along one of the threefold axes with its carbon atom very
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close to the center of an equilateral triangle of sulfur atoms
(Figure 3a). Each of the C—H bonds of this methyl group
located on the threefold axis is directed towards a sulfate
oxygen atom (C-O 3.324 A; angle at hydrogen atom ca. 168°;
Figure 3b), thus indicating significant directional C—H--O
hydrogen-bonding interactions in addition to the electrostatic
attraction. Desiraju has drawn attention to the significance of
C—H:-O hydrogen bonding as a supramolecular motif in a
variety of crystalline solids and to its importance in crystal
engineering.®! As can be seen in Figure 3b, two hydrogen
atoms on each of the other three methyl groups are also
directed towards a sulfate oxygen atom (C--O, 3.447 and
3.455 A), thus providing additional C—H--O hydrogen-bond-
ing interactions. All but three of the twelve C—H atoms of the
N(CH;)," ion are therefore involved in this hydrogen-bond-
ing arrangement. Every sulfate ion is associated in this way
with three tetramethylammonium ions by three trios of C—
H--O hydrogen bonds and every tetramethylammonium ion
is likewise associated with three sulfate ions. A 3-connected,
3D network of C—H:--O interactions can therefore be
envisaged in which the sulfur atoms and the nitrogen centers
of the tetramethylammonium ions provide the nodes. This net
also has the chiral (10,3)-a topology, but it is of the opposite
sense to that of the primary (10,3)-a net composed of
guanidinium and sulfate nodes. The C-H--O interactions
between the tetramethylammonium cation and the sulfate
anion are very likely much weaker than the N—H--O
interactions that support the primary (10,3)-a network. In
discussions of many networks it is convenient for simplicity to
focus on certain selected interactions as constituting “the net”
and to set aside other weaker interactions, whilst recognizing
that these may nevertheless be structurally important. Such is
the case here—the (10,3)-a net involving the stronger
[C(NH,);]"/[SO,]*" interactions is conveniently regarded as
the primary net, but the secondary [N(CH,),]*/[SO,]*~ (10,3)-
a net of the opposite chirality is of undoubted, possibly
crucial, structural importance.”!

In guanidinium sulfate itself,'” every cation is attached by
pairs of hydrogen bonds, again as in 1 (Z=S), to three sulfate
anions. However, since in this case there are twice as many
guanidinium cations as sulfate anions, each anion is connected
to six guanidinium cations in the manner represented in the
idealized form shown in 3. The environment of the sulfate ion
in guanidinium sulphate, as seen in 3, can be envisaged in
terms of guanidinium cations associated by a pair of hydrogen
bonds at each of the six edges of the sulfate O, tetrahedron. In
the guanidinium sulfonates, as represented in 2, a cation
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provides a pair of hydrogen bonds at each of the three edges
of an O; triangle, thus disposing the system to form a 2D
network, since the CN; planes of the three guanidinium
cations surrounding any sulfonate are close to coplanar with
the plane that includes all three guanidinium carbon centers.
In the case of [C(NH,);][N(CH;),][SO,] reported here the
[C(NH,);]" and [SO,]* ions are present in equal numbers and
only three of the six edges of the O, tetrahedron are required
to participate in the hydrogen-bonding network and, as can be
seen in Figure 1, the particular edges used are those that share
an apex of the O, tetrahedron. This arrangement disposes the
system to form a 3D network, rather than the 2D network
seen in the sulfonates because, as can be seen in Figure 1, the
CN; planes of the three guanidinium units are now close to
perpendicular to the plane containing the three carbon atoms.
If the two N—H:-O hydrogen bonds in any particular
[C(NH,);]"/[SO,]*~ association had been equal in length the
C-S-C angles would have been 90°. The observed C-S-C angle
of 97.5° is achieved by slightly stretching the three equivalent
hydrogen bonds to the apex oxygen atom (to N—H--O=
2.899 A) relative to the other three hydrogen bonds
(2.792 A). The C-S-C angle dictates the size of the cavity
where the tetramethylammonium cation is located and
presumably the inequality in the two hydrogen-bond lengths
is such as to optimize the fit of the tetramethylammonium
cation therein. It is significant in our view that guanidinium
sulfate, itself a relatively stable, multiple hydrogen-bonded
crystal lattice and therefore relatively insoluble, can be
converted in the presence of [N(CH;),]* into [C(NH,);]
[N(CH;),][SO,]: this presumably reflects the snug fit of the
[N(CH;),]tion into the expanded -cavities within the
[C(NH,);]™/[SO,]*~ (10,3)-a framework, with the formation
of nine C—H-+-O interactions.

Only very minor differences are seen between the sulfate,
chromate, and molybdate structures, consequences presum-
ably of the different bond lengths within the anion (S—O,
1.449(2) and 1.486(4) A; Cr—0, 1.631(4) and 1.657(7); Mo—O,
1.752(3) and 1.780(4) A). For each of the structures, the
longer Z—O bond corresponds to the unique bond lying on the
threefold axis. Given the fact that this oxygen atom is
involved in three hydrogen bonds to guanidinium ions this is
not surprising. Differences in hydrogen-bonded N---O sepa-
rations are very minor (sulfate: 2.792(3), 2.899(4) A; chro-
mate: 2.790(6), 2.887(5) A; molybdate: 2.790(5), 2.914(4) A).

The (10,3)-a net, being the most symmetrical of all
possible 3-connected 3D nets, should occupy a position
comparable in importance and significance to that of its
better known 4-connected counterpart, the (6,4) diamond
net; both are cubic in their undistorted forms and Wells long
ago drew attention to their close relationship.”! No doubt the
(10,3)-a net has been accorded less significance by chemists
than its topology warrants simply because the number of
examples known is not large, but, with the current burgeoning
interest in the generation of new 3D networks, this situation is
likely to change. Although numbers of metal/ligand-bonded
frameworks with the (10,3)-a topology are now increasing,
hydrogen-bonded examples such as the ones reported here
remain rare.'!! The results presented here, together with
others,"? indicate the potential of the guanidinium cation as a
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structure-directing ion for the generation of new networks of
high symmetry. These are possibilities we are actively
pursuing.
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