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Crystal structures were obtained for the 3’(C).Z-linked pyrazolylpyridines 2H-3-(pyridin-2-yl)- 
4,5,6,7-tetrahydroindazole (1) and I-(4rr-ethoxycarbonylphenyl)-3-(pyridin-2-yl)~,5,6,7-tetra- 
hydroindazole (2), and for the Zn” complex of the methyl ester analog of 2, (Zn(3)QJ. With 2 
found in the anti rotameric conformation, ligand distortion was assessed in the syn forms 
found in 1 (treated as a H+ complex), Zn(3)C12 and [Ru(bpy)(Z)&F’F& Several differences 
were noted from similar analyses on structures for representative Zn” and Ru” complexes of 
bipyridine or 1,lO-phenanthroline, for complexes of other 3‘(C),2-linked 2-(pyrazol-3-yl) 
pyridines and for complexes of isomeric Ir(N),2-linked 2-@yrazol-I-yl)pyridines. A notable 
finding is that bpy and the K,2-linked pyrazolylpyridines lose planarity upon complex forma- 
tion due to steric congestion between the rings, whereas l and complexed 2 or 3 remain copla- 
nar, a difference attributable to differences in the bond lengths and angles at the binding locus. 
Comparisons between pyrazolylpyridine linkage isomers additionally revealed that the metal 
binding is at  more ideal angles with the Clinked ligands and the bond length distortions occur 
mostly within the pyrazole ring, whereas the pyridine ring suffers more in the N-linked ligands. 

Keywords: Pyrazolylpyridine complexes; bipyridine complexes; crystal structures; ligand 
distortions; transition metal binding 
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320 Y. LUO AND P.G. POTVIN 

INTRODUCTION 

The utility of 2,2'-bipyridine (bpy) in coordination chemistry has spurred 
the exploration of other a,a'-diimino bidentate ligands built from combina- 
tions of azoles and azines,' including the relatively 7r-rich pyrazolyl- 
pyridines. In previous reports, we presented a series of bidentate,2 
tridentate,3 pentadentate4 and macrocyclic4 ligands based on the novel 
3'(C'),2-linked 2-(tetrahydroindazol-3-yl)pyridineY of which 1 is the simplest 
example. These are available in short, high-yielding routes from readily 
available materials. They constitute linkage isomers of l'(N'),2-linked 
2-( pyrazol- 1 -yl)pyridine~.'*~ 

Though there have been until recently no crystal structures of free 
pyrazolylpyridine ligands' and only a few of their c~mplexes,~- '~  the two 
linkage isomers and bpy are expected to present significantly different geo- 
metries at the central a,a'-diimine binding site and these will affect the 
complexes. In the present work, we report the crystal structures of metal- 
free C,2-linked pyrazolylpyridines 1 and 2, and of a Zn" complex. Along 
with data from the previously reported Ru" complex and literature data 
involving other bidentate ligands, these structures allow a comparative assess- 
ment of the ligands' binding locus and the changes incurred upon com- 
plexation. Some differences in solution-state properties are also discussed. 

1 

4 

EXPERIMENTAL 

The preparations of 1, 2 and Zn(3)C12 have been detailed elsewhere.2 Sui- 
table crystals of 1 and 2 were obtained from EtOAc at room temperature. 
Crystals of Zn(3)Clz were grown from MeOH over 4 days. All were color- 
less. Reflection data were collected on a Siemens R3m/V diffractometer 
equipped with graphite-monochromatized MoKa radiation (A = 0.7 1073 A) 
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PYRAZOLYLPYRIDINE LIGAND COMPLEX 321 

at 295 K, using a w/28 scan. Intensity data were corrected for Lorentz and 
polarization effects but not for absorption. The structures were solved by 
the direct method, using the Siemens SHELXTL PLUS software, then with 
SHELXL-93,35 with which all non-hydrogen atoms were refined on F2 
anisotropically by full-matrix least-squares, to a maximum Ala < 0.001. 
Hydrogen atoms were included at idealized positions using a riding model, 
including pairs at C(3) and C(6) for each conformer of 2, with isotropic 
thermal parameters of 0.08 A2. The refinement statistic and weighting 
schemes were wR(F2) = [Zw(F; - F,2)2/CwF,4]1'2, where w-l = a2(F;)+ 

+ bP, with 3P = (mux(F;,O} +2F:) and a and b are constants 
internally adjusted according to the analysis of variance. The conventional 
statistic R(F) = CIIFol-IFcll/CIFol is quoted for comparison. 

