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I Introduction 

Despite the multitude of well characterized boron compounds, the knowledge of 
azole derivatives of boron is still rather limited. For example, only three C-borylated 
pyrazoles are known. Although N-borylated pyrazole derivatives are considerably 
more abundant, until most recently these were restricted to compounds containing 
only four-coordinate boron. Of these, the poly(1-pyrazolyl)borate anions have been 
a bonanza for the coordination chemist, since the steric and electronic features of 
these ions render them as extremely useful (polydentate and chelating) ligands. How- 
ever, recent studies of the chemistry of boron derivatives of pyrazoles have provided 
for some noteworthy developments and a survey of such compounds and their chemis- 
try appears to be a timely subject. 

In the following, the known boron derivatives of pyrazoles are discussed but with- 
out consideration of the historical development. Specific properties are highlighted 
which illustrate not only the usefulness of many of these compounds but also their 
potential for studying fundamental aspects of contemporary chemistry. 

Historically, C-borylated pyrazotes were first described in 1962. A few years later, 
N-borylated species containing four-coordinate boron were prepared, i.e., the poly(1- 
pyrazolyl)borate anions and the (neutral) dimeric pyrazol-l-ylboranes = pyrazaboles. 
The first monomeric pyrazol-l-ylborane containing trigonal boron was reported in 
1980. In addition, several cationic species in which two or more boron atoms or a 
boron and a carbon atom are bridged by pyrazolyl groups are known, but their chemis- 
try has not yet been explored at all. 

lI C-Borylated Pyrazoles 

Pyrazole derivatives in which a boron is bonded directly to a pyrazole-carbon atom 
are exceedingly scarce. Only three such compounds have been described in the litera- 
ture ~), all of which were obtained by cycloaddition reactions. For example, 
(n-C~HgO)2BC-CH was found to react with ethyl diazoacetate to yield the ester 1 
as the initial product, but which was isolated as the corresponding dihydroxyborane. 
The latter has been hydrolyzed to yield the acid 2. 

C00C2H5 /COOH 

(n-C4HgOI2B~N~ (HO)2B~N/N H H 
1 2 

An analogous reaction of (n-C4H90)2BC --- CH with diphenyldiazomethane yielded, 
with rearrangement and after hydrolysis, the dihydroxyborane 3. C6~B(OH)2 

CsHs~',,.N/N H 
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No additional C-borylated pyrazoles have yet been described. As a matter of fact, 
the exact structure of the three cited species is still in doubt inasmuch as the location 
of the N-bonded proton has not yet been established. 

III Monomeric Pyrazol-l-ylboranes 

m.A Species Containing Trigonal Boron 

The first reported monomeric pyrazol-l-ylborane, i.e., a species not dimerized to 
a pyrazabole structure (see Sect. IV.), was 3,5-bis(trifluoromethyl)pyrazol-l-ylbor- 
ane 2). However, this compound is known only as its 1:1 molar adduct with tri- 
methylamine, i.e., it contains four-coordinate boron. The first monomeric pyrazol- 1- 
ylborane containing trigonal boron was reported in 1980 3): 1,3-dimethyl-2-(1- 
pyrazolyl)-l,3,2-diazaboracyclohexane, 4, was obtained on condensation of pyrazole 
with 1,3-dimethyl- 1,3,2-diazaboracyclohexane: 

CH3 CH: n 

H + H ~ 

CH~ CH 3 

Subsequently, several additional monomeric pyrazol-l-ylboranes containing trig- 
onal boron have been described. They are, however, all species in which the boron is 
incorporated into a 1,3,2-diazaboracycloalkane ring as shown in 5. This feature is 
believed to provide for a sufficient electronic saturation of the boron by annular 
n-backbonding from the two adjacent nitrogen atoms to reduce the Lewis acidity of 
the boron and thus prevent dimerization to a pyrazabole. The known species of type 5 
are surveyed in Table 1. 

(CH 2) ~B--N ~"l 

CHB / Y 
X 

5 

Table 1. Monomeric Pyrazol-l-ylboranes of Type 5 

Nr. n X Y Z Ref. 

1 2 H H H *.s) 
2 2 H H CH 3 6 
3 2 CH s H CH~ 6~ 
4 3 H H H 3,*,s) 
5 3 H CI H 7~ 
6 3 Br Br Br 7) 
7 3 H H CH 3 ~) 
8 3 CH 3 H C H  3 s) 
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Two principal syntheses of monomeric pyrazol-l-ylboranes containing trigonal 
boron have been developed. One is the condensation reaction as described above in 
Eq. (1) (method A). The other process involves the symmetrical cleavage of a pyra- 
zabole skeleton upon reaction with the appropriate aliphatic ~,0~-diamine (Eq. (2); 
method B). 

