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Abstract: The 1- and 2-D coordination 
polymers [Mn{HB(CzH,N3)3},(H20),1 ’ 

4H,O (11) and [Ni{H,B(CHN,)2},- 
(NH3),] (13), respectively, and the chelate 

2 H 2 0  (12) were synthesized and struc- 
turally characterized. The compounds 
contain ambidentate poly(azoly1)borato 
ligands (azolyl = triazolyl or tetrazolyl), 
which can chelate or bridge metal centers. 
The metal - ligand structures in 11 - 13 dif- 

complex “i~H2B(CZH,N,),J,(H20~21~ 

fer from the known coordination modes 
of the poly(azoly1)borates towards other 
metal centers. We describe how a change 
in the metal and/or the conditions of crys- 
tallization affects the ligand-field stabi- 

lization energy and favors one type of ni- 
trogen donor atom over the other for the 
poly(triazoly1)borato ligands. The crystal 
structures of 11 and 12 contain additional 
water of crystallization; this leads to hy- 
drogen-bonded solvent substructures. In 
the case of the bis(tetrazoly1)borato ligand 
the water substructure is shown to func- 
tion as a “reinforcing bar” that sym- 
metrizes the metal-ligand grid sheet. 

Introduction 

While the versatile poly(pyrazoly1)borato ligands form exclu- 
sively molecular (chelate) complexes as depicted in 1 and 2,I’I 
the novel hydrotris( 1,2,4-triazolyl)- and dihydrobis( 1,2,4-tria- 
zoly1)borate (3 and 4, respectively) and dihydrobis(tetra- 
zoly1)borate (5)”] ligands with their multiple bonding centers 
can, in principle, chelate or bridge metal centers. The latter 
results in structurally diverse coordination polymers. Further- 
more, the nitrogen atoms which are not utilized for metal coor- 
dination tend to engage in hydrogen bonding with solvate mol- 
ecules; this leads to the formation of solvent-stabilized crystal 
phases with interesting water  substructure^.^^-^^ Tris(tri- 
azoly1)borate (3) has been found to function as a tris-chelating 
ligand by coordination through the endodentate nitrogen 
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donors to metals such as iron, nickel,t51 copper,[’] and 
zinc to form complexes (6).[41 In addition, it has been demon- 
strated that the zinc complex of 3 also exists as a linkage isomer 
of 6, as a three-dimensional coordination polymer formed by 
the bridging of three zinc centers by the exodentate nitrogen 
atoms of the borate (7) .[‘I The bis(triazo1yl)borato ligand (4) has 
so far been found only to exhibit bridging coordination through 
the exodentate nitrogens towards manganese and copper to give 
highly solvated 2- and 1-D coordination polymers, respectively 
(8 and 9).[’] Bridging coordination resulting in 2-D coordina- 
tion polymers is also the sole structural type so far found in the 
transition-metal complexes of 5 (10) .I6] (The hydrogen bonds 
between water of crystallization and the “free” nitrogen atoms 
have not been included in the formulae 6- 10 for clarity.) 

9 

10 (M = Mn. Fe. Cu. Zn. cd, L = H 2 0  symmetrical) 
10’ (M = Cu; L = NHJ: disloned) 

Up to now, the bridging action of 4 and 5 has been explained 
on electrostatic grounds,t3* 41 and the chelating, endodentate co- 
ordination observed with 3 on the basis of the “chelating effect” 
overcoming the charge-dictated ligating requirements.I5] New 
results presented here indicate, however, that the self-assembly 
process during crystallization depends on other factors as well. 
These factors, or the control of the assembly process from 
ionic building blocks with the help of the ligand field of the 
metal, are the subject of this paper; the design of solids through 
the assembly of structurally defined subunits is a challenge 
for chemists.[’] 

Results 

Syntheses and properties of 11-13: The potassium salt of the 
hydrotris(triazoly1)borato anion (3) reacted with manganese@) 
chloride in water to form diaquabis[p-hydrotris(triazoly1)- 

borato]manganese(rr) [Eq. (l)]. Upon slow diffusion of the reac- 
tant solutions, the manganese compound 11, including water of 
crystallization, was obtained as colorless crystals directly from 
the reaction mixture in good yield. Under the same conditions, 

(hydrated) nickel(n) chloride and ligands 4 and 5 furnished 
amorphous blue-violet powders. These nickel compounds were 
soluble in aqueous ammonia (presumably with formation of 
nickel -ammine complexes) from which pink-violet crystals of 
12 (needle-shaped) [Eq. (2)] and 13 [Eq. (3)] could be grown 
upon slow solvent evapora t i~n .~~’  In line with the crystallization 

[Ni(H,B(C,H,Na)2)2(HzO)z]~ 2H,O + 2KCI 
12 

J;~~Ni~H,B(CHN4),),(NH,),1) + 2KCl 
13 

from ammonia, complex 13 could be obtained in a crystalline 
form directly from the reaction mixture when the diffusion 
method was used with water or methanol as a solvent and hexa- 
amminenickel(n) chloride as a starting material [Eq. (4)]. 