Crystal Structure Determination of 1 

Crystal Data 

C12H13N3, M = 199.25, orthorhombic, a = 6.864(2), b = 17.122(5), c = 
17.853(4)A, U=2098.2(10)w3, space group Pbca, Z=8 ,  Dc= 
1.262 Mgm-3, F(000) = 848, crystal dimensions 0.8 x 0.3 x 0.05 mm, 
p = 0.078 mm-', data collection range 2.28 < 8 < 25.00", index . ranges 
-1 1h17, -1 L k < 2 0 ,  -1 1 1 1 2 1 ,  2351 reflectionscollected, 1753 unique 
(Rint = 0.1 164), which were used in all calculations. 

Structure Refinement 

The N-H in 1 was located with a Fourier difference contour map con- 
structed using the Siemens software from a refinement model lacking that 
hydrogen. Refinement of its coordinates and isotropic displacement param- 
eter led to a pyramidalized N and a short N-H distance. Refinement of 
only the N-H distance along the idealized bond vector also led to a short 
bond length. Neither model made a significant impact on the refinement 
statistics. The final wR(F2) was 0.2084 for 136 parameters, corresponding 
to R(F)=0.0898 for 559 data where F,>4a(Fo), g.0.f. 1.031, maximum 
Ap = 0.186 e A-3 in the vicinity of C(9). 

Crystal Structure Determination of 2 

Crystal Data 

C Z ~ H ~ ~ N ~ P Z ,  M = 347.41, monoclinic, a = 10.982(2), b = 7.970(2), c = 
20.329(4) A, p= 94.98(3)", U = 1772.6(7) A3, space group P21/c, Z = 4, 
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322 Y. LUO AND P.G. POTVIN 

D, = 1.302 Mgm-3, F(000) = 736, crystal dimensions 0.8 x 0.5 x 0.3 mm, 
p = 0.085 mm-', data collection range 1.86 < 8 < 25.00", index ranges 
- 1 < - h 5 11, - 1 5 k 5 9, -24 2 15 24, 4065 reflections collected, 301 1 
unique (Rint = 0.0242), which were used in all calculations. 

Structure Refinement 

The final wR(F2) was 0.1398 for 255 parameters, including an extinction 
coefficient of 0.013(2), corresponding to R(F) = 0.0462 for 2100 data where 
F, > 48(F,), g.0.f. 1.022, maximum Ap = 0.182 e A-3 in the vicinity of C(20). 

Crystal Structure Determination of Zn(3)C12 

Crystal Data 

CzoH19C12N302Zn, M = 469.65, monoclinic, a = 14.983(3), b = 8.7250(10), 
c =  17.055(2)& p= 111.92", U=2068.4(5)A3, space group P2&, Z=4,  
D, = 1.508 MgmP3, F(000) = 960, crystal dimensions 0.4 x 0.3 x 0.1 mm, 
p = 1.466 mm-', data collection range 2.44 < 8 < 25.00", index ranges 
-1 < - h 5 17, -1 5 k 5 10, -20 5 15 19, 4682 reflections collected, 3648 
unique (Rint = 0.0410), which were used in all calculations. 

Structure Refinement 

The final wR(F2) was 0.1204 for 253 parameters, corresponding to 
R(F) = 0.0478 for 2603 data where F, > 48(F0), g.0.f. 1.054, maximum 
Ap = 0.612 e in the vicinity of the metal. 

Molecular Modeling 

The structures of the anti forms of 4 (1 14 electrons, 31 sshells, 16sp shells, 
95 basis functions, final E(HF) = -656.2520037 a.u.), 6 (92 electrons, 24 s 
shells, 13 sp shells, 76 basis functions, final E(HF) = -541.6647472a.u.) 
and 7 (118 electrons, 30 s shells, 17 sp shells, 98 basis functions, final 
E(HF) = -692.4594953 a.u.) were calculated under the RHF/STO-3G 
model with geometry optimization (to < a.u.), using the Spartan 
v3.1.2 suite of programs (Wavefunction Inc., 18401 Von Karman, Suite 
370, Irvine CA 92715) on a Silicon Graphics Indigo R4000 workstation. 
Molecular symmetry was not enabled and all molecules were neutral with 
multiplicity 1. The structure of syn-4 (final E(HF) = -656.2502436 a.u.) was 
obtained while constraining to 0" the appropriate dihedral angles. 
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R 4 '  