N--N 
. , (  '.B., 

R 
N N t NHR -2H2  1--'----- x. / 

2 (CHz) n .B~N.  / + 2 (~:H2) n (2) 
NHR [ N / 

R 

Although the known monomeric pyrazol-l-ylboranes of type 5 do not dimerize 
with the formation of pyrazaboles, their boron atom has residual Lewis acidity. 
Hence, they have been found to form 1 : 1 molar complexes with various nitrogen 
bases (see Sect. III.B). In addition, an unusual dimerization has been observed for 
1,3-dimethyl-2-(1-pyrazolyl)-l,3,2-diazaboracyclopentane (compound Nr. 1 in 
Table 1) at low temperatures: On the basis of NMR data, structure 6 was assigned to 
this dimer 4). 

r ~ \ ./N-.,,_./NCHa 
! B B ~ .  
L...N/\ / N--N  

Indeed, recent CNDO calculations have shown that dimerization of species of type 5 
to yield pyrazabole structures is energetically not favored 203). In addition, a sterie 
effect of the N-methyl groups could be demonstrated. 

Most of the known monomeric pyrazol-l-ylboranes containing trigonal boron are 
stereochemicaUy non-rigid: A sigmatropic boryl group migration from one pyrazole- 
nitrogen site to the other can readily be observed by NMR spectroscopy 4-6~. Such 
dynamic behavior has also been observed for N-bonded silicon a, 9) and germanium 9) 
derivatives of pyrazoles and was discussed in terms of an intramolecular 1,2-shift 
of the N-substituents. In contrast, the boryl group migration of pyrazol- 1-ylboranes 
involves in intermolecular process which is second order and may well proceed via 
an intermediate such as 61°). 

All monomeric pyrazol-l-ylboranes containing trigonal boron are extremely 
sensitive to moisture. In addition, 5 with n -- 2 and X = Y = Z = H  was found to 
undergo a reversible (by simple redistillation) rearrangement on standing at room 
temperature 4). The rearranged material has not yet been studied but there is evidence 
for it to contain the species 7 6). 

4 
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R = CH 3 

The interaction of species of type 5 with various nitrogen bases including pyrazoles 
is described in Section III.B (below). On interaction with (dimethylamino)dialkyl- 
boranes, a simple ligand exchange was observed leading to the formation of 2-di- 
methylamino-l,3,2-diazaboracycloalkanes and 4,4,8,8-tetraalkylpyrazaboles (see 
Sect. IV). 

IILB Species Containing Four-Coordinate Boron 

As noted above, the first monomeric pyrazol-1-ylborane was isolated as its trimethyl- 
amine adduct: The compound (CHa)3N--BHz[pZ-3,5-(CF3)2] (Hpz = pyrazole) 
was obtained as a distillable material on reaction of (CH3)3N--BH 3 with 3,5-bis(tri- 
fluoromethyl)pyrazole = H[pz-3,5-(CFa)z] = Hpz*. Surprisingly, when THF--BH 3 
(THF = tetrahydrofuran) was employed as reagent, the dimeric species H2B(~t- 
pz*)2BH 2, a pyrazabole (see Sect. IV.), was obtained without difficulty z). Apparently, 
the two-coordinate nitrogen of the pyrazolyl group in THF--BH2[PZ-3,5-(CF3)2] is 
sufficiently basic to displace THF but this base displacement cannot occur in the 
corresponding (CHa)3N-- BH2[PZ-3,5-(CF3)2]. 

Subsequently, several Lewis base adduct of monomeric pyrazol-l-ylboranes have 
been described. For example, the species (CHa)2HN--B(pz)3 is a major product of the 
interaction of tris(dimethylamino)borane, B[N(CH3)2]3, with pyrazole; and 
(CHa)2HN--BC6Hs(PZ)2 has been obtained from C6HsB[N(CH3)2]2 in an analogous 
reaction m. However, the nature of these two species has not yet been explored. At 
ambient temperature, the N-bonded proton seems to be labile and not localized; 
only at low temperatures it appears to be bound to the nitrogen of the dimethylamine 
group. This observation suggests a relationship to poly(1-pyrazolyl)borate anions or 
the corresponding acids, respectively (see Sect. VI.). Indeed, it is possible to synthesize 
metal derivatives of the ion [(CHa)2NB(pz)3)] 184) and the species [(CH3)ENBC6H 5- 
(pz)2]- may undergo analogous reactions. 

In this context it is of interest to note that the mass spectral fragmentation data on 
(CH3)2HN--B(Pz)3 suggest its fragmentation to Hpz and (CHa)2NB(Pz)2 , which 
seems to contradict the low-temperature NMR data; on the other hand, this observa- 
tion is quite in consonance with a delocalized proton at higher tetnperatures. 

In an unusual reaction, the 3,5-dimethylpyrazole (=  Hpz*) adduct of tris(3,5-di- 
methylpyrazol-l-yl)borane was obtained in 20~o yield when (CsHs)2TiC12 was reacted 
with K[HB(pz*)3 ]. The room temperature spectrum of the compound, Hpz* --B(pz*)3 , 
showed scrambling of the NH proton; however, the latter is localized at- -53 °C and 
also in the solid state as shown by an X-ray diffraction study 30). 