X-ray structural investigations show that crystals of 11 and 12 
contain four and two water molecules of crystallization per for- 
mula unit, respectively. Crystals of 11 do not lose this incorpo- 
rated solvent when removed from the aqueous phase, or only 
eliminate it very slowly, while crystals of 12 quickly lose water 
of crystallization. Except for the solubility of 12 and 13 in 
aqueous ammonia, the complexes (11 -13) are insoluble in 
aqueous or organic solvents once they have formed. For 11 this 
is especially noteworthy as the analogous molecular iron, 
cobalt, nickel, and zinc complexes are at least sparingly soluble 
in water. Aside from the loss of water of crystallization, the 
compounds are thermally stable to over 500°C (ll), 260°C 
(12), and 250°C (13). The infrared spectra reflect the ligand 
moieties, yet they exhibit distinct differences from the spectra of 
the structurally authenticated hornologues, 6 and 8- 10. In the 
case of 13 the differences with respect to 10 are illustrated in 
Figure 1. The obvious splitting of the C -H and B - H stretching 
frequencies (around 31 50 and 2480 cm- I ,  respectively) indi- 
cates a lower site symmetry of the borato ligand in 13 by com- 
parison with the solid-state structure of 10, where both triazolyl 
rings of the borate are symmetry-related.[6’ The lower symmetry 
in 13 is indeed verified by the crystal structure analysis (see 

A mass spectrum (EI) could only be obtained from 11, and is 
attributed to the tris-chelating potential of the ligand 3. The 
ML, ion [L = HB(C,H,N,),] and other metal-containing frag- 
ments are high in abundance, with the former even being the 

below). 
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Fig. 1. Infrared spectra (KBr pellets, % transmission) of the nickel complex 13 
(top) and the zinc complex [6] (bottom) of the bis(tetrazoly1)borato ligand (5). 

Fig. 2. Metal coordination and section of the linear chain structure with the atomic 
numbering scheme in 11 (PLATON-TME [l l ] ,  50% probability ellipsoids). The 
water ofcrystallization is not shown. Selected distances (A) and angles (’): M n - 0  1 
2.197(2). Mn-N3 2.255(2), Mn-N6a/d 2.25q2). 01-Mn-Olc 180. Ol-Mn-N3 
89.47(9),0l-Mn-N3~90.53(9),01-Mn-N6a 87.59(9),Ol-Mn-N6d92.41(9). N3- 
Mn-N6d 90.79(9), N3-Mn-NM 89.21(9). Symmetry transformations: a = x - 1. .v, 
i ; b = x + l , y . ~ ; c = - - x + l . - ~ + l . - 1 + 1 ; d = - x + 2 ,  - y + l . - ~ t l .  

base peak at higher temperature. The frag- b 
mentation pattern corresponds to those of 
the other binary metal complexes of 3.1’. 7l 
Attempts to study the bis(azoly1)borato sys- 
tems by other methods (FAB, CI) have so 
far failed. 

Temperature-variable magnetic measure- 
ments of 11 -13 show normal paramagnetic 
Curie- Weiss behavior in the temperature 
range measured (14-300 K). In the poly- 
meric complexes 11 and 13 there is no mag- 
netic coupling transmitted through the 
ligand, nor is there a through-space interac- Fig. 3. Stereo plot of the crystal structure of 11 (crossed circles = oxygen atoms) (PLUTON [ll])  

t& of the metal centers-(sh&test M-M 
contacts are 8.91/9.16A for 11 and 7.801 
7.86 8, for 13). The magnetic moments are temperature-inde- 
pendent within experimental error and lie within the range typ- 
ically observed for d’ (high-spin, p = 5 . 7 - 6 . 0 ~ ~ )  or d8 
complexes ( p  = 2.9-3.9pn, calculated spin-only value p = 
2.83 pa) .[‘‘I 

X-ray crystal structure of 11 : Compound 11 is a one-dimen- 
sional coordination polymer with a linear chain structure. Here 
and in the structures of 12 and 13 the metal centers are octahe- 
drally coordinated, with a coordination polyhedron formed 
from four nitrogen atoms of the (azoly1)borato ligands and two 
trans-coordinated solvent ligands (Fig. 2). In 11 the manganese 
ions are bridged by two borato ligands, each through the exo- 
dentate donor atoms of the triazolyl rings. The third triazolyl 
ring of the borate is not utilized for the metal coordination and 
only involved in the hydrogen bonding network. The feature of 
a “free” azolyl ring makes this manganese structure unique 
among the hitherto investigated modified poly(azoly1)borato 
structures. In all other structurally characterized poly(triazoly1)- 
or bis(tetrazo1yl)borato complexes, at least one nitrogen donor 
from each azolyl ring coordinates to the metal;[’ - 71 sometimes 
two do so, as in the structure of the recent silver complex of 3.[’’] 

A further important aspect in the discussion of the crystal 
structure of 11 is the stabilization of the crystal phase by solvent 
molecules, as has often been observed in metal structures of the 
novel poly(azoly1)borates 3-5.t3-7’ Figures 3 and 4 illustrate 
the incorporation of the four water molecules of crystallization 

as a tetramer with homodromic hydrogen bonds.[”] These wa- 
ter clusters are hydrogen-bonded further to the endodentate 
nitrogen atoms and to the metal-bound aqua ligands. The sec- 
ond hydrogen atom of the aqua ligand bridges the exodentate N 
atom of a free triazolyl ring. The uti- 
lization of all (0)-H atoms in hy- 
drogen bonding allows the unprob- 
lematic location and refinement of 
these hydrogen atoms in the room NCJC ‘ 