7 

Distortion Analysis 

The atomic positional parameters from structures cited for comparison with 
those reported herein were obtained either directly from the literature 
reports or from databases according to instructions given by the authors. 
They were converted to Cartesian coordinates to calculate bond lengths, 
bond angles, bite angles, idealized binding distances and least-squares 
planes for non-hydrogen atoms. All calculations ignored the uncertainties in 
atomic positions. The calculation of the least-squares planes and the aver- 
age bond length changes upon complexation reported herein neglected the 
C5-C6 bridge in phen, the benzo ring in 7 and all other ring substituents. 

Inter-ring angles were calculated as the angles between the normals of 
the least-squares planes defined by the non-hydrogen atoms in each ring. 
Interplanar dihedral (twist) angles were measured while viewing these nor- 
mals along the centroid-to-centroid axis. Ligand bowing was measured as 
the inter-ring angle remaining after correction by rotation about the inter- 
ring bond of any inter-ring dihedral to 0". The distance between imino 
nitrogens was assessed after a similar correction to flat, syn rotamers. 

RESULTS 

3-(Pyridin-2-yl)-4,5,6,7-tetrahydroindazole, the CY2-linked pyrazolyl- 
pyridine 1, can exist in two tautomeric forms (123 vs. 2H), each of which 
may adopt one of two rotational conformations about the pyridine- 
pyrazole bond (with syn and anti nitrogens). Further, the fused cyclohexane 
ring can adopt one of two half-chair conformations. Though these inter- 
change rapidly in solution, they can be enantiomeric in the solid state, if the 
rest of the molecule is flat, or diastereomeric, if not. X-ray diffraction by a 
single crystal of 1 shows that it adopts the syn conformer of the in2 (or 2H) 
tautomer (Figure I), the same as in solution.2 The in position of the N-H 
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324 Y. LUO AND P.G. POTVIN 

FIGURE 1 ORTEP view of a dimer pair of 1 (related by cr@lographic symmetry) using 
50% probability thermal ellipsoids. Selected bond lengths (in A) and angles (in "): N(1)-C(I) 
1.354(8), C(I)-C(2) 1.385(8), C(2)-C(3) 1.383(9), C(3)-C(4) 1.388(8), C(4)-C(5) 1.395(8), 
C(5)-N(1) 1.354(7), C(5)-C(6) 1.481(8), C(6)-N(2) 1.379(7), N(2)-N(3) 1.359(7), N(3)-C(12) 
1.317(8), C(12)-C(7) 1.407(8), C(7)-C(6) 1.364(8), C(1)-N(1)-C(5) 116.2(6), N(l)-C(5)-C(6) 
118.1(7), C(5)-C(6)-N(2) 118.7, C(6)-N(2)-N(3) 112.2, N(2)-N(3)-C(12) 104.4. 

was ascertained from Fourier difference maps. All other hydrogens were 
linked to those of the attached carbons (riding model) at idealized posi- 
tions. The pyrazole and pyridine rings are not quite coplanar, with an inter- 
ring dihedral angle of 1.7" and a bend of 2.5". Molecules of 1 are packed in 
antiparallel stacks such that each forms a hydrogen-bonded dimer with a 
coplanar enantiomer on a neighboring stack. Figure 1 depicts such a dimer 
pair, showing both intra- and intermolecular H-bonding at N-Ha - .N dis- 
tances of 2.448 and 2.417A, respectively. We also noted a close inter- 
molecular C6'-H. . -N1 contact (C( l)-H- . .N(3) in Figure 1) of 2 .46 A. 
However, the 'H-NMR spectrum was constant over a 200-fold range of 
concentrations, implying the existence in solution of only monomeric units 
engaged in only intramolecular H-bonding. 
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PYRAZOLYLPYRIDINE LIGAND COMPLEX 325 

The crystal structure of ethyl ester 2 is shown in Figure 2. It adopts 
the expected anti rotational conformation, as found for bpy15 and tpy.16 
Persistent Fourier peaks in the middle of the tetramethylene bridge deli- 
neating the alternative half-chair conformation indicated conformational 
variation. When this was modelled as a disordered system with an 87: 13 
ratio of the two half-chairs, the refinement was significantly improved 
according to the Hamilton R-ratio test.I7 The molecule is not flat and 
these half-chairs are diastereomeric. Relative to the pyrazole ring, the 
pyridine ring is twisted 18.2" out of plane. The phenyl ring, which seems to 
be freely rotating in solution,' is similarly rotated 14.2" out of the pyrazole 
plane. 

