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Theoretical survey of the ligand tunability of 

poly(azolyl)borates 

Dongmei Lua and Huarong Tangb  

Using density functional calculations, we have systematically investigated a series of 

homoleptic poly(azolyl)borate ligands, which display unusual steadily declining bond strengths 

accompanied by bond contractions when the azolyl groups are sequentially substituted to the 

parent BH4
-. As ligands, their effects on the coordinated metal ions (Cu(I) and Mo(0)) are 

quantitatively represented by two ligand tunability descriptors: the vibration frequency (νCO) of 

the CO groups complexed to the metal ions and the charge of the metal-(CO)x moiety, between 

which a good linear correlation exists. For the same number of azolyl substitutions, the 

boundary of ligand tunability is always marked by the pyrazolyl and tetrazolyl groups at the 

two ends, which feature the lowest and the highest nitrogen content in the azolyl ring, 

respectively. With the increase of azolyl substitution number in the borate ligands, the νCO 

range expands, indicating a higher tunability of the ligands. The type of metal ion and the 

charge it carries play minor roles in influencing the ligand tunability.  

 

Introduction 

    Since the first synthesis of the famous scorpionate ligands of 
hydrotris(pyrazolyl)borates by Trofimenko in 1966,1, 2 various 
poly(azolyl)borates have been developed over nearly the past 
five decades.3-18 With the recent synthetic advances19, 20, a full 
family picture of these ligands centered with a tetrahedral boron 
bearing all kinds of five-membered N-heterocyclic (NHC) 
groups is becoming complete (Figure 1).21-23 As key 
components in mimics of metalloproteins, they have shown 
potentials in bioinorganic and medicinal chemistry, going far 
beyond the traditional inorganic chemistry.24-27 In various metal 
complexes, these borate ligands determine the key properties, 
such like the solubility and the cell passing ability through 
changing the balance between hydrophilicity and lipophilicity, 
the stability toward trans-chelation reactions and metal-
disproportionation reactions, which are crucial for the metal 
center to properly function.  

    More importantly, as spectator ligands in biomimetics, their 
influence on the electronic structure of the coordinated metal is 
the center of concern, which can be well characterized by the 
shift of the vibration frequency of the bound carbonyl groups.28 
Particularly, Casarin et. al. have not only computationally 
reproduced the experimentally observed red shifts of the CO 
vibrations (compared to free CO) in the [Cu(borate)(CO)] 
complexes consisting of pyrazolyl and 1,2,4-triazolyl groups, 
but also through comprehensive electronic structure analyses, 
they have shown that the two ligands are electronically 
equivalent to each other, with the 1,2,4-triazolyl group 
providing better bio-compatible properties.29-31 In addition, the 
Elliott group has theoretically studied CO vibrations in a series 
of [Mo(0)(borate)(CO)3]

-  complexes, with the tripodal borate 
ligands composed of mixed azolyl groups (including pyrazolyl 

and 1,2,4-triazolyl groups) and structurally close-related 
carbenes.32 The carbene-azolyl mixed borate ligands are found 
to be able to tune the electronic structure of the metal 
substantially. However, a full-scale survey of the tunability of 
the poly(azolyl)borates ligand family is still lacking.  

    In this study, we utilize calculations based on density 
functional theory (DFT) to answer the question. We consider 
the structurally representative homoleptic poly(azolyl)borate 
ligands. The azolyl groups include five-membered NHC rings 
with one to four nitrogen atoms and some of their benzazole 
counterparts that can form scorpionates. We first investigate the 
interactions between the boron center and the (benz)azolyl rings, 
with a focus on the sequential (step-wise) bond formation 
energy and geometry changes along with the increasing number 
of the rings and the natural bond orbital (NBO) charge on boron. 
Then, we construct a [M(L)n(CO)x] model to evaluate the ligand 
tunability in terms of metal ions (M = Cu(I), Mo(0)), number of 
(benz)azolyl rings (n = 2 to 4), and the corresponding 
complexed number of CO moieties (for Cu, x = 1, 2; for Mo, x 
= 3, 4). We select Cu(I), one of the most often encountered 
metal species in biological processes, and Mo(0), the only 
second row transition metal essential to life, as the 
representative metal ions.24 By calculating the vibration 
frequency of the attached CO (νCO), we map out the range of 
the ligand tunability. Finally, we correlate νCO with the NBO 
charge on the M(CO)x moiety, which is directly influenced by 
the borate ligands through their electronic and steric effects. 