N8g Q ...a,, 
03af 0 

. .  
temperature structure and explains yo!3$-&03g 

the slow loss of the water of crystal- 01 N5 f 
hZatiOn upon drying. We note also Fig. 4. Hydrate structure in 
that C-H . . .O hvdroeen bonds are 11. Distances and angles 

I Y  

formed between two of the man- 
ganese-coordinated triazolyl rings 

~ h e ~ ~ a r ~ : ~ ~ ~ ~ - ~ ’ ~ ~ g  

and the coplanar aqua ligands 
(Table 1 lists the lengths and angles of the hydrogen bonds). The 
aspect of C - H . . .O bonding and its importance for molecular 
alignment[’41 in the crystal structures of the poly(azoly1)borates 
is, however, still under investigation, and a comparative account 
will be published later. The crystal of 11 was taken from a batch 
which had been stored under water for several months. In view 
of the known slow transformation of the analogous zinc com- 
plex from a molecular chelate to a 3-D coordination polymer (6 
to 7)f41 and in the light of a mass spectrum typical of a molecular 
compound, the possibility of a second (molecular) crystal phase, 
or in other words, the representative nature of the single crystal 
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I atoms. At room tempera- ine scheme are listed in Table 2. 
I 

ture, however, such a con- 
nection may be possible, 
since one of the water molecules of crystallization ( 0 3 )  still 
possesses a free hydrogen. In the "frozen" structure this oxygen 
is just 3.05 8, away from an aqua ligand (0 2). Table 2 contains 
the lengths and angles of the hydrogen bonds. 

r 
I . , , , : . . .  ~ , .  , , ~. , ~ : " " ~ " ' " ' ' ' ~ ~  

ze 
5 10 15 20 25 30 35 40 45 50 

Fig. 5.  X-ray powder pattern of a freshly prepared sample of 11 (middle). a sample 
stored under water for several months (bottom), and simulation (top) from the 
single crystal data [IS]. The diffractogram of the aged sample shows additional 
peaks due to oxidized, brown Mn(~v)  impurities. 

X-Ray crystal structure of 12: The structural analysis of 12 
shows the formation of a molecular chelate complex (Fig. 6 )  
whose crystal structure is again stabilized by incorporated water 
(Figs. 7 and 8). The low-temperature water substructure can be 

Fig. 6. Molecular structure of 

12 with the atom numbering 
scheme (PLATON-TME [ll] .  
50% probability ellipsoids). Se- 
lected distances (A) and angles 
("): N i - 0 1  2.096(6), N i - 0 2  
2.112(6). Ni-N2 2.120(3). 
Ni-N5 2.125(4). 0 1 - N i - 0 2  
178.3(2), N2a-Ni-NZ 88.5(2). 
N 5a-Ni-N 5 89.9(2). N 2-Ni-N 5 
90.8(1), N2-Ni-N 5a 179.1(2). 
0-Ni-N 86.8(1)-93.8(1). Sym- 
metry transformation: a = - x. 
J', 2.  

~ ~ ~ { ~ z ~ ~ ~ z ~ z ~ , ~ z ~ z ~ ~ , O ) , l  in 

Table 2. Hydrogen-bonding scheme in 12 [a] (distances in A. angles in "). 

D - H . . . A  D. . .A D - H  H . . . A  D-H-A 

0 1 - H  1 1 . .  .N3d 3.151(6) 0.88(3) 2.32(4) 157(7) 

0 3 - H 3 1  . . 0 4  2.777(9) 0.83(3) 1.97(5) 1 6 ~ 1 3 )  
0 4 - H 4 1 . .  .N6b 2.951(4) 0.83(3) 2.15(3) 1 6 ~ 7 )  

0 2-H 21, . .N 3c 3.376(6) 0.89(3) 2.49(3) 172(8) 

[a] The hydrate structure is shown in Figure 8. Symmetry operations for equivalent 
a toms:b= - x + O . S , y + 0 . 5 . z ; c =  - x + O . S , - y t 0 . 5 . 2 - 0 . 5 ; d =  - x +  0.5, 
-y  + 0.5, z + 0.5. The distance 0 2 . . . 0 3  is 3.051(7) A. without the presence of a 
hydrogen at  160 K. All other relevant O.. .O contacts are longer than 3.8. 0 . .  . N  
contacts longer than 3.5 A. [b] D = donor, A = acceptor. 

