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Diels— Alder Synthesis of Rigid 60° Angular Bridging Ligands and X-ray
Crystal Structures of their Silver Nitrate Complexes

Peter J. Steel*!2l and Nicholas C. Webb!2!

Keywords: Silver / Coordination polymers / Bridging ligands / Self-assembly / N ligands

Using Diels—Alder chemistry, three bridging ligands (2-4)
have been synthesised, each of which contains two pyridine
nitrogen donors disposed at a 60° angle. X-ray crystal struc-
tures are reported for ligand 4 and two coordination polymers
formed by the reaction of 2 and 3 with silver nitrate.
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Introduction

The controlled self-assembly of two- and three-dimen-
sional metallosupramolecular species has been the subject
of enormous study in recent years.!l The most common
synthetic approach to such compounds has been to employ
logical combinations of rigid linear and angular compon-
ents in order to construct rationally designed architec-
tures.['l Within this context, molecular squares have proved
to be particularly popular synthetic targets as they are read-
ily assembled from combinations of linear, bridging ligands
(such as pyrazine or 4,4'-bipyridine) and right-angular (90°)
metal linkages (such as is provided by cis-coordination in a
square-planar metal centre).”l Similarly, molecular penta-
gons and hexagons are available using tetrahedral and tri-
gonal linking components.!) This concept has been ex-
tended into the third dimension with reports of molecular
cubes,B’! dodecahedra,™ and other polyhedra.[!]

Of the two-dimensional molecular polygons, triangles
pose a particular problem.[!l Metal centres are not suitable
for use as the angular components, since the requisite 60°
angle is not readily provided by the subset of angular geo-
metries offered by ligand coordination to transition metals.
Consequently, the construction of metallosupramolecular
triangles necessitates an inversion of approach, such that
the metal provides the linear bridge (e.g. trans coordination
to a square-planar metal centre) and the organic ligand pro-
vides the angular component (Figure 1a). A limited number
of such species have been reported, the most common of
which have employed pyrazolates as angular bridges linking
linear metal centres, such as silver or gold (Figure 1b).l]
Intrinsically, the use of pyrazolates as the angular compon-
ents allows no control over the dimension of the triangles
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assembled. Loeb and co-workers!®) have used 4,7-naphthyri-
dine to construct larger molecular triangles in which the
organic ligand provides the necessary 60° angular bridge
linking doubly cyclometallated palladium-based linear
bridges. However, such ligands are not amenable to control
of the distance between the donor centres, and hence the
size of the triangle produced. More recently, a number of
isolated examples of metastable distorted triangles have
been reported that used pyrazinel”l or larger, more flexible
bridging ligands.!®]
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Figure 1. Molecular triangle components

Since the internal angle subtended by adjacent corners of
a hexagon is 60°, we reasoned that a diverse range of trian-
gular building blocks would be provided by organic ligands
that incorporate donor groups with adjacent substitution in
a cyclohexene or benzene ring (Figure 1¢). We now report
the synthesis of three such ligands that contain two 4-pyri-
dyl substituents, each of which provides two nitrogen
donors disposed at a 60° angle. Using a similar conceptual
approach, Espinet and co-workers!® recently reported the
synthesis of an organometallic triangle derived from 1,2-
phenylene diisocyanide, despite the fact that the corres-
ponding diacetylide had led to an organometallic molecular
square.l'% As we,['"l and others,['”) have found, reactions of
bridging ligands with silver(1) species have led to a rich ar-
ray of metallosupramolecular architectures. Thus, we have
initially explored the coordination chemistry of these new
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ligands by examining their reactions with silver nitrate. Ac-
cordingly, we also report the synthesis and X-ray crystal
structures of complexes formed from these ligands by reac-
tions with silver nitrate.

