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Abstract

The ligands isonicotinamide and nicotinamide are used to form assemblies of dimetal (M,) building units via a combination of
coordinate bonds and intermolecular hydrogen-bond interactions. Polymeric networks of the linear, zig-zag and sinusoidal varieties
are observed in the solid state depending on the ligands and metal precursors involved.
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1. Introduction

A perusal of the literature reveals a large number of
compounds based on the use of polydentate ligands to
join metal units into infinite structures [1]. One strategy
for preparing extended structures with metal building
blocks is to use supramolecular interactions such as
hydrogen bonds and n—= interactions as tools to prepare
materials with predictable structures [2]. In this vein,
pyridine carboxylic acids and carboxyamides have been
used with a variety of metal ions to form hydrogen-
bonded frameworks based on the linking unit depicted
below [3].

— 0—H---Q
OO
0---H—C —

In recent years, the use of dimetal (M;) precursors in
the construction of molecular assemblies has become a
subject of active research [4]. Two limiting cases of
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joining M units, namely the perpendicular (equatorial
bridges) and parallel (axial bridges) orientations, can be
accomplished by specific choices of bridging ligands.
Suitable equatorial and axial linkers are dicarboxylate
and polypyridine ligands, respectively. The strong ten-
dency of Rhy(O,CR)4 complexes to form axial interac-
tions has led to the isolation of a large number of
extended arrays based on these molecules whose di-
mensions and topologies are dictated by the arrange-
ment of the donor sites on the ligands [5]. Recent work
performed in our laboratories points to analogous
chemistry for the quadruply bonded dirhenium complex
cis-Rey(0,CCHj3),Cly - (H;0),. For example, reactions
of Rey(0,CCH3),Cly - (H,0), with pyrazine (pyz) and
4,4 -bipyridine (4,4'-bpy) lead to the formation of one-
dimensional (1-D) polymers of general formula [Re-
2(0,CCH3),Cly(LL)2], (LL = pyz, 4,4'-bpy) [6].

M M
L o Y LR M——M---
M M

As a continuation of our interest in the application of
supramolecular chemistry to the preparation of new
structures based on dimetal complexes, we now report
the use of pyridine carboxyamides as axial ligands for
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dirhodium and dirhenium compounds. In addition to
acting as pyridine donors to the axial sites, the ligands
engage in intermolecular hydrogen bonding to form
polymeric networks of the linear, zig-zag and sinusoidal
varieties.

2. Experimental
2.1. Materials and synthesis

The ligands nicotinamide (NIA) and isonicotinamide
(INA) were purchased from Aldrich and used as re-
ceived. The starting materials cis-Rey(O,CCHj),
Cl4(H;0); [7] and Rhy(O,CCH3)4 [8] were prepared as
described in the literature. All other reagents and or-
ganic solvents were purchased from commercial sources.
Elemental microanalyses were performed by Dr. H.D.
Lee of the Purdue University Microanalytical Labora-
tory.

2.2. Synthesis Uf R/’lg(OgCCH3)4(INA)22(CH3)2C0
(1)-2(CH;),CO

A saturated acetone solution of isonicotinamide was
carefully layered on an acetone solution (10 ml) of
Rh,(0,CCHj3)4 (0.015 g, 0.03 mmol) in an § mm Pyrex
tube. After 2 days, purple crystals of 1 were collected
and washed with acetone and dried in air. Anal. Calc.

Table 1

for CosH36N4O12Rh;: C, 38.92; H, 4.52; N, 6.98. Found:
C, 39.03; H, 4.57; N, 6.88%.

2.3. Synthesis Of ha(OgCCH3)4(NIA)22(CH3)2C0
(2)-2(CH;),CO

A procedure similar to the one described in Section
2.2 was used to prepare 2 from Rh,(O,CCHj)4 and
nicotinamide. Anal. Calc. for CysH3sN4O2Rhy: C,
38.92; H, 4.52; N, 6.98. Found: C, 38.72; H, 4.47; N,
6.91%.

2.4. Synthesis of cis-Re;(O,CCHj3),Cl,(INA), (3)

A procedure similar to the one described in Section
22 was used to prepare 3 from cis-Re;
(O,CCHj;),Cl4(H,0);, (0.020 g, 0.03 mmol) and nico-
tinamide to yield green crystals of 3. Anal. Calc. for
Ci6H135CI4N4OgRes: C, 21.92; H, 2.07; N, 6.39. Found:
C, 21.86; H, 2.02; N, 6.21%.