The bis(triazo1yl)borate (4) functions as a bidentate chelate 
ligand here, with the endodentate nitrogen atoms as donors. 
Comparison of the Ni -0  and Ni-N bond lengths reveals only 
a small distortion of the pseudooctahedral coordination sphere. 
The ligand arrangement in the molecular structure (Fig. 6 )  leads 
one to expect an inversion symmetry at the nickel center. How- 
ever, the normalized structure factor amplitudes point to an 
acentric space group. Of the space groups possible according to 
the systematic absences only Cmc2, permitted successful refine- 
ment. The heavy atoms in 12 have a pseudohexagonal symmetry 
(Fig. 9), so that the data set was at first (erroneously) recorded 
in the hexagonal setting. However, no refinement was possible 
in this crystal system-the arrangement of the ligands demand- 
ed an orthorhombic setup. Furthermore, Figure 9 illustrates the 
presence of channels which extend along c through the lattice 
and contain the water of crystallization. A diameter of about 
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5 A is estimated be- 
tween the surrounding 
nitrogen and hydro- 
gen centers, corre- 
spondingly less if the 
covalent or  van der 
Waals radii of these 
atoms are taken into 
account. One might be 
tempted to invoke 
self-assembly of the 
complexes here. The 
intermolecular inter- 
action responsible in 

' 0 '  0 part would have to be 
Fig. 9. Crystal packing in 12 with a view on the the formation Of a 
ab plane. The nickel centers are given as black bridge by the hydro- 
circles. and the ligands and the water of crystal- 
lization as stick drawings for a better illustration 
of the pseudo-hexagonal symmetry of the heavy kand between 

gen bonds of an aqua 

atoms' and the channels formed (PLUTON exodentate nitrogen 
1111). atoms of two neigh- 

boring complex mole- 
cules (Figs. 7 and 8).  In addition, we think of the channel forma- 
tion as caused by the intimate solvent -complex interactions 
carried over from solution to the solid phase. The channels 
could result from the formation of a chain along c by hydrogen 
bonds in the water of crystallization. This water chain is proba- 
bly of a more continuous, dynamic nature a t  room temperature 
and interrupted a t  low temperature in an ordering process, a 
phase transition giving the dimeric units (cf. the dynamics and 
the ordering of the "two-dimensional" water substructure in 6, 
demonstrated especially in the case of the nickel complex).[3- 5l 

X-Ray crystal structure of 13: The structure of 13 is that of a 
two-dimensional coordination polymer, with the bis(tetra- 
zo1yl)borato ligand bridging the octahedrally coordinated nick- 
el atoms through the C - H  neighboring N 4  atom (Figs. 10 and 
11). Two [runs-coordinated ammine ligands conclude the nickel 
coordination polyhedron. All Ni-N distances are very similar. 
The crystal structure does not contain any water of crystalliza- 
tion. There are no voids in this structure which are large enough 
for solvent molecules, as can be envisioned from Figure 1 1  and 
by a free-space/solvent-accessible area calculation with the 
PLATON program.["] 

Fig. 10. Detailed metal coordination and atomic numbering scheme in 13 (PLA- 
TON-TME plot [11].50% probability ellipsoids). Selected distances (A) and angles 
('): Ni-N4 2.106(3), Ni-N8 2.117(3). Ni-N9 2.095(4). N4-Ni-N9 90.9(1). N4- 
NikN9c 89.1(1), N4-Ni-NSa SS.3(1), N4-Ni-N8d 91.7(1), NSa-Ni-N9 88.8(1). 
N&-Ni-N9c 91.2(2). Symmetry transformations: a = I  --x. ' I1-.v. ' / 2 - z ;  
6 = 2 - x. ' I l  - y. ' I I  -2; c = 1 -x. 1 -y. 1 -:: d = 2-.r. ' / l + y ,  ' I 2  --z. 

. m o o .  
N i C N B H  

++?& a- 
Fig. 11. Structure of the two-dimensional Ni ligand framework in 13 (PLUTON 
[I 11). View from above a layer along a. The layers are stacked on top of each other. 

The appearance of 13 and its synthesis by two different routes 
again required the authentication of the single-crystal X-ray 
structure by comparison with the two microcrystalline bulk 
samples by X-ray powder diffractometry (Fig. 12). 

5 10 15 20 25 30 35 40 
213 

Fig. 12. Top: X-ray powder pattern of a sample of I3 prepared from hexaaquanick- 
el and recrystallized from ammonia [cf. Eq. (3). method 11. Middle: Simulation 
from the single crystal data [15]. Bottom: Sample of 13 prepared from hexaammi- 
nenickel and crystallized directly from the reaction mixture [cf. Eq. (4). method 21. 
The data indicates structural identity; intensity dimerences are due to texture effects 
because of a nonrotating sample. 

Discussion 

Table 3 summarizes the structural features of the various metal 
complexes of the poly(azoly1)borates 3-5 with respect to their 
mono- or  polymeric character and isostructural relationships. It 
is evident that the respective ligands show a strong preference 
for a particular structure, regardless of the metal involved. In 
view of the often isostructural nature of the metal-ligand com- 
pounds, the deviations encountered seem at  first even more 
striking. The hydrotris(triazoly1)borato ligand prefers tridentate 
chelate coordination through the endodentate nitrogen atoms, 
thus forming molecular complexes from iron to zinc (6), with, in 
the case of zinc, the possibility of a second (linkage) isomer in 
the form of a coordination polymer (7). For manganese a coor- 
dination polymer only has been found (11). This change cannot 
be caused by the difference in size of the metal center, as 
analogous tris(pyrazo1yl)borato manganese['61 and zinc chelate 
 derivative^["^ can easily be prepared. Structural data for the 
dihydrobis(triazoly1)borato ligand is somewhat more scarce, 
but the difference in structure between the nickel and copper 
compounds, the former a molecular chelate complex (12), the 
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Table 3. Structural features of metal complexes with modified poly(azoly1)borato ligands [a]. atom is an endodentate nitrogen, the further 
exchange may be accelerated by the higher 
effective concentration of the other endo N 
donors in the vicinity of the metal center ac- 
cording to Schwarzenbach's modelt201 to give 
the well-known chelate effect. Still, the back- 
ward reaction which regenerates the hex- 
aaqua complex and the existence of an equi- 
librium have also to be taken into con- 
sideration depending on the energy gain upon 
substitution of the H,O ligand, and the large 
excess of water must be kept in mind. If the 
first donor atom is an ex0 nitrogen, the reac- 