Calculation methods 

All calculations were performed with the Gaussian 09 suite of 
programs.33 We followed the widely used DFT protocol (B3LYP/6-
31++G(p,d)) 34 35 for optimization and frequency calculations. For 
Cu and Mo, the SDD basis set were employed instead.36, 37 The zero 
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point energy corrected 0K energies were used for calculating the 
sequential bond formation energies between the boron center and the 
azolyl group, which is defined according to the following simple 
hypothetical reaction (see details in B subsection, Results): 

BH(4-n)(azolyl)n + azole  →  BH(4-(n+1))(azolyl)(n+1)  + H2 (1). 

Eb = E[BH(4-(n+1))(azolyl)(n+1)] + E(H2) - 

  E[BH(4-n)(azolyl)n] - E[azole] (2).  

Eb is the bond formation energy indicating the B-N bond strength. 
Other E's are the 0 K energy of the corresponding species. NBO 
charges were calculated using the NBO 3 program implemented in 
the Gaussian 09 suite. 38 
 

Results and discussion 

A. Homoleptic poly(azolyl)borate ligands 
      

    Thanks to the long term efforts of synthetic chemists, the 
homoleptic poly(azolyl)borate ligand family consisting of five-
membered NHC rings and their benzene annelated derivatives 
can now be sketched out in nearly completion (Figure 1). In 
each row, the number of azolyl rings increases from one to 
four. Descending the rows, the number of N atoms in a ring 
increases from one to four, exhausting all possible 
configurations. For benzazoles, only indazole and benzotriazole 
are selected, as their borates can multidentately coordinate to 
the same metal ion as pincer ligands. Multiple positions of N 
connecting to the boron atom are possible for triazolyl and 
tetrazolyl rings and the interconversion of the regioisomers is 
possible.20, 39 By selecting metal ions, these ligands can form 
either coordination polymers or homoleptic complexes. For the 
sake of conciseness, only the configurations of homoleptic 
complexes linking at N1 are considered here. 

  The missing ones (in red) are either due to difficulty in 
synthesis of installing more azolyl rings to the boron center or 
due to their little interests as useful pincer ligands bearing only 
a single azolyl ring. Though most of the mono(azolyl)borate 
ligands are not even explicitly reported in experiment, their 
azolyl-boron bond formation energies will make the analysis of 
the sequential binding trend complete. For the 
bis(azolyl)borates, their coordination with metal ions are 
different than the tris and tetrakis ones and will be discussed 
separately. Tris(azolyl)borates are always the focus of the 
scorpionate ligand family and their syntheses have been 
completed by the final addition of tris(1,2,3-triazolyl) borates in 
the last year.20 Tris- and tetrakis(azolyl)borate ligands are 
expected to present similar tunability, as the fourth azolyl group 
is pretty much only a spectator in the face capping κ3-ligand-
metal complex.  

 

B.  Sequentially changing properties   

 

    Using DFT, we obtain the structural information of the 
ligands shown in Figure 1. We focus on the sequential changes 
in geometry and the B-N and B-H bond strengths as a function 
of the increasing number of azolyl rings (Table 1). We notice 
that for all types of azolyl rings regardless of the N content, the 
NBO charge on the boron atom changes from -0.7 e when no 
ring installed (BH4

-) to +1.0 e when four rings attached with a 
rate of ~ 0.4 e charge transfer away from the boron center per 

additional ring. Moreover, the sequential bond formation 
energy rises quickly (less exothermic) along with the increasing 
number of azolyl rings. In general, the fourth B-N bond 
strength reduces by half compared with that of the first. The 
synthesis of borates with higher number of azolyl substitutions 
must become harder. 

 

 

Figure 1. Homoleptic poly(azolyl)borate ligands studied in this 
work. Five-membered NHC azolyl groups and some benzazolyl 
groups are included. The first synthesis date of each ligand is 
labelled below the corresponding structure. The red structures 
have not been reported yet. 