2.5. Synthesis of cis-Re;(O,CCH;),Cl;(NIA),-2(NIA)
(4)-2(NIA)

A procedure similar to the one described in Section
2.4 was used to prepare 4 from cis-Rey(O,CCHj),
Cl4(H,0), and nicotinamide. Anal. Calc. for CygHjsg
CI4NgOgRe,: C, 30.01; H, 2.70; N, 10.00. Found: C,
29.83; H, 2.62; N, 9.62%.

Crystallographic data for Rhy(O,CCH;)4(INA), - 2(CH;),CO (1) -2(CHz),CO, Rhy(0>CCHz)s(NIA), - 2(CH;),CO (2)-2(CH;),CO and cis-Re;

(0,CCH3),CL4(INA); (3)

1-2(CH;),CO 2-2(CH;),CO 3
Formula C26H36N4012Rh2 C26H35N4O]2Rh2 C16H13C14N406R62
Formula weight 802.41 802.41 876.56
Space group P1 P1 P2/c
a (A) 7.2021(14) 7.3768(15) 15.2159(10)
b (/&) 8.2240(16) 8.0472(16) 10.4743(7)
c (A) 13.503(3) 14.366(3) 15.9726(8)
o (°) 91.83(3) 88.67(3) 90.0
B () 96.26(3) 89.71(3) 111.429(4)
7 (°) 96.54(3) 65.78(3) 90.0
14 (A3) 789.0(3) 777.5(3) 2369.7(5)
V4 1 1 4
Peatea (g/cm?) 1.69 1.71 2.46
u (Mo Ka) (cm™) 11.11 11.28 10.84
Temperature (K) 110 110 173
Reflections collected 3099 3778 17406
Independent 2190 2581 5747
Observed [I > 20(1)] 1763 2094 4212
Number of variables 189 199 307
R* 0.064 0.049 0.045
WR,? 0.155 0.117 0.103
Goodness-of-fit 1.037 0.967 1.027

(R = S| R/ 5 Fl with F2 > 20(F3)
wRy = (S wllF3| = IFED*/ SRR
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2.6. X-ray crystallography

Single crystals of compounds 1-3 were harvested di-
rectly from slow diffusion reactions. The data collections
for 1 and 2 were performed at 110£2 K on a Bruker
SMART 1K CCD platform diffractometer equipped
with graphite monochromated Mo Ko radiation
(4, = 0.71069 A). The frames were integrated in the
Bruker SAINT software package [9], and the data were
corrected for absorption using the SADABS program
[10]. The structures were solved and refined using the
suite of programs in the SHELXTL V.5.10 package [11].
The single crystal X-ray study on complex 3 was carried
out on a Nonius Kappa CCD diffractometer. Routine
experimental details of the data collection and refine-
ment procedures used to determine the structure of 3 are
reported elsewhere [6]. Pertinent crystallographic data
for ha(OzCCH;);;(INA)z . 2(CH3)2CO (1) . 2(CH3)2
CO, Rhy(0,CCH3)4(NIA); -2(CH3),CO (2)-2(CHs3),
CO and cis-Rey(0,CCH3),Cl4(INA), (3) are summa-
rized in Table 1.

Two molecules of acetone were located in the inter-
stices of crystals of 1 and 2. All non-hydrogen atoms in
complexes 1-3, except the atoms N(2) and C(3) of
complex 1, were refined anisotropically. Hydrogen at-
oms were included in the final stages of the refinement as
riding atoms at calculated positions for complexes 1 and
2. The amide hydrogens (CONH;) of complex 3 were
located from a difference map and refined isotropically.
Remaining hydrogens were placed at calculated posi-
tions with U(H) = 1.3 Uyq(C). The highest peaks re-
maining in the final difference Fourier map of complexes
1-3 are 2.04, 1.67 and 2.40 e A3, respectively, and are
located in the vicinity of the metal atoms.

Table 2

3. Results and discussion

Slow diffusion of isonicotinamide into an acetone
solution of Rhy(0,CCH3)y4 results in the formation of
purple crystals of (1)-2(CHj3),CO. Identical products
were obtained while varying the amount of isonicoti-
namide from equimolar to a significant molar excess as
compared to the metal complex concentration. An X-
ray structural analysis revealed that, as expected, the
compound contains two isonicotinamide ligands in the
axial positions of Rh,(0,CCH3)4 (Fig. 1). Selected dis-
tances and angles are listed in Table 2. The Rh-Rh
distance of 2.403(2) A is typical of singly bonded Rh‘21+
units with axial nitrogen donor ligands [5]. The axial
Rh-N distance is 2.205(7) A and the Rh(1A)-Rh(1)-
N(1) angle is 178.1(2)°. The most interesting feature of
the crystal structure is the intermolecular, self-comple-
mentary hydrogen bonding of the amide groups. Adja-
cent amide moieties form two head-to-head hydrogen

Fig. 1. Thermal ellipsoid plot of Rhy(O;CCHj)4(INA), in
(1) - 2(CHj3),CO represented at the 50% probability level. Hydrogen
atoms have been omitted for the sake of clarity.