The crystal structure of the ZnCl' complex of the analogous methyl ester 
3 (Figure 3) confirms the expected tetrahedral coordination to the metal. 
The Zn2+ binding is asymmetric, but both the longer Zn-N (pyridine) 
bond (2.083 A) and the shorter Zn-N (pyrazole) bond (2.046 A) are close in 
length to those of similar bonds in other crystals (2.088 A average for bpy 
c o m p l e ~ e s ' ~ - ~ ~  and 2.034 A average. in a tetrahedral trispyrazolylborate 
complex2*). In these and other complexes of p y r i d y l a z o l e ~ ~ ~ ~ ~ ' ~  the metal-to- 
azole bond is shorter than the metal-to-pyridine bond. The pyridine and 

O(11 

FIGURE 2 ORTEP plot of 2 with 50% probability thermal ellipsoids. Both conformers, 
C(3)-C(4)-C(5)-C(6) and C(3)-C(4a)-C(5a)-C(6), are shown and occur in.87: 13 ratio, 
respectively. H atoms have been omitted for clarity. Selected bond lengths (in A) and angles 
(in "): N(3)-C(12) 1.337(3), C(12)-C(ll) 1.362(4), C(ll)-C(lO) 1.371(4), C(IO)-C(9) 1.385(3), 
C(9)-C(8) 1.381(3), C(8)-N(3) 1.338(3), C(8)-C(1) 1.480(3), C(l)-N(2) 1.330(3), N(2)-N(1) 
1.368(2), N(I)-C(7) 1.377(3). C(7)-C(2) 1.360(3), C(2)-C(l) 1.416(3), N(l)-C(13) 1.420(3), 
C(12)-N(3)-C(8) 117.3(2), N(3)-C(8)-C(I) 116.4(2), C(8)-C(l)-N(2) 119.6(2), C(l)-N(2)- 
N(l) 104.8(2), N(2)-N(l)-C(7) 111.1(2), N(2)-N(I)-C(13) 118.1(2). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



326 Y. LUO AND P.G. POTVIN 

FIGURE 3 ORTEP view of Zn(3)C12 using 50% probability thermal ellipsoids. Selected 
bond lengths (in A) and angles (in "): Zn(1)-N(2) 2.046(3), Zn(1)-N(3) 2.082(3), Zn(1)-Cl(1) 
2.1881(13), Zn(l)-C1(2) 2.21 18(14), N(3)-C(12) 1.345(5), C(12)-C(11) 1.379(6), C(l l)-C(IO) 
1.369(7), C(lO)-C(9) 1.370(7), C(9)-C(8) 1.381(5), C(8)-N(3) 1.351(5), C(8)-C(1) 1.477(6), 
C(I)-N(2) 1.353(5), N(2)-N(1) 1.359(4), N(l)-C(7) 1.356(5), C(7)-C(2) 1.370(6), C(2)-C(1) 
1.392(6), N(l)-C(13) 1.428(5), Zn(l)-N(3)-C(8) 114.5, Zn(l)-N(2)-C(I) 115.1, N(2)-Zn(l)- 
N(3) 79.19(13), Cl(l)-Zn(l)-Cl(2) 121.93(6), C(12)-N(3)-C(8) 118.9(3), N(3)-C(8)-C(l) 
114.7(3), C(8)-C(l)-N(2) 115.8(3), C(l)-N(2)-N(l) 105.2(3), N(2)-N(I)-C(7) 110.6(3), 
N(2)-N(l)-C(13) 121.3(3). 

pyrazole rings are essentially coplanar but bent by 1.8". The phenyl ring is 
twisted 50.2", probably to avoid steric interactions with the ZnClz portion. 