Originating from isolated monomeric pyrazol-l-ylboranes containing trigonal 
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boron (see Sect. III.A), a number of 1 : 1 molar adducts with nitrogen donor molecules 
have been identified. Since all of the former are derivatives of a 1,3,2-diazaboracyclo- 
alkane, most such studies were performed with species of  the type 5 with n = 2: 
In these compounds the N - - B - - N  bond angle of the diazaboracycloalkane ring is 
presumably closer to that of tetrahedral boron (as compared to derivatives with 
n = 3) and, hence, they appear to be the better coordinating agents. 

The formation of such adducts seems to be a function of the basicity of the donor 
molecule: Neither triethylamine nor pyridine formed an adduct with compound I 
(Table I), whereas pyrrole or 2,6-dimethylpyridine yielded adducts in equilibrium 
with the individual components. With diethylamine, a chemical transformation 
occurred; but with pyrazoles, imidazole or 1,2,4-triazole, adduct formation with 
compound 1 (Table 1) is clearly the favored product 5). Several other such 1 : 1 molar 
adducts have been identified and are surveyed in Table 2. However, it should be noted 
that, based on NMR data, several of these adducts in solution are in equilibrium with 
the individual components, probably due to steric effects. 

Table 2. 1 : 1 Molar Adducts of  Pyrazol-l-ylboranes with Nitrogen Donor Molecules (compounds 
with an asterisk exist in solution in equilibrium with the individual components;  compounds 6 and 12 
are identical; compound 11 is stable only at low temperatures) 

Nr. Pyrazol-l-ylborane Donor  Molecule Ref. 

1 B(pz) 3 dimethylamine u) 
2 B[pz-3,5-(CH3)2] 3 3,5-dimethylpyrazole 301 
3 C 6 H 5 B(pz)2 dimethylamine 11 } 
4 H2B[pz-3,5"(CF3) 2] trimethylamine 2~ 
5 Nr. 1, Table I pyrazole 4) 
6 Nr, 1, Table 1 3-methylpyrazole 6~ 
7* Nr. I. Table 1~ 3.5-dimethylpyrazole 67 
8 Nr. 1, Table 1 1,2,4-triazole 5~ 
9* Nr. 1, Table 1 2.6-dimethylpyridine 5) 

10" Nr. 1, Table 1 pyrrole 5~ 
11 Nr. 1, Table 1 (dimethylamino)diethylborane 6} 
1 2 Nr. 2, Table 1 pyrazole 6~ 
13" Nr, 2, Table 1 3-methylpyrazole 6~ 
14" Nr. 2, Table 1 3,5-dimethylpyrazole 6~ 
15* Nr. 3, Table 1 3-methylpyrazole 6) 
16" Nr. 3, Table 1 3,5-dimethylpyrazole 6) 
17" Nr. 4, Table 1 pyrazole 5) 

As has been mentioned above, the nature of these adducts involving a secondary 
amine has not yet been clearly established. One may view these also as acids of  type 8. 

i e  
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This latter formulation may give access to metal derivatives in which such a 
di(1-pyrazolyl)borate unit serves as a chiral ligand, i.e., by employing a C-substituted 
pyrazole as donor molecule. There exists only one report in the literature on forming 
poly(1-pyrazolyl)borate ions containing two different pyrazole groups, which were 
obtained in quite laborious manner 12) 

The lability of the proton is clearly demonstrated by the fact that, for example, 
compound 6 (Table 2) can be prepared by either reaction of 1,3-dimethyl-2-(1-pyrazol- 
yl)-l,3,2-diazaboracyclopentane with 3-methylpyrazole or by reaction of 1,3-di- 
methyl-2-(methylpyrazol-l-yl)-l,3,2-diazaboracyclopentane with pyrazole 6); see also 
Section VI.6. 

IV Pyrazaboles 

IV.A General Remarks 

The condensation of pyrazole (--Hpz) or C-substituted derivatives thereof with 
a trigonal borane (which may be employed as its adduct with a Lewis base) proceeds 
readily to yield N-borylated pyrazoles. However, the resultant species generally 
exist in the dimeric "pyrazabole" structure, i.e., R2B(p-pz)2BR 2 = 9 2.13). 

Note: Henceforth, when written between B and B or between B and M (= metal), 
the group (pz) is meant to be bridging, e.g., B(Pz)2B = B(la-Pz)2B. 

2 

N/NN ~ -2 RH N--N 

2 BR~, + 2 H ~ ~N__.N / (2) 

6 

9 

The existence of boron in four-coordinate environment and the presence of the ~ 
heteroaromatic system both appear to contribute to the extreme chemical stability 
of the pyrazaboles. This latter feature is documented by the fact that organic substitu- 
tions at the pyrazole-carbon sites are readily effected without destruction of the central 
B2N 4 skeleton 14). Also, electrophilic displacement of boron-bonded hydrogen of 
pyrazaboles proceeds smoothly without apparent attack of the B2N 4 ring 15). Most 
pyrazaboles are unaffected by air or water; they are stable toward aqueous alkali 
but slowly decompose in boiling hydrochloric acid. These chemical characteristics as 
well as their physical properties differentiate the pyrazaboles from the structurally 
related hydrazinoboranes, which also contain the B - - N - - N  arrangement. 