Results and Discussion

The three ligands 2—4 were prepared by procedures
based on the Diels—Alder reaction, as shown in Scheme 1.
Di(4-pyridyl)acetylene (1) was prepared in 55% overall yield
from commercially available 1,2-di(4-pyridyl)ethylene by
bromination and dehydrobromination, according to a liter-
ature procedure.['’] In order to improve the dienophilicity
of this compound, the pyridyl substituents were made more
electron-withdrawing by conversion into the pyridinium
species, through reaction with tetrafluoroboric acid. This
methodology has previously been employed for the
Diels—Alder reaction of 1 with cyclopentadiene.['¥l Reac-
tion of 1 with cyclohexa-1,3-diene gave the bicyclooctadiene
2, albeit in a disappointing 12% yield.['>] Since mass spec-
trometry showed that this compound readily undergoes a
retro-Diels—Alder reaction, with expulsion of ethylene, this
strategy was used to prepare the disubstituted ligand 3.
Thus, heating 2 to 280 °C resulted in its smooth conversion
into ligand 3, which was isolated in 49% yield. This com-
pound has previously been prepared by a Stille coupling
procedure in the course of the synthesis of a large series
of poly(4-pyridyl)-substituted aromatics.['8! The tetraphenyl
derivative 4 was prepared by reaction of 1 with tetracyclone.
In this case the free base was used, as Diels—Alder reac-
tions of tetracyclone are well-known to proceed with inverse
electron demand.!'”l The intermediate adduct 5 underwent
spontaneous expulsion of carbon monoxide to give the new
ligand 4.1'81

In order to confirm the structure of 4, and to examine
the relative orientations of the aryl rings, a single crystal X-
ray crystal structure determination was carried out.l'”! Fig-
ure 2 shows a perspective view of this new ligand, along

®) (3) R=H

(4) R=Ph

Scheme 1
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with selected bond lengths and angles. Whereas the six peri-
pheral aryl rings are all planar (to within 0.007 A), the cent-
ral ring displays an interesting distortion into a boat con-
formation, with C(3) and C(6) each displaced ca. 0.04 A
above the plane of the other four atoms of the ring. This in
turn points the two attached phenyl rings above the plane
of the central ring. As is the case in the crystal structure of
hexaphenylbenzene,?” the planes of the six external rings
display a cooperatively correlated inclination with respect
to the central benzene ring. The two pyridine rings are in-
clined at angles of 63.2 and 68.8° to the central ring,
whereas the four phenyl rings are twisted by angles ranging
from 65.9 to 76.1°. With respect to the centre of the central
ring the two pyridine nitrogen donors subtend an angle of
62.6°.

Nit")

Figure 2. Perspective view of the X-ray crystal structure of ligand 4;
selected bond lengths (A) and angles (°): C1-C2 1.411(3); C1-C6
1.409(3), C1—C4’ 1.501(3), C2—C3 1.408(3); C2—C4"" 1.496(3),
C3—-C4 1.406(3), C3—C31 1.495(3), C4—C5 1.413(3), C4—C41
1.502(3); C5—-C6 1.400(3), C6—C61 1.515(3); C2—Cl1-C6
119.9(2), C1-C2—-C3 120.2(2), C2—C3—-C4 119.4(2), C3—C4-C5
120.2(2), C4—C5—-C6 120.1(2), C1-C6—C5 119.8(2)

Ligands 2 and 3 were reacted with silver(1) nitrate in ace-
tonitrile to give quantitative formation of complexes 6 and
7, respectively, which on slow evaporation of the solutions
furnished crystals suitable for an X-ray structure determina-
tion. In the case of the hexasubstituted ligand 4, the low
solubility of the ligand in acetonitrile required that the reac-
tion be performed in methanol solution, which did not lead
to X-ray quality crystals.

The structure!'! of the complex (6) formed from the bi-
cyclo[2.2.2]octa-2,5-diene ligand 2 is surprisingly intricate.
Figure 3 shows a perspective view of the contents of the
asymmetric unit, which contains two silver atoms, two mo-
lecules of 2, two nitrate anions and an acetonitrile solvate
molecule. Each of the two independent ligands is bonded
to three silver atoms through its two nitrogen donors and
to the endo face of the more exposed double bond of the
bicyclo[2.2.2]octa-2,5-diene moiety. Similarly, each silver
atom is coordinated to three different ligands and also in-
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Figure 3. Perspective view of the contents of the asymmetric unit
of the crystal structure of 6; hydrogen atoms have been omitted for
clarity; selected bond lengths (A): Agl—NI'A 2.328(5),
Agl—=NI1""C 2.260(5), Agl—C5 2.342(7), Agl—C6 2.468(8),
Agl—011 2.653(5), C5-C6 1.371(10), Ag2—NI1' 2.328(5),
Ag2—N1""B 2.292(5), Ag2—C6A 2.443(6), Ag2—C5A 2.457(7),
Ag2—021 2.565(5), C5A—C6A 1.403(8)