[a] Bold-framed windows refer to the structures presented in this manuscript. For the other structures, see 
ref. [3-71. The same background shading is meant to underscore the isostructural character. Astensks 
indicate that the compound has been crystallized from aqueous ammonia or a metal-ammine complex. The 
Cu complexes exhibit an additional Jahn-Teller distortion. Numbers in bold refer to the schematic struc- 

tion Can proceed Only towards a coordination 
polymer, whose formation will generally be 
slower under the diffusion-contro~~ed condi- 
tions applied here. Thus, ligand-exchange 
equilibria can again be formulated. Scheme 1 
illustrates this exo-endo equilibrium and 

shows the chelate complexes that form for Fe to Zn, these 
being the major product for Fe to Cu because of the high 
stability constants (Fig. 1 3 ) .  Coordination polymers of Fe to Cu 
with 3 were in part obtained as amorphous precipitates upon 
rapid admixture of the reactants but were not characterized 
further. 

ture drawings in the introduction. 

latter a coordination polymer (9),  is not immediately under- 
standable. Finally, in most cases the dihydrobis(tetrazoly1)- 
borate exists solely as a bridging ligand in a highly symmetrical 
2-D rhombohedra1 grid structure (10) except for the nickel and 
copper compounds (13 and 10). Before the nickel structure of 
5 was known, the lower symmetry of its copper structure (10) 
was explained simply by the Jahn -Teller distor- 
tion of the central metal.[6] In view of the new H 

H + 3  M = + 3  Mn-Zn N6N.B(!N@) 

to a different cause. ("20hM-Ng$y!NQ) -* [M(i.$O)J+ 7 Lpj, 2 

results the structural distortion must be ascribed M = Mn-Zn 

In the following we will show how the metal- 2 M=Fe-Zn M=Mn.Zn M(H20h 

liaand coordination deDends w o n  and can be 1 formationofa - 
(precipitation) 

controlled by i) the nitrogen donor properties 
and the chelate effect, ii) the electron count at 

M = Fe-Zn, 

the Ineta' Or its ligand-field stabilization, and 
iii) the crystallization conditions. 

Scheme 1 .  Proposed equilibria between the exo- and endodentate coordination mode in the complex 
formation with the hydrotris(triazoly1)borato ligand 3 to explain the observed differences in metal-ni- 

The difference between the coordination trogen coordination for M = Mn and Zn versus Fe, Co, Ni, and Cu. 
chemistry of manganese and zinc with the am- 
bidentate ligand 3 and that of the analogous 
complexes from iron to copper can be traced to the zero ligand- 
field stabilization energy (LFSE) of the d5  (high-spin) and d10 
metal. In the case of MnZ + (high-spin) and Zn2 + , no additional 
energetic driving force results from the LFSE upon substitution 
of an aqua ligand by a stronger N donor ligand. This fact has 
been best investigated for the stepwise formation of ethylenedi- 
amine complexes and is quantitatively illustrated by a plot of the 
stability constants as a function of the metal (Fig. 13) . t181 The 
resulting order of stability based on K ,  and K2 with a (relative) 
minimum at manganese and zinc and a maximum at copper is 
also known as the Irving-Williams series.[1g1 

It is also important to realize that the exchange of an aqua for 
a poly(azoly1)borato ligand will occur stepwise. If the first donor 

-2 ' 8 
I 

Mn Fe Co Ni Cu Zn 
Fig. 13. Stability constants for the stepwise formation of 1 : l .  1:Z. and 1 : 3  
(aqua)ethylenediamine metal complexes m(en).(H,O),- J". Stability constants 
taken and figure adapted from ref. [IS]. 

Zinc, however, is a metal which is more stable in a tetrahedral 
environment than the other first-row transition metals; this ex- 
plains the rather high stability constants K ,  and K, despite the 
d" configuration (Fig. 1 3 ) .  The preferred ammine complex ap- 
pears to be [Zn(NH,)J2' rather than [Zn(NH,)J2+, which is 
only formed at high ammonia concentrations; hence the con- 
stant K ,  for the octahedral complex is much smaller.['81 This 
helps to explain the initially observed formation of the octahe- 
dral molecular chelate complex of zinc with 3 (6).14' Its lower 
stability allows, however, for an opening of the chelate rings by 
H,O and a new ex0 N coordination, most likely from a free 
ligand in solution. In the end a complete transformation to the 
3-D coordination polymer as the apparently thermodynamical- 
ly more stable isomer results. This therefore leads us to conclude 
that exo N coordination is thermodynamically more stable than 
the endo N-metal interaction. 