The pyrazaboles constitute the bulk of the presently known neutral boron deriva- 
tives of pyrazoles; more than 70 different species have been described. 
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IV.B Preparative Aspects 

The preparation of the symmetrical pyrazaboles of the type R2B(pz*)2BR 2 is normally 
based on the thermal condensation of pyrazole or one of its C-substituted derivatives 
(=  Hpz*) with trimethylamine-borane 2), triorganylborane 2), (dialkylamino)diorgan- 
ylborane 5, 6) or tris(organylthio)borane 7) (method A). Alternatively, boron-bonded 
hydrogen of a preformed B-hydropyrazabole, H2B(Pz*)2B.H 2, can be replaced by 
reaction with elemental halogen 14) or boron trihalides 15,16) at low temperatures 
(method B). However, this electrophilic-induced substitution proceeds stepwise and 
unsymmetrically boron-substituted pyrazaboles have been obtained from this latter 
reaction by careful adjustment of the stoichiometry of the reactants 16) (method C). 

It is noteworthy that in this latter reaction no exchange of boron atoms between 
H2B(Pz)2BH 2 and the BX 3 occurs, as was demonstrated by employing boron-10 
labelled boron tribromide 15). Hence, the central B2N 4 ring of the pyrazabole appar- 
ently is not opened during the course of this low-temperature substitution process. 

Similar reactions of B-hydropyrazabotes with active hydrogen compounds such as 
pyrocatechol 14), phenol 14), thiols 7) or additional pyrazole 14.32) are equally facile but 
require high temperatures (method D). Therefore, the reaction of pyrazabole with 
o-phenylenediamine may proceed via the expected substituted pyrazabole as an in- 
termediate. However, the latter is unstable under the reaction conditions and condenses 
further to yield the borazine derivative 10 with the elimination of pyrazole 14) 

~H-'~'B",,. N/BXN H 

10 

Similarly, the reaction of pyrazaboles with a, co-diaminoalkanes proceeds with 
symmetrical cleavage of the pyrazabote skeleton. This latter process was used for the 
synthesis of monomeric pyrazol- 1-ylboranes 7) (see Sect. III.A). 

The reaction of H2B(Pz)2BH 2 with pyrazole has been stopped at the intermediates 
H(pz)B(pz)zBH2 ls~ and H(pz)B(pz)2BH(pz) 14), respectively, by appropriate adjust- 
ment of the stoichiometry of the reactants (method E). 

It is noteworthy that when H 2 B(Pz)2BH 2 was reacted with a C-substituted pyrazole, 
Hpz*, a mixture of products was obtained containing all possible products of the 
composition B2(PZ*) 6_.(pz). rather than the expected (pz*)2B(Pz)2B(Pz*)2 17). This 
observation clearly suggests that the high-temperature condensation proceeds via 
intermediate opening of the central B2N 4 ring or, perhaps, even by complete dissocia- 
tion into monomeric species, i.e., pyrazol-l-ylboranes containing trigonal boron 
(see Sect. ]II.A). 
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Another route which can be used for the preparation of unsymmetrically boron- 
substituted pyrazaboles of the type RR 1B(pz)zBR22 involves the interaction of poly(1- 
pyrazolyl)borate anions, [RR1B(pz)z] -,  with a borane containing a readily leaving 
group 17,18) (method F). Also, substitutions at the 2 and 6 carbon atoms ofa  pyrazabole 
skeleton (9) by typical organic reactions have been found possible 14~ (method G). 
Finally, reaction of a B-halogenated pyrazabole with potassium pyrazolate was 
found to yield the desired B-pyrazolylpyrazabole 3z) (method/4). 

The known pyrazaboles containing symmetrical bridging pyrazolyl groups are 
surveyed in Table 3. The knowledge on pyrazaboles of type 9 but where the 1,3,5,7- 
positions in the bridging pyrazolyl groups are not equivalent is extremely limited. 
Only a few such derivatives have been described: The structures of the species 11 
and 12, respectively, were elucidated by IH NMR studies. In addition, 4,4,8,8-tetra- 
bromo-, tetrahydro- and tetrakis(3-methylpyrazol-l-yl)-l,5(7)-dimethylpyrazabole 
have been described ls9) 

~CH3 ~CHs 
/ \ 

R~, R 2 R~,B ?R~ 
N~N 

l /  12 
R =  CH 331) R =  CH 331) 

R = C~H 5 5) 

IV.C Physical Data 

Most pyrazaboles are well crystallized solids, a notable exception being the liquid 
4,4,8,8-tetra(n-butyl)pyrazabole e) 

The first X-ray crystal and molecular structure study of a pyrazabole was reported 
for the species H(pz')B(pz')2BH(pz') (pz -- 3,5-dimethylpyrazolyl) 22). The compound 
was found to exist in chair conformation of the central B2N 4 ring with the two terminal 
pyrazolyt groups being in trans arrangement. This particular structure was thought 
to be a consequence of the bulkiness of the pyrazolyl groups, since the structurally 
related D2Ga(pz)zGaD 2 exists in the boat arrangement of the Ga2N 4 ring 23) This 
argument was supported by the finding that the BzN 4 ring of  (CzHs)zB(pz*)2B(C2Hs) 2 
(Hpz* -- 4-bromopyrazole) also has a boat conformation 24). It is, however, no 
longer acceptable since pyrazaboles were later 15~ found to exist in either boat, chair 
or planar conformation of the B2N 4 ring and no steric influence of the terminal sub- 
stituents could be confirmed. Rather, individual structures of pyrazaboles 
seem to result from crystal packing effects. Structures of pyrazaboles of the 
type RR'B(Pz)2BRR' are surveyed in Table 4. 