Zn(~hen)Cl;~ @hen is 1 ,lo-phenanthroline) is the closest bipyridine ana- 
log to Zn(3)C12. It is surprisingly asymmetric, exhibiting somewhat shorter 
Zn-N bond lengths (averaging 2.061 A) than in bipyridine complexes, and 
with a 9.7" tilt of the ZnCl;! plane from orthogonality to the binding plane 
(the mean square plane of the N-C-C-N binding locus). Moreover, the 
Zn atom sits 0.058A above the binding plane and the Cl-Zn-C1 angle is 
114.7'. In Zn(3)C12, the ZnC12 and N-C-C-N binding planes are more 
nearly orthogonal (88.2") but the Zn lies 0.193 A above the binding plane; 
in reflection of the weaker bite (Table I) the Cl-Zn-CI angle is broadened 
to 121.9". 

The crystal structure of [Ru(2)2(bpy)](PF& (Figure 4) was briefly 
described earlier25 and provides useful comparisons. Although it is C2-sym- 
metric in solution, it contains two distinct units of 2 (types I and 11) and the 
bpy ligand is asymmetrically bound. The type I1 unit of 2 is the most asym- 
metrically bound, with the largest bond length and angle changes occurring 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



PYRAZOLYLPYRIDINE LIGAND COMPLEX 327 

TABLE I Binding characteristics of bipyridines and pyrazolylpyridines 

Ligand Bite angle (") Ideal M- N disianceslA a N l  -N2' soanlA 

bPY 
phen 

1 
2 
8 e  

64.4 
61.6 
62.4 
57.5 
55.1 
54.6 

2.526 2.691 
2.702,2.609 2.724 

2.632 2.725 
2.924,2.852 2.780 
3.071,2.818 2.732 
3.058,2.746 2.677 

'With pyrazolylpyridines. the longer distances are to pyridine N. bAfter rotation to the flat, syn form, if 
necessary. cCalculated from data in Ref. IS. dCalculated from data in Ref. 28. Then a n  two distinct phen 
molecules in the crystal and one is asymmetric. CCalculated from data in Ref. 7. 

C210 

c10 

9 

c3 

FIGURE 4 ORTEP view of [Ru(bpy)(2)21 ](PF& using 25% probability thermal ellipsoids 
with selected atoms labelled, from Ref. 25. H, P and F atoms have been omitted for clarity. 

at the pyrazole ring. The four pyridine ring nitrogens form a nearly flat 
equatorial plane. The pyrazole rings lean back from the axial positions 
while their benzoate ester substituents point outward over either face of the 
bipyridine ligand. In order to do this, the phenyl rings are rotated into near 
orthogonality to the pyrazole rings (by 77.4 and 88.7", respectively), much 
more than in the ZnCl2 adduct. This amount of twisting out of conjugation 
effectively eliminates any resonance contribution of an aromatic substituent 
such as a phenyl group on the electronic properties of the pyrazolylpyridine 
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328 Y. LUO AND P.G. POTVIN 

core, and fits our observation with a number of Ru" complexes that the 
presence of this or other phenyl substituents exerted little effect on the oxi- 
dation potentials and the MLCT band  position^.'^ In the present case, each 
phenyl ring hovers over its own pyridine ring of the bpy ligand at centroid- 
to-centroid distances of 3.56 and 3.64 A, respectively, and forming phenyl- 
to-pyridine interplanar angles of 11 .5" and 12.6", respectively, thus allowing 
for strong 7r-7r stacking interactions. The bpy pyridine rings in turn tilt 
away, out of the equatorial plane (by 7.6" and 6.4", respectively) forming a 
net interpyridine dihedral angle of 6.7". In contrast, the pyrazole and pyr- 
idine rings in each of the units of 2 remain comparatively coplanar, as was 
the case in the Zn complex, with inter-ring dihedral angles of 0.3" and 2.3", 
respectively. 

DISCUSSION 

Free Ligand Structures 

According to NMR spectra in solution, the anti conformation in free 
C',Zlinked pyrazolylpyridines such as 2 can be distinguished from the 
syn conformation arising upon binding a metal (or Hi/D+) because the 
latter places the pyridine H3 and the indazole C4' hydrogens in sufficient 
proximity to partake in a mutual shielding intera~t ion.~-~ The syn form for 
1 was similarly deduced. An alternative view of the process26 invokes a 
relative deshielding of the pyridine H3 in the free, anti ligand by the 
pyrazole N2' lone pair, the release of which indicates a change to the syn 
form. Our view is supported by the short distances between the appropriate 
pairs of hydrogens in the syn conformers in 1 and in Zn(3)C12. The diaster- 
eotopic indazole hydrogens at C4' are rendered equivalent in solution by 
rapid half-chair-to-half-chair transitions, and thus it is the averaged H. .H 
distances that are relevant. These were 2.45 A in Zn(3)C12 and 2.34 A in 1, 
short enough for mutual shielding. In [Ru(bpy)(Z), ](PF6)2,25 the average 
for both units of 2 was 2.61 A. This through-space interaction was also 
directly observed by proximity-dependent NOE difference spectroscopy. 25327 