Selected bond distances (A) and bond angles (°) in Rhy(0O,CCH3)4(INA); - 2(CHj3),CO (1) - 2(CHj3),CO

Bond distances

Rh(1)-Rh(1A) 2.4034(16)
Rh(1)-O(1) 2.036(6)
Rh(1)-0(2A) 2.028(6)
Rh(1)-O(3) 2.044(6)
Bond angles

O(1)-Rh(1)-O(3) 90.6(2)
O(1)-Rh(1)-0O(4) 90.2(2)
O(1)-Rh(1)-O(2A) 176.3(2)

Rh(1)-0(4) 2.033(6)
Rh(1)-N(1) 2.205(7)
C(10)-N(2) 1.331(12)
C(10)-0(5) 1.237(11)
N(1)-Rh(1)-O(1) 91.0(3)
N(1)-Rh(1)-Rh(1A) 178.1(2)
N(2)-C(10)-O(5) 124.4(8)

Fig. 2. Hydrogen-bonded infinite linear network of Rhy(O,CCH3)4(INA),.
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bonds of the type N-H- - -O (N(2)- - -O(5) =2.922(10) A),
the result of which is the formation of a linear chain of
Rh;(0,CCH3)4(INA); molecules supported by hydro-
gen bonds. The linear propagation of the dirhodium
vector through the isonicotinamide ligands in the crystal
structure is shown in Fig. 2.

Fig. 3. Thermal ellipsoid plot of Rhy(O,CCHj)4(NIA), in
(2) - 2(CHj3),CO represented at the 50% probability level. Hydrogen
atoms have been omitted for the sake of clarity.

Table 3

The molecular structure of Rhy(O,CCHj)y
(NIA), -2(CH3),CO is very similar to that of
(1) - 2(CH3),CO. Two nicotinamide ligands are bound to
the axial positions at the pyridine sites, and intermo-
lecular amide-amide hydrogen bonding interactions are
evident ((N(2)---O(5) =2.865(7) A). A thermal ellipsoid
plot of the molecular building blocks is provided in
Fig. 3, and selected distances and angles are listed in
Table 3. The orientation of the hydrogen bonds in-
volving the nicotinamide ligands is anti in this structure
which leads to a zig-zag motif (Fig. 4).

The axial water ligands in the quadruply bonded
complex cis-Re,(0,CCHj3),Cly(H20), are readily re-
placed by isonicotinamide ligands to yield the crystalline
compound cis-Re,(O,CCH3),Cl4(INA), (3). A thermal
ellipsoid plot of the molecules is shown in Fig. 5, and
selected distances and angles are provided in Table 4.
The Re(1)-Re(2) distance of 2.2493(4) A is characteristic
of a Re-Re quadruple bond, and is slightly longer than
the Re-Re bond of 2.224(5) A in cis-Re, (0,CCHj3),
Cl4(H;0);. The Re-O and Re-Cl distances are typical of

Selected bond distances (A) and bond angles (°) in Rhy(0O,CCH3)4(NIA); - 2(CHj3),CO (2) - 2(CH3),CO

Bond distances

Rh(1)-Rh(1A) 2.3972(12)
Rh(1)-O(1) 2.047(4)
Rh(1)-0(2) 2.030(4)
Rh(1)-0O(3) 2.035(4)
Bond angles

O(1)- Rh(1)-0O(2) 89.31(16)
O(1)-Rh(1)-O(3) 90.26(17)
O(1)-Rh(1)-0O(4) 176.01(16)

Rh(1)-O(4) 2.040(4)
Rh(1)-N(1) 2.224(5)
C(10)-N(2) 1.326(9)
C(10)-0(5) 1.226(8)
N(1)-Rh(1)-O(1) 93.15(18)
N(1)-Rh(1)-Rh(1A) 178.36(14)
N(2)-C(10)-O(5) 122.8(6)