The structure of (pz)2B(Pz)2BH 2 has also been determined 2s~. As expected, the 
central B2N4 ring exists in boat conformation and the two fragments (pz)2B(la-PZ)2 
and (la-Pz)2BH2, respectively, are quite similar to those of the corresponding symmet- 

12 
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Table 4. X-Ray Diffraction Studies on Pyrazaboles of the Type RR'B(Pz)2BRR' 

R R' Bridging B2N 4 Ring Ref. 
pz Groups Conformation 

H H pz boat 16~ 
H H pz-3,5-(CHa) 2 boat 25) 
H Br pz-4-C1 boat 15} 
CI CI pz planar i5} 
Br Br pz planar 16} 

S(CH2)2S pz boat is} 
SCH a SCH a pz boat 15~ 
H pz-3,5-(CH3) 2 pz-3,5-(CH3) 2 chair 22) 
pz C6H 5 pz chair 15} 
pz pz pz boat 25) 
C2H 5 C2H s pz-4-Br boat 24~ 

rically substituted pyrazaboles. An important finding of  the X-ray diffraction studies 
is the fact that axial and equatorial B - - H  distances differ significantly, thus providing 
tor noticeable differences in chemical reactivity. 

Many N M R  spectral data on individual pyrazaboles have been reported. Most 
interesting appears to be an extensive study including 2 D - N M R  experiments that is 
primarily concerned with pyrazolylpyrazaboles 26). It was possible to~ss ign 6(1H) 
to specific 8(13C) signals and also to assign ~5(1H)/6(13C) pairs to individual pyrazole 
groups and locations. The HB N M R  signals o f  pyrazaboles were found to cover a 
range of  less than 20 ppm from approximately +8  to --9 ppm. 

The mass spectra of  B-hydropyrazaboles exhibit three major features 28). Symmet- 
rical cleavage of  the pyrazabole skeleton followed by further breakdown is common to 
all compounds. In addition, those pyrazaboles containing H or CH 3 at the C atoms 
of  the pyrazole rings undergo an electron impact-induced rearrangement which 
appears to result in the formation of  a species containing a B2N 3 ring as a structural 
entity; subsequent breakdown leads to a BzN 2 ring system. The mass spectra of  C- 
halogenated pyrazaboles and the corresponding pseudohalogen derivatives evidence 
the ready loss of  hydrogen halide as a predominant feature ; no rearrangement ions 
as cited above were observed 2a~. Boron-alkylated pyrazaboles feature the ready loss 
of  hydrocarbon moieties under electron impact z9). It appears that B-alkylation 
enhances the stability of  the BaN 4 pyrazabole ring toward electron impact. 

I V . D  C h e m i c a l  Behavior 

Most studies of  the chemical behavior of  pyrazaboles have been devoted to trans- 
formations leading to derivatives as discussed in Section IV.B. It seems apparent that 
low-temperature electrophilic induced substitutions at boron sites of  pyrazaboles 
occur without rupture of the central BEN 4 ring. This has been demonstrated by em- 
ploying I°BBr3 as brominating agent 15~. However, in other processes a cleavage of  
the B2N 4 ring does occur during the substitution process. This was observed for the 
condensation of  the parent pyrazabole with C-substituted pyrazoles 17) but also for 
the reaction of  4,4,8,8-tetrabromopyrazabole with potassium pyrazolide 32). The 
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limited available data on such processes suggest a symmetrical cleavage of the pyraza- 
bole skeleton to form a trigonal boron derivative which may undergo scrambling and 
subsequent dimerization. 

Studies other than preparative-type transformations have so far been limited to 
B-pyrazolylpyrazaboles. For example, the latter compounds have been found to 
react with R2BX (where X is a readily leaving group) to form polynuclear boron 
spiro-cations (see Sect. V.A). It has also been shown that the pyrazolylpyrazaboles 
offer themselves as a class of neutral bidentate chelating ligands 35). For example, 
the complexes H2B(pz)zB(pz)2ZnC12 and ClzZn(pz)2B(pz)zB(pz)2ZnCl z were readily 
accessible by combination of the two reactants in an appropriate solvent. Obviously, 
a more detailed study of this feature is mandated. 

IV.E  Po lymer ic  Pyrazabo les  

Three representatives of polymeric pyrazaboles have been described 36). The first 
two were obtained when 4,4'-methylenedipyrazole was reacted with triethylborane 
or trimethylamine-borane, respectively, to yield species of type 13. 