Interestingly, an in computo rotation of the pyridine-pyrazole bond in 
free 2 from an anti to a syn conformation (with coplanarity as measured by 
an interplanar dihedral angle of 00) produced a significantly shorter aver- 
age H3. . .H4' approach of 2.14A. This distance widened to 2.31 ,& in the 
STO-3G-calculated structure of the N-methyl analog 4 in its syn conforma- 
tion (constrained to be flat), suggesting that steric repulsions force these 
hydrogens apart. At the same time, the bite angle increased by 4" compared 
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to the anti form (see below). The widened distances in 1 therefore probably 
result largely from distortions due to such steric repulsions, with little more 
being contributed by the H-bonding, while those in Zn(3)C12 and 
[Ru(bpy)(2)2] (PF& are supplemented by complexation-induced distortions 
of the binding locus (see below). 

By comparison, the closest H3-..H3’ approach in bpy was similarly 
found to be even shorter, at 2.05 A, but the closest H3’-. .H3C approaches 
in the STO-3G structures of 6 and 7 were just 1.83 and 1.89 A, respectively, 
highlighting the much stronger steric congestion in the undistorted syn 
forms of these compounds. This congestion is bound to cause severe distor- 
tion and this was evident during attempts to model the syn forms of 6 and 
7. With no constraints applied, the coplanar structures were unstable with 
respect to strongly twisted forms and, in attempts to counter this with 
strong dihedral constraints, severe out-of-plane ring distortions resulted. 

Table I summarizes some binding-related structural differences between 
bipyridines and pyrazolylpyridines from crystal structures. The only crystal 
structure of an N,2-linked pyrazolylpyridine is of a 3-ferrocenyl derivative 
8.’ It shows significant differences from those of 2 and bpy: the inter-ring 
bond is shorter, the Nl’-N2’ bond in 8 is longer than the corresponding 
C-N bonds in 2 or bpy, the bite angle is smaller, and the N1- . .N2’ distance 
is narrower than in 2 (but about the same as in bpy). Still, the ideal binding 
distances (M-N) calculated for 8 are similar to those calculated for 2. As 
expected, the sharper C2‘-C2-N1 angle in bpy” leads to a smaller imine- 
to-imine (Nl..-Nl‘) span and a larger bite angle at closer range (M-N) 
than in either of the pyrazolylpyridines. Although there are three crystal- 
lographically distinct phen units in the crystalY2* it is evident that the 
N-C-C-N moiety in phen is pulled slightly open, relative to that in bpy, 
by its C5-C6 linkage. 

The STO-3G structure of syn-4 resembled 1 while that of anti-4 was more 
akin to 2. Thus, the larger bite angle at closer range in the syn compound 1 
can be ascribed to steric repulsions between H3 and the C4‘ hydrogens, as 
suggested above by the H3. . .H4’ approaches, and not to intramolecular 
H-bonding. 

Complexed Ligand Structures 

Complexation here is accompanied by changes in virtually all bond lengths 
and angles, some of which must be due to inter-ligand or intermolecular 
crowding as well as to uncertainties in atomic positional parameters. The 
bond length changes are varied in size and sign and are without discernible 
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pattern. One can nevertheless discern some differences between the effects 
of complexation on our ligands and those on the N,2-linked ligands or on 
bpy by comparison of the structures of complexes reported in the literature 
with reference to the free ligands 2, 87 and bpy.I5 