In the case of manganese, the effect of LFSE is even more 
pronounced. Substitution of an aqua ligand results only in a 
small energy gain so that the nitrogen donor characteristics can 
determine the position of the exo-endo equilibrium outlined in 
Scheme 1 .  With the exodentate nitrogen atom being the better 
donor, the equilibrium will be shifted to the left, so that coordi- 
nation polymers are formed. 

An additional hint on the importance of the outlined equi- 
librium in the case of manganese and zinc is obtained from the 
reaction rates: while admixture of the reactant solution results 
in immediate precipitation of Fe, Co, Ni, or Cu, the products 
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precipitate significantly more slowly for Mn and Zn. Thus in the 
case of the bis(triazoly1)borato ligand (4) the change from coor- 
dination polymer to molecular chelate complex (structure 8 ver- 
sus 12) from manganese to nickel follows the trend in LFSE and 
is straightforward. However, the fact that the copper derivative 
(structure 9) is again a coordination polymer appears to be an 
anomaly. After all, the LFSE for 1 : 1 and 1 : 2 complexes (K, and 
K,) with a bidentate ligand is highest for copper (Fig. 13). This 
difficulty is resolved when one takes into account the fact that 
the crystals of 12 and 9 were obtained from ammoniacal solu- 
tion or a metal-ammine complex, respectively. Contrary to the 
above discussion based on Scheme 1, complex formation then 
does not proceed from a hexaaqua but from ammine-aqua 
complexes [Eqs. (5) and (6)]. In the case of nickel, the exchange 

[Ni(NH3)4(HrO),]2+ + 4 [Ni(q2-4)(NH,),]' + 2H,O .. . (5) 

of H,O for the stronger bis(triazoly1)borato ligand leads to  a 
gain in LFSE and to  the formation of chelate rings. In the 
tetraamminecopper complex, on the other hand, the four NH, 
ligands are bound very strongly to  the central metal with short 
distances in the equatorial plane because of the Jahn-Teller 
distortion. This is the reason for the maxima of the stability 
constants K ,  and K, at  copper in the Irving-Williams series (cf. 
Fig. 13) .[' ' 91 Thus any ligand exchange will have to start at the 
axial, loosely bound H,O ligands. Formation of chelate rings 
from this position through a reorganization of the remaining 
ligands or through substitution of a cis NH, ligand might be 
possible but is energetically highly unfavorable, as is demon- 
strated by the very small stability constant K3 (Fig. 13) in the 
case of the [Cu(en)J2+ complex (log K ,  = - 1.0).["] More im- 
portantly, however, substitution of the weak H,O ligands in the 
tetraamminecopper complex by a stronger N donor ligand (even 
monodentate) is unfavorable to begin with, as can be seen by the 
stability constant for the pentaamminecopper complex of 
log K, = - 0.52.r181 Analogously to the equilibria outlined in 
Scheme 1, a similar exo-endo N equilibrium with a tetraam- 
minecopper ion as intermediate can be formulated, from which 
crystallization of the thermodynamically more stable exo ad- 
duct then occurs (see Scheme 2). 

For  the bis(tetrazoly1)borato ligand (5). the two-dimensional 
coordination polymer is the sole structure so far known; the 
borate functions as a bridging ligand through the C - H  neigh- 
boring nitrogen donor. Yet it is interesting to  note that highly 
symmetrical two-dimensional rhombic grid sheets (10, or- 

?$ 
I 

OH2 
I 

OH2 

formation of a 
coordination 1 Z Z A t i o n  

HjN.dUINH3 

H3N' I NH3 
on2 

chelate 
formation I 

Scheme 2. Proposed equilibria between the exo- and endodentate coordination 
mode in the initially unfavorable copper complex formation with the dihydrobis(tri- 
azoly1)borato ligand (4). starting from a tetraamminecopper complex, to explain the 
formation of the thermodynamically more stable e m  adduct. 

thorhombic crystal system, space group Cmca) result when the 
crystals are grown from water, whereas lower-symmetry distort- 
ed 2-D frameworks are obtained when ammonia is involved as 
a ligand, as has been found in the closely related structures of the 
nickel and copper derivatives (13 and 10, monoclinic crystal 
system, space group P2, / c  and P ~ , / U ) . ~ ~ I  We may not yet have 
a fully proven explanation for this difference in structure based 
on the crystallization conditions, but for the packing of the 
metal-ligand complexes, chains, and layers in the water con- 
taining crystal phases (the "secondary structure", so to speak) 
we would like to point to  the hydrogen bonds as a possibly 
important design element already well recognized in organic 
chemistryr2'' and in biological systems'221 but less so in inorgan- 
ic chemistry. 