Page 2 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

Table 1. Calculated sequentially changing properties of 
poly(azolyl)borate ligands.1  

ligand dB-N
2 dB-H

3 e(B)4 Eb
5 

[BH4]
- -- 1.240 -0.686 -- 

[BH3(pyrr[6])]- 1.582 1.229 -0.165 -96.9 
[BH2(pyrr)2]

- 1.568 1.216 0.267 -89.9 
[BH(pyrr)3]

- 1.558 1.212 0.676 -75.9 
[B(pyrr)4]

- 1.559 -- 1.123 -54.0 
[BH3(pyra)]- 1.582 1.225 -0.162 -105.7 
[BH2(pyra)2]

- 1.567 1.209 0.251 -98.6 
[BH(pyra)3]

- 1.561 1.196 0.660 -74.9 

[B(pyra)4]
- 

1.540-
1.570 

-- 1.091 -50.9 

[BH3(imi)]- 1.584  1.226  -0.169 -125.9  
[BH2(imi)2]

- 1.568  1.213  0.251 -108.9  
[BH(imi)3]

- 1.557  1.208  0.657 -88.0  

[B(imi)4]
- 

1.554-
1.556  

-- 1.094 -63.4  

[BH3(inda)]- 1.583 1.227 -0.177 -123.6 
[BH2(inda)2]

- 1.562 1.213 0.244 -101.4 
[BH(inda)3]

- 1.549 1.212 0.640 -78.3 

[B(inda)4]
- 

1.554-
1.568 

-- 1.092 -41.5 

[BH3(tria124)]- 1.583 1.224 -0.167 -139.2 
[BH2(tria124)2]

- 1.564 1.208 0.241 -121.4 
[BH(tria124)3]

- 1.552 1.119 0.637 -92.7 
[B(tria124)4]

- 1.548 -- 1.057 -75.0 
[BH3(tria123)]- 1.588 1.223 -0.170 -142.1 
[BH2(tria123)2]

- 1.571 1.205 0.232 -124.6 
[BH(tria123)3]

- 1.556 1.194 0.628 -93.3 
[B(tria123)4]

- 1.551 -- 1.060 -71.8 
[BH3(bentria)]- 1.585 1.224 -0.189 -152.7 
[BH2(bentria)2]

- 1.573 1.211 0.231 -114.7 
[BH(bentria)3]

- 1.548 1.21 0.625 -82.6 

[B(bentria)4]
- 

1.549-
1.566 

-- 1.063 -53.2 

[BH3(tetr)]- 1.589 1.222 -0.175 -181.6 
[BH2(tetr)2]

- 1.568 1.204 0.223 -147.7 
[BH(tetr)3]

- 1.552 1.194 0.616 -106.7 
[B(tetr)4]

- 1.546 -- 1.032 -81.2 
Notes: [1]The sequentially changing properties include the key 
geometric parameters (B-H and B-N bond lengths), the NBO 
charges on boron, and the B-N bond formation energies after 
each installation of azolyl groups to the boron center. [2]The 
bond (Å) between the linking N atom of the azolyl group and 
the boron atom. In bis-, tris-, and some tetrakis(azolyl)borates, 
only one B-N bond length is reported, as the B-N bonds are 
identical. In other tetradentate ligands, four B-N bonds are 
different, and the shortest and the longest bonds are reported. 
[3] The bond (Å) between the boron atom and the H atoms. 
Only one B-H bond length is reported, as the B-H bonds are 
identical. [4] NBO charge on the boron atom. [5] Sequential 
bond formation energy (Eb, kJ/mol) is defined in eq (1) and (2). 
[6] Abbreviations used: pyrr = pyrrolyl; pyra = pyrazolyl; imi = 
imidazolyl; inda =  indazolyl; tria124 = 1,2,4-triazolyl; tria123 
= 1,2,3-triazolyl; bentria = benzotriazolyl; tetr = tetrazolyl. 
 
        Furthermore, the sequential B-N bond formation energy 
linearly correlates with the corresponding NBO boron charge 
(Figure 2), which reflects the fact that the similar amount of 
charge transfer from the boron to the rings accompanying the 
increasing number of rings becomes less effective in stabilizing 

the structure. The reason is that the rings compete for the same 
resource (electron, space, etc.) and effectively repel each other, 
analogous to the commonly known "coverage effects" in 
heterogeneous catalysis.40, 41 The tetrazolyl-boron bond is 
always the strongest among all the B-N bonds throughout one 
to four ring installations, as the four more electronegative N 
atoms in the ring can better accommodate the negative charge 
transferred from the boron center to the ring(s). 