R,~ jR 

13 
R = H, C2H s 

Both polymers (of undetermined chain length) were found to be thermally stable. 
An analogous species, 14, was synthesized from 3,5,3',5'-tetramethyl-l,4-xylene-4,4'- 
dipyrazole. This polymer softens above 360 °C. 

R ~1 ~1 R \ r ~ ' ~ a J r x -  / 

k ~ /  - ",~s-.B.- - w (  

14 
R =  CH s , R ' =  C2H 5 
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V Pyrazolylboronium Cations 

V.A Polynuclear Boron Spiro-Cations 

There is but one brief report on the formation of boron spiro-cations in which three 
or more boron atoms are bridged by pyrazolyl groups. The first such species was 
obtained on interaction of the [B(pzh]-ion with two molar equivalents of diethylboryl 
tosylate, (C2Hs)2B(OS()2C6H4-4-CH3) 27): 

K[B(pz)4] + 2 (C2H5)2B(OSO2C6H,-4-CH3) ~ K(OSO2C6H4-4-CH3) 
+ [(C2Hs)2B(P-pz)2B(P-pz)2B(C2Hs)2] +(OSO2C6H4-4-CH3)- (4) 

Similarly, the pyrazabole (pz)2B(Pz)2B(Pz)2 was found to react with (C2H5) 2- 
B(OSO2C6H4-4-CH3) to yield the di-cation [(C2Hs)Ea(Pz)2a(Pz)2a(Pz)2a(c2ns)2] +2. 

The two chelating pyrazaboles were also found to react with rc-allylpalladium chlo- 
ride dimer to yield the species [(rla-CH2CRCH2)Pd(Pz)2B(pz)zPd(q3-CHECRCH2)2] + 
and [(rla-CH2CRCH2)Pd(Pz)2B(Pz)2B(Pz)2Pd(rla-CH2CRCH2] 2+, respectively. These 
cations were characterized by their 1H NMR spectra but no additional data are yet 
known 27) 

V.B Additional Boron Cations 

Closely related to the spiro-cations described above are a few examples of ions con- 
taining three bridging pyrazolyl groups between the same two boron atoms. Such 
specieswere first obtained on interaction ofpyrazolide anion with ethylboryl ditosylate, 
C2 H5 B(OSO2 C6 H4.4.CH3)2 33): 

3 Mpz + 2 C2HsB(OSO2C6H4-4-CH3)2 --+ 3 M(OSO2C6H4-4-CH3) 
[C2HsB(Pz)3BC2Hs] +(OSO2C6H4-4-CH3)- (5) 

The X-ray crystal and molecdtar structure of the salt [C2HsB(PZ)aBC2H5]PF 6 has 
been described 34). Also, the salts [HB(pz*)aBH]MC16 (Hpz* = 3,5-dimethylpyrazole; 
M = Nb, Ta) were obtained in an unusual process on interaction of K[HB(pz*)3 ] with 
MC15. Their structure was again confirmed by X-ray diffraction and also NMR data 30) 

Another series of interesting cyclic boron cations of type 15 has been reported 36)° 

+ 
R 2 R 2 

_~q ~(C2H5): 
"N--g 

R 2 0 " ~ R 2  

15 

These were obtained from the reaction of a geminal dipyrazolylalkane with a trigonal 
borane containing a ready leaving group, R2BX. However, little is known about 
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Table 5. Survey of Ions of Type 15 [36] 

R R ~ R z A n i o n  

H 
CH 3 
CH3 

CH 3 

pz 
pz 

(CH2~ 

H H PF~ or 1/2 Bt2H~f 
H H PF 6 
H CH 3 PF 6 
CH 3 H PF~ or 1/2 BI2H~- 

H PF6- 
H H PF~ 
pz H PF 6 

these species other than their 1H NMR spectra. The known compounds of type 15 

are listed in Table 5. 

Vl Poly(1-pyrazolyi)borates 

VI.A General Remarks 

The largest class of pyrazole derivatives of boron are the poly(1-pyrazolyl)borates. 
These are species of the general formula M[RnB(Pz*)4 _ n]m" where M is a cation of 
effective charge m (as it may also contain other ligands), R is a substituent other than 
pz* (usually H, alkyl or aryl), pz* is a 1-pyrazotyl moiety which may contain various 
substituents at the carbon sites, and n can be 0, 1 or 2. 

The importance of poly(1-pyrazolyl)borates resides in their electronic and steric 
features, which make the anion [R B(pz*)4_ hi- ideally suited for coordination to 
transition metals, thus establishing poly(1-pyrazolyl)borates as an important and 
versatile famdy of ligands. Coordination to metal ions occurs through the N2 atom 
of the pyrazole rings, and the uninegativity of the ion makes M[RnB(Pz*)4 _,]2 
derivatives of divalent transition metals uncharged and soluble in organic solvents. 
Despite their seemingly exotic nature and cumbersome nomenclature, poly(1- 
pyrazolyl)borates possess a number of very attractive features: 
1. Their alkali metal salts are relatively easy to prepare, and they are stable to storage. 
2. Their isolable free acids, obtained upon acidification of the anion, can be used to 

prepare salts with cations not obtainable by the direct route. 
3. The three hydrogens of the unsubstituted pyrazole ring provide a convenient NMR 

probe for molecular symmetry of complexes. 
4. Methods exist for placing up to ten substituents on the basic HB(pz)3 skeleton, 

altering in predetermined fashion the steric and electronic features of the ligand 
but retaining its original Ca,, symmetry. 