The symmetrical structure 10 contains two water molecules of 
crystallization per formula unit. Hydrogen bonding to  the aqua 
ligands at the metal center gives rise to one-dimensional chains 
of water molecules that run parallel to  the 2-D metal -1igand 
grid sheets; in ref. [6] it was emphasized that the hydrogen bonds 
along the water chain are invariant with the change in metal, 
thereby including metals from manganese to zinc and even cad- 
mium. As regards the water chain, we would like to  suggest the 
metaphor of a reinforcing bar for the metal- ligand framework. 
With ammine ligands completing the metal coordination 
spheres in the nickel and copper compounds (13 and 10) no 
water of crystallization is incorporated. possibly owing to  the 
weaker hydrogen-bond forming capability of NH,. What is 
observed then is solvent-free crystal packing in the form of a less 
symmetrical, distorted grid sheet. In view of the increased inter- 
est in the controlled synthesis of two- and three-dimensional 
inorganic m a t e r i a l ~ , [ ~ ~ l  hydrogen bonding should not be over- 
looked as a possible design element also in inorganic chem- 
i ~ t r y . [ ~ ~ I  

Conclusions 

Using modified, potentially ambidentate poly(triazo1yl)borates 
as examples, we have demonstrated how ligand-field stabiliza- 
tion energy can be used to  control metal-ligand assembly dur- 
ing the crystallization process to  give either chelate complexes or  
coordination polymers. The choice of the coordinating solvent 
ligand is an interesting tuning variable which can not only be a 
decisive factor for the metal-ligand interaction but can also 
provide a design element for the (secondary) solid-state struc- 
ture by transferring solvent - solvent interactions from the solu- 
tion to  the solid phase. The nature of the hydrogen-bonding 
network built up  by incorporated solvent molecules can control 
the conformation assumed by the metal -1igand framework. 

Experimental Procedure 

Twice distilled or deionized water was used as a solvent. CHN: Perkin-Elmer 
Series I 1  CHNSlO Analyzer 2400. IR: Nicolet Magna 750. MS: Varian MAT31 1 A. 
Susceptibility measurements: AC susceptometer Lakeshore Model 7000. X-ray 
powder diffractograms: INEL. Cu,, radiation, quartz monochromator, sample in 
0.7 mm glass capillaries on rotating probe head. The potassium salts of 3-5 were 
synthesized from KBH, and triazole or tetrazole. respectively, according to refs. [2. 
5,  251. The synthesis of  12 was also described in ref. IS]. 

~ { I M a { ~ - H ~ C , H , N , ) , } l ~ 1 0 ) l ~ ~ 4 H 1 0 }  (11): A solution of anhydrous MnCI, 
(0.13 g. 1.0 mmol) in degassed H,O (3 mL) in a Schlenk tube under argon was 
carefully overlayered with a solution of the potassium salt of 3 (0.50 g. 2.0 mmol) in 
degassed water (8 mL). Within a few days ill-shaped colorless-to-white crystals 
formed. The reaction could also be carried out in air. but a brown precipitate formed 
upon prolonged storage of the crystals under water. The crystal yield lay between 
0.30 and 0.40 g (50-67%). M.p.: no visible decomposition to over 500°C after the 

~ 
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loss of water ofcrystallization at 100- 105°C. IR (KBr): 5 = 3420 brs  (OH). 3137 
w(CH).2505 w-m(BH). 1661 w, 1513s. 1416w.1336~-m.  1283m. 1217vw. 1191 
s. 1139 s. 1107 vw. 1078 w. 1061 vw, 1031 vw. 1008 m, 990 m. 976 w, 898 vw. 882 
w. 792 sh. 771 sh. 738 m. 677 m-s. 652 sh c m - ' .  MS (EI. 70eV. 320.C). m/e ( O h ) :  

487 (100, [C]+).  419 (27. [C-C,H,N,]+). 417 (13, [C-C,H,N,-ZH]+). 350 (38. 

H-HCN]'), 271 (66. (C-HB(C,H,N,),]+ = [Mn{HB(C,H,N,),J]+), 202 (28, 
[Mn{HB(C,H,N,),)-C,HzNJ-H]'). 175 (39. [Mn{HB(C,H,N,),)-C,H,N,- 
H-HCN]'). 69 (32, [C2HJN,]+). Magnetic moment' p = 5 . 6 ~ ~  (295 K). Curie- 
Weiss constant B = l l  K. C,,H,,B,MnN,,O, (595.02): calcd. C 24.22, H 4.40. N 
42.37; found C 24.72. H 3.94. N 42.24. 

[C-2C,HzN3-H]+). 349 (19. [C-2C,H,N,-2H]'), 323 (3. [C-2C,H,N3- 

{INi(r-HzB(CHN.)z~z(NH~)zl~ (13): 
Method 1: A solution of NiCI,.6H,O (0.248, 1.0mmol) in water (1OmL) was 
carefully overlayered in a test tube with a solution of the potassium salt of 5 (0.38 g. 
2.0 mmol) in water (20 mL). No crystalline material but a voluminous amorphous 
violet precipitate formed from which the clear supernatant solution was decanted; 
the solid was washed with water and completely dissolved in concentrated aqueous 
ammonia (25%) to form a clear light pink-violet solution. The solvent was slowly 
allowed to evaporate. During the process a pink-violet microcrystalline material 
formed which proved on analysis to be 13 (yield 0.18 g. 46%). The crystals were, 
however, not of a suitable quality for single-crystal X-ray diffraction studies. 
Method2: A bluesolutionof[Ni(NH,),]CI, (0.23 g. 1.0 mmo1)in water(l0 mL) was 
carefully overlayered in a test tube with a solution of the potassium salt of 5 (0.38 g. 
2.0 mmol) in water (20 mL). Some amorphous material precipitated in this process. 
Slow diffusion of the starting compounds then led to the formation of 13 as analyt- 
ically pure crystals. Crystal growth started within 2 d. and the reaction and process 
of crystallization appeared to be concluded within 10 d. The single crystals obtained 
by this route were small. yet suitable for an X-ray study (yield 0.26 g. 66%).  
Infrared spectroscopy as well as X-ray powder diffraction proved the chemical and 
structural identity of the samples obtained by the two routes. M.p.>250 'C (unde- 
termined; for a caveat on the thermal stability of bis(tetrazolyl)bordte. see ref. 161). 
IR (KBr): i. = 3365 brs (NH). 3279 w. 3166 m (CH). 3127 m (CH). 2495 m (BH). 