    Notably, when the number of rings increases from one to 
three, both the B-N and B-H bonds become shorter, also 
suggesting the azolyl rings can hold the negative charge better 
than the tetrahedral boron. The poly(azolyl)borate ligands serve 
as an additional case of the breakdown of generally believed 
"bond length-bond strength correlation".42-45 As the negative 
charge transfers away from the boron to more electronegative 
groups, the boron's effective size shrinks, which leads to a 
larger disparity in its s and p orbitals, eventually causing the so-
called "hybridization defects"46 and consequently the less 
efficient covalent bonding between B and N or H. The 
shrinkage of the boron size dominates the change, thus shorter 
but weaker B-N and B-H bonds are formed.42 

   From tris to tetrakis substitutions, the B-N bond length 
change is complicated by the ensuing lower degree of ligand 
symmetry: some of the bonds further shorten while the others 
slightly stretch. For single ring substitution of BH4

-, the five-
membered azolyl rings feature weaker binding compared to 
their benzene annelated derivatives. As more substitutions take 
place, the trends of the bond strength overlap and no clear 
pattern is observed. 

 
Figure 2. The sequential bond formation energy of 

poly(azolyl)borate ligands versus the NBO charge on boron. 

For the full names of the azolyl groups, see Table 1. 

     

C.  Model to evaluate the ligand tunability   

 

    We employ a model of [M(L)n(CO)x] (M = Cu(I), Mo(0); L = 
the number of azolyl groups of the borate ligand; n = 2 to 4; x 
depends on M and n) to evaluate the ligand tunability in terms 
of the attached CO vibration frequency shift. Cu(I) and Mo(0) 
respectively represent the first and the second row transition 
metals and both of which are of special importance in 
bioinorganic chemical processes.29, 32 Furthermore, choosing 
both charged and neutral metal centres, the dependency of 
ligand tunability on charge can be obtained. In the complexes, 
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Cu(I) is tetrahedral and Mo(0) is octahedral. For 
bis(azolyl)borates, there are two and four carbonyl groups 
bound to the Cu(I) and Mo(0) centers, respectively. For tris- 
and tetrakis(azolyl)borates, there are one and three carbonyl 
groups coordinated to the Cu(I) and Mo(0) center, 
correspondingly.    

    The model is illustrated in Figure 3 using the 
poly(pyrazolyl)borate ligands as an example. For the two 

groups of [M(L)n(CO)x] complexes, the neutral Cu-complexes 
have  shorter N-metal and C-O bonds compared with that of 
anionic Mo-complexes.  For either group of metal complexes, 
with the fourth pyrazolyl group being the spectator, the tris- and 
tetrakis(pyrazolyl) borates exhibit very similar geometry in the 
complexes. While for the bis(pyrazolyl)borates, they only 
bidentately bind to the metal.  

  
Figure 3. The [M(L)n(CO)x] model exemplified by pyrazolyl substitutions. (a) The neutral Cu(I)-complexes. Top and bottom rows 
are molecular and optimized structures, respectively. The lengths of the metal-N bond, B-N bond, and C-O bond are labelled in the 
optimized structures. Bonds with identical lengths are labelled once when space is limited. (b) The anionic Mo(0)-complexes. 
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D.  Ligand tunability     

 

Table 2. Calculated geometric parameters, NBO charges, and νCO of  
[Cu(I) (L)n(CO)x].