5. For each (R.B(pz*)4_ .]-  anion there esists an isosteric and isoelectronic, but 
neutral, R.C(pz*)4-n ligand, which produces identical complexes, except that 
they bear a higher charge (+  1 per ligand) than their boron analogs. This is a truly 
unique feature which permits the study, by analogy, of complexes which cannot 
be made in the poly(1-pyrazolyl)borate system. For example, many [H2B(pZ)E]- 
derivatives of Pd(II) or Au(I) decompose as they are formed by reduction to the 
metal; their H2C(pz) 2 derivatives, however, are chemically stable. 
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It is understandable, therefore, that. since its introduction in 1966 this ligand system 
has been explored to a considerable extent, and by 1984 poly(1-pyrazolyl)borate 
derivatives of most transition metals (except for Sc, Hf and Os) up to Np have been 
described and a few brief reviews of this subject matter have appeared 37-39). Since 
the present emphasis is on the boron-pyrazole system, and much of poly(1-pyrazolyl)- 
borate chemistry is concerned with the chemistry of transition metals, only the more 
interesting aspects of the coordination chemistry of poly(1-pyrazolyl)borate deriva- 
tives will be highlighted here. 

In most cases poly(l-pyrazolyl)borates ligands were found to impart higher chemical 
stability to the various complexes so that certain types of compounds, otherwise 
inacessible or of very low stability, could be isolated and studied as their poly(1- 
pyrazolyl)borate = L* derivatives. Some of these include stable L*CuCO species, 
five-coordinate Pt(II) derivatives, complexes containing MoNH 2 and MoNHNH 2 
moieties, various monomeric low-valent Mo complexes, etc. The poly(1-pyrazol- 
yl)borates were also employed in constructing model compound approximating the 
active site in various biologically active molecules such as the blue copper proteins 181, 
ls2), the ethylene receptor sites in plants 186), hemerythrin 117'11s), and oxo-type 
enzymes such as xanthine oxidase, sulfite oxidase and nitrate reductase 1s7) 

In terms of their coordinating ability, the main poly(1-pyrazolyl)borate ligand types 
are: 
1. Bidentate ligands derived from [R2B(pz*)2 ] -, which coordinate to transition metal 

ions forming structures such as 16 (=  R2B(pz)2M(pz)zBR2) or 17 (=  R2B(pz)2- 
MXY). 

- - R R2B, ,BR2 

16 17 

2. Tridentate ligands derived from [RB(pz*)3 ]- and which usually form very stable 
complexes exemplified by 18 (=  RB(Pz)3M(Pz)3BR ) and 19 (=  RB(pz)3MXYZ), 
although in some cases they may act as bidentate ligands. 

18 

N~N X 

RB.m..m.N~-N..m,.. M ~  Y 

19 
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In HB(Pz)3Cu(C2H4)CuC1, the HB(Pz)3 moiety is bidentate, the third pyrazolyl 
group coordinating to CuC1 ls6). A similar structure was found in the analogous 
cyclohexene complex lss~ 

3. The ligand [B(pz)J- acts most commonly in tridentatc fashion although it, too, 
occasionally forms bidentate complexes. When this happens, the uncoordinated 
pyrazolyl groups retain their chelating ability, and it is possible to prepare dinuclear 
species of the type M(pz)2B(pz)/M (where M may be identical or even dissimilar 
metal moieties) in which [B(pz)4]- acts as a bis-bidentate ligand. 

VI.B Preparation of Poly(1-pyrazolyl)borates 

The parent ligand system, [H.B(pz) 4 _ .]-,  has been synthsized by heating K[BH,] 
in molten pyrazole. Through careful temperature control it is possible to stop the 
reaction at the di- or tri-substitution stage 4o,41): 

K[BH4] + Hpz(excess) ~9°°c K[H2B(pzh] -~7° oc K[HB(pz)3] 

>2°°°c, K[B(pz),] 

These salts are water soluble, and their hydrolytic stability increases with increasing 
substitution of boron-bonded hydrogen by pyrazolyl groups, K[B(pz)j being the 
most stable. Acidification gives rise to the free acids H[H B(pz)g_ ~] containing a 
chelated proton. The latter can be converted to other poly(1-pyrazolyl)borate salts 
by titration with metal or tetraalkylammonium hydroxides. Pyrolysis of the free acids 
results in elimination of pyrazole, and the resulting trigonal HnB(pz)3 -n instanta- 
neously dimerizes to a pyrazabole (see Sect. IV.). 