Table 4. Crystal data for compounds 11 - 13. 
~ ~ ~ ~ 

Compound I 1  12 13 

formula 
M, (g mol ~ I )  

crystal size (mm) 
T (K) 
diffractometer 

radiation/h (A) 
monochromator 
scan type. 20 range 
h;  k ;  I range 

crystal system 
space group 
a (A) 
b (A) 
c (A) 
I: (? 
P (7 
Y (") 
V ( A 7  
7 
L. 

D,.,,, (gem-') 

p (cm-1) 
4000) (electrons) 

absorption correction 
max.: min.: mean 

595.06 
0.5xO.l xO.1 
293(2) 
STOE 

Mo,,/0.71069 
graphite 
o. 4-50' 
- 10,lO; 
-10.10; 0.12 
triclinic 
PI (no. 2) 
8.914(3) 
9.163(3) 
10.51 3(3) 
103.78(2) 
100.28(3) 
117.69(2) 
695.4(4) 
1 
1.421 
307 
5.37 
DIFABS [a] 

428.70 
0.4 x 0.1 x 0.1 
160(2) 
CAD4 

Mo,,/0.7 1069 
graphite 

O,I3: 0.23: 0.12 
w-20.4-68' 

orthorhombic 
Cmc2, (no. 36) 

20.1 12(3) 
7.615(2) 
90 
90 
90 
1768.8(7) 
4 
1.610 
888 
11.4 
DIFABS [a] 

11.549(3) 

394.66 
0.1 xo.15xo.15 
293(2) 
Turbo C A D 4  with 
rotating anode 
generator 
CUJ s 4 1 8  
nickel filter 
0 . 1 1 - 1 2 0  
- 8.8; 0.14; 0.8 

monoclinic 
P2,jc (no. 14) 
7.8635(9) 
13.353(1) 
8.0733(7) 
90 
l05.69( 1)  
90 
816.1(1) 
2 
1.606 
404 
20.4 
DIFABS [a] 

C ,  ,H ,,B,MnN,,O, C,H,,B2N I , N O ,  C,H ,,B,N ,,Ni 

1.143: 0.821: 0.990 1.269: 1.071; 1.138 1.893; 0.719; 1.020 
measured reflections 2459 
unique reflections ( R J  2298 (0.019) 
data for refinement ( n )  2284 
parameters refined (p) 217 
m a :  min Ap [b] ( e k ' )  0.23; -0.25 
R1; wR2 [c] [I > 20(1)] 
G O F  on F' [d] 0.661 
weighting scheme, 0.000; 0.000 
w; a; b [el 
Flack parameter [IJ - 

0.0344; 0.0700 

1716 
880 (0.041) 
863 
146 
0.36; -0.40 
0.0305; 0.0743 
1.005 
0.039; 5.0514 

O.Ol(3) 

1 I03 
1015 (0.098) 
I015 
140 
0.28; -0.28 
0.0364; 0.0879 
0.797 
0.0635; 1.6875 

~ ~~ ~ 

[a] Empirical absorption correction 1281. [b] Largest difference peak and 
hole. [c] RI = (xllFol - l ~ l l ) / ~ l F o ~ ;  wR2 = ~ [ w ( F ~ - F . ' ) ' ] / ~ [ w ( F f ) 2 ~ 1 ~ 2 .  [dl G O F  = 

[x[w(Ff - Ff)']/(n -p)]"'. [el 11' = I / [ d ( < )  + (0 x P)' + b x PI where P = (max(Ff 
or 0) + 2 x Ff)/3. [r] Absolute structure parameter [29]. 

2433 m (BH). 1616 w, 1496 m. 1481 s. 1390 w. 1280 w, 1266 w. 1229 m-s. 1197 m. 
l l9Om. 1163m-s.1146rn. l l lSw,1102vs ,  1037m,1025vw, 1010w,986w,903 
w. 869 w. 742 vw, 708 m-s. 681 vw, 659 vw, 643 m-s, 603 w cm-' .  Magnetic 
moment: p = 3 . 0 ~ ~  (295 K). Curie-Weiss constant B = - 1.7 K. C,H,,B,NiN,, 
(394.60): calcd. C 12.17. H 3.58, N 63.89; found C 12.53. H 3.55, N 63.52. 

X-Roy structure determinations of I1 - 13: Structure solution was performed by 
direct methods (SHELXS-86 [26]). Refinement: Full-matrix least-squares on F2 
(SHELXS-93 [26]); all atomic positions including those of the hydrogen atoms 
found and refined (non-hydrogen atoms with anisotropic temperature factors). 
Crystal data are listed in Table 4 [271. 
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