teracts weakly with one of the oxygen atoms of a nitrate
counterion. The bridging nature of both the ligand and the
metal results in an extension into a complex coordination
polymer that propagates along the « axis.

Thus ligand 2 bridges three silver atoms with coordina-
tion to both the pyridine donors as well as a double bond
of the bicyclooctadiene unit. To the best of our knowledge
the only previously reported X-ray crystal structure which
incorporates both of these features, is that of an ethylene
adduct of a silver complex of a tris-pyrazolylborate.?!l As

expected the nitrogen donors subtend angles [66.7(5) and
69.1(5)°] at the centroids of their attached bicyclooctane un-
its which would be compatible with the formation of mo-
lecular triangles in the absence of these additional interac-
tions.

The complex (7) formed from 1,2-di(2-pyridyl)benzene
(3) is a zigzag coordination polymer. Figure 4 shows a per-
spective view of a section of this polymer, with selected
atom labelling. In the crystal structure,'”! ligand 2 bridges
two silver atoms, with an angle subtended at the centre of
the benzene ring of 67.8°. The plane of the benzene ring is
inclined to the planes of the attached pyridine rings at
angles of 54.1 and 46.9°. By virtue of the coordination to
the nitrate anion the silver atom deviates significantly from
linear geometry.

Figure 4. Crystal structure of a segment of the coordination poly-
mer 7; selected bond lengths (A) and angles (°): Agl—N1' 2.279(2),
Agl—-N1"A 2.210(2), Agl—OI11 2.408(2); N1'—Agl—NI1"A
132.13(6), NI'—Agl—011 87.90(5), NI"’"A—Agl—011 138.23(5)

Table 1. X-ray crystal data and details of data collections and structure refinements

Compound 4 6 7

Formula CyoHasN> C33H35A2,N;0¢ Ci6H12AgN30;
Molecular weight 536.64 901.47 402.16
Crystal system monoclinic triclinic monoclinic
Space group Ce P1 P2,/n
a(A) 12.261(6) 10.738(7) 9.514(2)

b (A) 21.343(11) 13.050(9) 10.940(3)

¢ (A) 11.239(6) 13.825(10) 14.296(4)
a (°) 90 89.693(9) 90

B () 98.432(7) 67.692(9) 100.332(3)
v (°) 90 87.084(10) 90

V(A% 2909(3) 1790(2) 1463.8(6)
V4 4 2 4

D. (Mg m™3) 1.225 1.673 1.825
F(000) 1128 908 800
Temperature (K) 168(2) 168(2) 168(2)

Crystal form
Crystal size (mm)

colourless prism
0.36 X 0.16 X 0.12

p (mm~1) 0.071
26 max (o) 50
Unique reflections S111
Parameters 380
R[> 20(D)] 0.0386
wRIPI (all data) 0.0809

colourless needle
0.64 X 0.03 X 0.02

colourless block
0.86 X 0.21 X 0.17

1.673 1.396
50 53
6264 2989
491 208
0.0431 0.0201
0.0814 0.0534

B R =X (Fo| = [FD/EIF. P wR = (S[W(Fy* — FAPVEw(F?))'".
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In conclusion, we have prepared three bridging ligands,
each of which possesses two pyridine nitrogen donors dis-
posed at a 60° angle, suitable for the self-assembly of mo-
lecular triangles. In their reactions with silver nitrate coor-
dination polymers are formed as a result of the fact that the
silver atoms do not behave as linear bridges due to addi-
tional interactions with the nitrate anions.
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