(3

~ Ci11

¥ ci21

Fig. 5. Thermal ellipsoid plot of cis-Re;(0,CCH3),Cl4(INA); (3) represented at the 50% probability level. Hydrogen atoms have been omitted for the

sake of clarity.
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Table 4

Selected bond distances (A) and bond angles (°) in [cis-Re,(0,CCH3),Cl4(INA),] (3)

Bond distances

Re(1)-Re(2) 2.2493(4)
Re(1)-O(11) 2.050(6)
Re(1)-0O(21) 2.044(6)
Re(1)-CI(11) 2.309(2)
Re(1)-Cl(12) 2.327(2)
Re(1)-N(111) 2.420(8)
Bond angles

O(21)-Re(1)-O(11) 88.9(2)
CI(11)-Re(1)-CI(12) 89.58(8)
Re(2)-Re(1)-N(111) 161.21(17)
0O(12)-Re(2)-0(22) 89.2(2)

Re(2)-N(211) 2.509(7)
C(117)-N(117) 1.332(13)
C(117)-0(117) 1.238(12)
C(217)-N(217) 1.351(13)
C(217)-0(217) 1.232(12)
CI(21)-Re(2)-Cl(22) 91.54(8)
Re(1)-Re(2)-N(211) 169.64(17)
O(117)-C(117)-N(117) 122.5(9)
0(217)-C(217)-N(217) 121.6(9)

the values reported for similar complexes [12], and the
Re-Re-O angles are close to 90° (they range from
88.7(2)° t0 90.6(2)°). The corresponding angles involving
the equatorial Cl~ ligands are much wider (range
101.8(1)°-105.2(1)°). This ‘bending back’ of the chloride
ligands away from the Re-Re bond and towards the
axial sites leads to a marked non-linearity of the Re—Re—
N (axial) units as evidenced by the Re(1)-Re(2)-N(211)

and Re(2)-Re(1)-N(111) angles of 161.2(2)° and
169.6(2)°.

In a manner akin to the situation in Rhy(O,
CCH3)4(INA); - 2(CHj3)2CO, the adjacent amide-amide
hydrogen bonds (N(117)---O(217)= 2.913(10) A and
N(217)---O(117) =2.963(10) A) serve to stitch the indi-
vidual cis-Re;(O,CCHj3),Cl4(INA), molecules into an
infinite chain (Fig. 6). The self-complementary hydrogen

Fig. 6. Hydrogen-bonded linear infinite network of cis-Re;(0,CCHj3),Cls(INA),.

Fig. 7. Thermal ellipsoid plot of cis-Re;(0O,CCH3),Cly(NIA); in 4-2(NIA) represented at the 50% probability level. Hydrogen atoms have been

omitted for the sake of clarity.

Fig. 8. Hydrogen-bonded sinusoidal pattern of the infinite network of cis-Re; (0, CCHj3),Cly(NIA),.
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bonding ability of the amide group, situated at the 4
position of the pyridine ring of the isonicotinamide li-
gand, governs the singular main feature of the crystal
structure, namely the formation of a 1-D linear poly-
meric network.

The reaction of cis-Re;(O,CCHj3),Cl4(H,0), with
nicotinamide produces the compound cis-Re;
(O,CCH;3),Cl4(NIA), - 2(NIA) (4)-2(NIA), as deter-
mined by elemental analysis and a preliminary crystal
structure determination [13]. Unlike the other three
structures, this compound crystallizes with two mole-
cules of nicotinamide in the interstices. Although the
data did not refine as well as the other three structures, it
was possible to locate all of the atoms in the difference
Fourier map. A thermal ellipsoid plot of the molecules is
shown in Fig. 7. As expected, the amide groups at the 3
position of the pyridine ring are engaged in head-to-
head hydrogen bonding interactions, but unlike complex
2, the syn disposition of the NIA ligands on each di-
rhenium building unit leads to hydrogen bonds that
form a sinusoidal pattern (Fig. 8).

4. Conclusion

Four dirhodium and dirhenium complexes with iso-
nicotinamide and nicotinamide ligands have been pre-
pared and shown to consist of individual M, building
blocks that form a polymeric network in the solid state
as a result of self-complementary hydrogen bonds. The
major features of the crystal structures of these com-
plexes are dictated by the well-defined characteristics of
the supramolecular interactions. The use of the isonic-
otinamide ligands results in the formation of linear
structures, while the nicotinamide ligands form struc-
tures with a zig-zag or sinusoidal pattern. Our results
indicates that these sets of ligands offer a tool to orga-
nize electron rich dimetal centers into arrays which are
useful for promoting interesting properties.
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