1  

ligand dCu-N
2 dC-O

2 e(B)3 e(Cu(CO)x)
 3 νCO 

[BH2(pyra)2]
- 2.049 1.131 0.232 0.814 2183.3 

[BH(pyra)3]
- 2.098 1.137 0.620 0.799 2145.1 

[B(pyra)4]
- 2.085 1.137 1.082 0.801 2146.1 

[BH2(inda)2]
- 2.053 1.130 0.227 0.825 2186.2 

[BH(inda)3]
- 2.093 1.137 0.610 0.806 2148.5 

[B(inda)4]
- 2.087 1.137 1.101 0.807 --4 

[BH2(tria124)2]
- 2.057 1.129 0.222 0.829 2193.2 

[BH(tria124)3]
- 2.107 1.135 0.602 0.812 2162.8 

[B(tria124)4]
- 2.096 1.135 1.055 0.819 2165.2 

[BH2(tria123)2]
- 2.059 1.128 0.222 0.835 2197.8 

[BH(tria123)3]
- 2.115 1.133 0.608 0.817 2173.6 

[B(tria123)4]
- 2.104 1.133 1.061 0.824 2177.3 

[BH2(bentria)2]
- 2.062 1.129 0.216 0.844 2200.6 

[BH(bentria)3]
- 2.111 1.133 0.601 0.824 2175.2 

[B(bentria)4]
- 2.098 1.133 1.078 0.832 --4 

[BH2(tetr)2]
- 2.071 1.128 0.215 0.850 2210.5 

[BH(tetr)3]
- 2.130 1.131 0.593 0.834 2194.9 

[B(tetr)4]
- 2.123 1.130 1.036 0.840 2200.2 

 Notes: [1] νCO (cm-1) is the averaged vibration frequencies of all CO 
related modes in a complex. n = 2, x = 2; n = 3 or 4, x = 1. [2] For 
bonds of the same kind, the average length (Å) is given here, e.g. for 
[CuB(pyra)4CO], dCu-N is the average of the three Cu-N bonds. [3] 
NBO charge. [4] The calculation was not complete due to the limited 
computational resources. For the full names of the azolyl groups, see 
Table 1. 

 
    As we have seen in the above example, the analysis of the 
geometry is not sufficient for illustrating the tunability of the 
borate ligands. We now take a look at the charges on the B and 
M(CO)x parts, which may provide more information on the 
ligand-metal interactions (Table 2 and 3). As the ring 
substitution increases from two to four, the boron continues to 
lose electron density, following a quantitatively similar pace as 
the metal-free borate ligands (Table 1), indicating that the 
charge mainly transfers to the newly installed azolyl ring and 
the transfer is affected little by the complexed metal. 
Meanwhile, the charge on the M(CO)x moiety is more or less 
stable: positive on Cu(I)(CO)x and negative on Mo(0)(CO)x, 
with a variation less than 0.25 e, implying the CO vibration 
frequency change should also be small to moderate in response 
to different azolyl substitutions.  

    For the two groups of metal complexes, distinctive 
differences in all aspects (geometry, charge, CO vibration 
frequency) must be caused both by the way of metal's 
coordination and the original charge on the metal. For instance, 
the longer C-O and metal-N bonds in Mo-complexes compared 
to that in their Cu counterparts may suggest a different ligand 
tunability in terms of νCO in the Cu complexes.    

    However, essentially, the same range of the νCO shifts is 
observed for both groups. For the Cu- and Mo-complexes, the 
tunability ranges of bis(azolyl)borate ligands are 
correspondingly ~ 27 and ~ 24 cm-1, the narrowest of all 
denticity. The tunability of tris(azolyl)borate ligands are higher 
(~ 50 cm-1 for the Cu-complexes and ~ 53 cm-1 for the Mo-

complexes), which are also considerably higher than the shift of 
the symmetric νCO shift of tris(1,2,4-triazolyl)borate family 
substituted with one to three imidazol-2-ylidene carbenes.32 
Though the νCO data for the tetrakis(azolyl)borate ligands are 
not complete (due to the high computational costs), the 
tunability of the two complex groups are the highest of ~ 54 
and ~ 62 cm-1, respectively. For borate ligands with the same 
number of azolyl substitutions, the pyrazolyl borates exhibit the 
smallest νCO and the tetrazolyl borates exhibit the largest, which 
implies that the metal to ligand back (M->CO) π-donation is the 
strongest in the pyrazolyl borate complexes and the weakest in 
the tetrazolyl borate complexes, in line with the trend of the 
higher N content in the ring corresponding to its weaker 
electron donating capability.   

Table 3. Calculated geometric parameters, NBO charges, and νCO of 
[Mo(0) (L)n(CO)x]