Our Zn and Ru complexes can be compared to the bpy complexes 
[ R u ( ~ P Y ) ~ ] ( P F ~ ~ , ~ ~  [ Z ~ ( ~ P Y ) ~ I ( C ~ O ~ ) ? ~  and [Z~(~PY)~(OH~)I(C~O~)~.~' One 
can also qualitatively compare our complexes with the reported structures 
of complexed N,2-linked pyrazolylpyridines, i.e. [Fe"(6)3](C104)29 in both 
high- and low-spin forms, [Ni"(6)3](C104)2,9 C O ~ ~ ( ~ ) ( O H ~ ) C I ~ , ~ ~  and the 
series"[Cu1(9)2]BF4, [Cu1'(9)2](BF4)2, [C~~~(9)(tris(3-phenylpyrazol-l -yl) 
borate)]BF4, and [Cu"(9)(tris(3-(tetrahydrofuran-2-yl)pyraz01-1 -yl)borate)]- 
BF4. Beyond the Zn and Ru complexes discussed herein, there are three 
reported structures of complexes of other C',Zlinked pyrazolylpyridines, 
Mo0(10)(C0)412 and Mov'(=O)(L)(02)2 (L=ll" or 1214), which can also 
be compared with the bpy analog M0~'(=0)(bpy)(O~)2.~~ The measure- 
ments used for comparison were obtained as described in the Experimental 
section. The notable points arising therefrom are summarized as follows: 

R 

10 R = CsH,FeCsHs, R' = CH2COOCH2CH3 
I1 R = H, R = CHzCOOCH2CH3 
12 R = H, R' = CH2CH2CH3 

(1) Upon complexation, 2 and 3 undergo some pinching of the C3'-C2-M 
angle at the pyridine end (about as much as is found in complexed bpy), 
but much more pinching of the corresponding angle at the pyrazole end 
(C2-C3'-N2'). For instance, one unit of 2 in [Ru(2)2(bpy)12+ is pinched 
by 14.2" at the pyrazole junction, but only by 4.9' at the pyridine end, 
essentially the same value as in Ru(bpy)? (4.8'). In contrast, com- 
plexation of N,2-linked varieties 6, 7 and 9 induces a more modest 
pinching at pyrazole (0.5"-9.5') and variable pinching at pyridine 
(-1.2' to 6.3'). By way of comparison, the rigidity of phen precludes 
much angular variation in Zn(phen)C12 (-0.7' and 1.5"). 

(2) The metal centers are bound at much shorter distances than would be 
ideal (Table I) and such pinching serves to compensate for this. But it is 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
5
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



PYRAZOLYLPYRIDINE LIGAND COMPLEX 331 

largely insufficient, such that the N-M bond vectors are slanted 
inwards from the ring bisectors. In one unit of 2 in [R~(2)~(bpy)]", for 
example, the slant at pyrazole N is 20.8" whereas it is only 8.8" at 
pyridine N, a value akin to those in Ru(bpy? (10.1") and in the Zn" 
bpy complexes (6.2'-12.3"). In the complexes of the N',Zlinked 
pyrazolylpyridines, however, the slant is very pronounced, ranging 
from 21.1" to 38.5" at pyrazole N vs. a 10.2"-18.2" range at pyridine N. 
This can be directly attributed to the shorter bonds in the core N-N- 
C-N fragment. 

(3) The M-N bonds at pyrazole N are consistently shorter than the bonds 
at pyridine N in all instances of complexed 2, 3, 6 and 7, and this is 
consistent with the pattern in complexes of other azo ly lpy r id ine~ .~~ '~ ,~~  
But this is true for the N',Zlinked 9 in only one complex, 
[Cu"(9)d(BF&. Admittedly, the other Cu complexes involve either dis- 
torted tetrahedral binding or strong inter-ligand crowding by the tris- 
(pyrazoly1)borates. 

(4) At least in the Zn and Ru complexes, the M-N bonds to the pyridine 
portion of 2 or 3 are of similar length to those in bpy complexes. The 
shorter bonds to pyrazole N would therefore appear to indicate 
innately stronger binding to pyrazole N than to pyridine N. In general, 
this is purchased at  a cost of stronger distortion of the pyrazole ring in 
the C,Zlinked materials, whereas both rings get distorted in the 
N',Zlinked varieties. Measurements of the average change in bond 
lengths show that the C,Zlinked varieties undergo more bond length 
distortions within the pyrazole rings than within the pyridine rings, 
whereas the opposite is true in most instances of complexed N',Zlinked 
pyrazolylpyridines. 