-. 1  

ligand dMo-N
2 dC-O

2 e(B)3 
e(Mo(C

O)x)
3 

νCO 

[BH2(pyra)2]
- 2.319  1.159  0.239 -0.414 1958.5  

[BH(pyra)3]
- 2.325  1.173  0.625 -0.500 1887.3  

[B(pyra)4]
- 2.311  1.173  1.082 -0.502 1888.9  

[BH2(inda)2]
- 2.316  1.157  0.232 -0.381 1966.1  

[BH(inda)3]
- 2.304  1.171  0.617 -0.456 1900.3  

[B(inda)4]
- 2.296  1.171  1.104 -0.463 --4 

[BH2(tria124)2]
- 2.320  1.157  0.228 -0.396 1966.9  

[BH(tria124)3]
- 2.330  1.170  0.607 -0.472 1901.7  

[B(tria124)4]
- 2.313  1.170  1.055 -0.469 1906.0  

[BH2(tria123)2]
- 2.317  1.157  0.227 -0.366 1970.4  

[BH(tria123)3]
- 2.310  1.168  0.610 -0.383 1918.3  

[B(tria123)4]
- 2.298  1.167  1.059 -0.363 1924.1  

[BH2(bentria)2]
- 2.300  1.157  0.220 -0.322 1979.0  

[BH(bentria)3]
- 2.271  1.163  0.601 -0.282 1939.3 

[B(bentria)4]
- 2.257  1.163  1.074 -0.270 --4 

[BH2(tetr)2]
- 2.317  1.155  0.218 -0.343 1982.1  

[BH(tetr)3]
- 2.305  1.164  0.594 -0.335 1940.0  

[B(tetr)4]
- 2.283  1.162  1.032 -0.302 1950.6  

Notes: [1] νCO (cm-1) is the averaged vibration frequencies of all CO 
related modes in a complex. n = 2, x = 4; n = 3 or 4, x = 3. [2] For 
bonds of the same kind, the average length (Å) is given here, e.g. for 
[MoBH2(pyra)2(CO)4]

-, dC-O is the average of the four C-O bonds. [3] 
NBO charge. [4] The calculation was not complete due to the limited 
computational resources. For the full names of the azolyl groups, see 
Table 1. 
 
      As the coordination on boron changes, the charge on the 
M(CO)x segment also varies. The Mo-complexes have a much 
bigger segment charge variation (~ 0.25 e) compared with that 
of the Cu-complexes (~ 0.05 e). As the charge on the M(CO)x 
moiety and νCO are both determined by the borate ligand 
electron donating capability, we plot the M(CO)x charge versus 
νCO for both groups of metal complexes (Figure 4). Clearly, a 
good linear relationship between the charge and νCO exists for 
the borate ligands of the same number of azolyl substitutions 
with each complexed metal, whereas the νCO shift is more 
sensitive to the segment charge change in the Cu-complexes. 
Bidentate borate ligands show both narrower range of the νCO 
shift and smaller segment charge variation, while tetrakis ones 
present the widest tunability in terms of both ligand tunability 
descriptors, which is broadened by the additive effect from all 
the azolyl groups.  
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Figure 4. νCO versus the NBO charge on M(CO)x. (a) The 
neutral Cu(I)-complexes with bis- (left), tris- (middle), and 
tetrakis(azolyl) (right) borate ligands. (b) The anionic Mo(0)-
complexes. 

     

Conclusions 

    We have systematically studied a series of the 
poly(azolyl)borate ligands using DFT calculations. The key 
discoveries are summarized below.  

    (1) The standalone borate ligands are found to be an 
important and complementary case violating the "bond strength 
and bond length correlation", i.e., with the installation of more 
azolyl groups on the boron center, the B-N (and B-H) bonds 
shrink and simultaneously become weaker, manifested in the 
increasingly less exothermic sequential (step-wise) bond 
formation energy between the azolyl group and the boron.   

    (2) The ligand tunability has been mapped out for the 
poly(azolyl)borates using the [M(L)n(CO)x] model (M = Cu(I), 
Mo(0); L = the number of azolyl groups of the borate ligand; n 
= 2 to 4; x depends on M and n).    Both the variation of the 
charge on the M(CO)x moiety and the νCO shift represent the 
tunability of the borate ligand electron donating capability. The 
two descriptors (the charge e(M(CO)x) and νCO) can be linearly 
well correlated (Figure 4). With the increase of azolyl 
substitution number in the borate ligands, the νCO range 
expands, indicating a higher tunability of the borate ligands. 
For the same number of azolyl substitutions, the electron 
donating capability of the borate ligands is inversely 
proportional to the N content in the azolyl ring. 

    (3) The ligand tunability is little influenced by metal ions and 
their charges. 

    We believe this survey on the homoleptic poly(azolyl)borate 
ligand family is a timely response to the recent advances in the 
synthetic chemistry and should be useful for the application of 

the borate ligands in fine tuning the metal's electronic 
structures. 
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