'(5) In most instances of complexed NY2-linked pyrazolylpyridines there is 
a significant loss of ligand planarity, with either inter-ring twisting 
(0.1"- 10.9"), especially strong with the C5'-methylated ligands 6 and 7 
(8.Oo-l0.9'), or bowing (1.4"-15.9") or both. These planar distortions 
most often lead to the metal lying significantly off the heterocyclic 
planes (by up to 40.0pm). Another example is a 4.2" inter-ring twist in 
the Hg" complex of 58 This twisting also occurs in the bpy complexes, 
with twists of up to 17.3" in Zn(bpy)?, except for one bpy unit in 
[Zn(bpy)z(OH2)]2+ which remains flat but which undergoes relatively 
large bond length distortions to increase its bite angle. Walsh er aL'* 
additionally report a dihedral angle of 12.9" between pyridine rings 
in [Zn(bpy),(ONO)]N03 and Herrman et al.32 report four examples 
of similarly twisted bpy ligands in Moo complexes. In contrast, the 
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Cf,2-linked varieties 2 and 3 retain their planarity in spite of the sub- 
stitution at C4'. This is also true of 1, which can be regarded as an 
internal H+ complex. Ironically, only the Mo complexes of the C4'- 
unsubstituted 10 and 12, with their poorly bound pyrazole rings at 
longer bond lengths, lose their planarity (see below). 

(6) There is little kinship between the Mo complexes of 10-12 and the Zn 
and Ru complexes of 2 and 3, and this is not due to the presence or 
absence of substitution at the pyrazole C4. Given the longer Mo-N 
bonds, one would expect smaller distortions of 10-12. In fact, they suf- 
fer a similar amount of pinching at pyridine as in the Zn and Ru com- 
plexes (2.5'-5.8') much as does the asymmetrically bound bpy in 
M0~'(=0)(bpy)(O~)~ (1.9" and 3.7'), but much more modest pinching 
at the pyrazoles (5.4" -6.5"). More significantly, the binding favors the 
pyridine rings rather than the pyrazoles, for the slanting of the M-N 
vector at pyridine is nearly nil (0.4') in the two MO~'(=O)(L)(O,)~ 
complexes (L = 11 or 12) but fairly pronounced at the pyrazoles (22.2' 
and 24.1'). Further and contrary to the usual finding, the Mo-N bonds 
are shorter to the pyridine than to the pyrazole. Similarly, the binding 
to one pyridine in M0"'(=0)(bpy)(O~)~ is much less slanted (-0.3') 
with a shorter bond than it is to the other (5.1'). The binding asym- 
metry is attributable to a frans effect exerted by an 0x0 ligand,31 and 
the 0x0 ligands in the complexes of 11 and 12 seem to favor pyridine 
over pyrazole. Moo( 10)(CO)4 shows more equally shared binding but 
still favors the pyridine (6.6") over the pyrazole (17.1'). Further evi- 
dence.of this preference is the degree to which the metal centers lie in 
the planes of the heterocycles. In the complexes of 10 and 12, there is a 
significant inter-ring twist (6.4" and 6.6'), unlike with 2 and 3, and the 
Mo centers lie closer to the pyridine planes (10.6 and 14.1 pm) than to 
the pyrazole planes (24.3 and 52.9pm). Ligand 10 is additionally bowed 
by 4.7' better accommodate the metal at both sites. 

Together, the modeling and crystallographic results suggest that the 
existence of 6 or 7 in flat, syn conformers is doubtful. Poorer T delocaliza- 
tion and poorer d-x overlap in the complexes can be anticipated. This may 
be at the source of the photochemical lability of R U ( ~ ) ? . ~ "  This may 
also contribute to the higher-energy T* orbitals and MLCT transitions 
generally observed in Ru" complexes of N',2-linked pyrazolylpyridines, but 
Ru(5)?, lacking the strong steric impediment of 6, exhibits essentially 
the same electrochemical and electronic spectroscopic properties as 
~46):+.33 
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Beyond impeding coplanarity, the proximity of the pyridine C3-H and 
the pyrazole CS-CH3 or C5'-H in complexes of N,2-linked pyrazolyl- 
pyridines could also induce strong mutual shielding interactions in their 
NMR spectra. In contrast to 'H-NMR signals, "C-NMR signals are less 
subject to through-space and ring currrent anisotropic effects originating in 
other ligands, yet, as a possible indication of the inter-ring proximity, the 
I3C-NMR signals of such complexes6734 differ from those of bpy6a or of the 
Cf,2-linked in that one pyridine signal (C2 or C3) migrates 
upfield upon complexation, whereas every other signal with these ligands 
and every signal with the other ligands is shifted downfield. 
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