It should be noted that the reaction of K[BH 4] with pyrazole cannot be stopped at 
the K[H3B(Pz )] stage; from an incomplete reaction only K[BH4j and K[H2B(Pz)2] 
could be isolated. It has been possible, though, to synthesize the ion [H3B{pz-3,5- 
(CH3)2} ]- by reaction of the borane adduct of 3,5-dimethylpyrazole with sodium 
hydride, and from it by a carefully controlled reaction with pyrazole in N,N-dimethyl- 
acetamide to prepare the first example of an asymmetric poly(1-pyrazolyl)borate 
ligand, i.e,, Na[H2B(Pz){pz-3,5-(CH3) 2 }] 12) 

The above general synthesis scheme is also applicable to various C-substituted 
pyrazoles, Hpz*, provided they contain no functionality which would react with the 
[BH,]- ion 43). Steric effects are very important. Thus, the reaction of K[BH,] with 
3-methylpyrazole gives exclusively the [H2B(pz-3-CH3)z]- ion s6~, [HB(pz_3_CH3)3 ]- 57, 
ls9) and [B(pz-3-CH3) ,]-  189) with no evidence for the formation of any B(pz-5-CH3)- 
type derivatives. This is consistent with the attachment of boron to the sterically least 
encumbered pyrazole nitrogen. Steric reasons are also responsible for the reaction of 
K[BH4] with 3,5-dimethylpyrazole stopping at the trisubstitution state. However, the 
free acid H[B{pz-3,5-(CH3)2} 4] has been obtained adventitiously and its structure was 
proven by X-ray crystallography 30). This implies that, even though the species 
[B{pz-3,5-(CH3)2}4]- is capable of existence, there is a steric barrier for the transition 
state necessary for the reaction according to Eq. (6). 
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[HB{pz-3,5-(CH3)2}3]- + H[pz-3,5-(CH3) 1] 
---, H 2 + [B{pz-3,5-(CH3)2},]- (6) 

When K[BH 4] is heated.in an even more sterically hindered pyrazole, i.e., 3,5-bis(t- 
butyl)pyrazole, up to its boiling point, no reaction occurs at all. 

tn some instances complexes were obtained derived from poly(1-pyrazolyl)borate 
ligands which never existed by themselves. This was the case with halogenation of the 
4-position in HB[pz-3,5-(CH3)2]3Mo(CO)2NO to produce derivatives of the type 
HB[pz_3,5.(CH3)2.4.X]3Mo(NO)X 2 44,,5~ and in HB[pz-3,5-(CH3)z]3Re(CO)3 which, 
on bromination, yielded the species HB[pz-3,5-(CH3)2-4-Br]3Re(CO)3 46). Another 
example is the formation of 20 by the reaction depicted in Eq. (7). 

H 2 H z + 2 
L -N N-N Q . 

CN 

CN 

20 

Direct preparation of the ligand [HB(Pz)2(PZ-4-CN)]- would have been impractical, 
due to the difficulties in separating the complex mixture of products which would 
have resulted, as the pyrazolyl groups are prone to scrambling under the experimental 
conditions 37) 

The synthesis of boron-substituted ligands starts with the desired R group already 
attached to the boron. Anions of the type [R2B(Pz)2 ]- are prepared by the following 
reactions 32,,a): 

BR a + Napz + Hpz(excess) --* Na[R2B(Pz J + RH (8) 

Na[B(C6Hs) 4] + Hpz(excess) ~ Na[(C6Hs)2B(pz)2 ] + 2 C6H 6 (9) 

H3N--B(C6Hs)3 + Kpz + Hpz(excess) ~ K[(C6Hs)2B(pz)2] 
+ NH3 + C6H6 (10) 
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In all these react ions an excess o f  pyrazole  is used,  and  the reac t ion  stops cleanly at  

the [R2B(Pz)z]- stage, even after  p ro longed  reflux in boi l ing pyrazole .  The  presence 

o f  one mola r  equiva len t  o f  the p z -  an ion  is necessary;  o therwise  pyrazaboles  are  

formed.  

The  [RB(Pz)3 ] -  t igands are  synthes i ,ed  f rom m o n o o r g a n y l b o r o n  precursors  as 
fol lows .3,47-  5o~: 

RB(OH)2 + N a p z  + Hpz(excess)  ~ Na[RB(Pz)3] + 2 H 2 0  (11) 

RBC12 + 3 N a p z  --* Na[RB(Pz)3] + 2 NaC1 (12) 

R B H  2 + N a p z  + Hpz(excess)  ~ Na[RB(pz)3] + 2 H 2 (13) 

The  bis-chelate L ' C o  der ived f r o m  [(C6H4-4-Br)B(pz)3]- was p repared  and con-  

ver ted to  the 4-Li,  4-D,  4-C4H9, 4 - C O O H  and  4 - C O O C H  3 der ivat ives ,  which m a y  
have  some promise  as in termedia tes  for  covalent ly  b o u n d  N M R  shift reagents  5o) 

K n o w n  poly(1-pyrazoly l )bora tes  o f  the general  s t ructure 21 and o f  the type 

M[R2B(Pz*)z] (n = 2) are  listed in Tab le  6, those o f  the type M[RB(pz*)  3] (n = 1) 

a re  compi led  in Tab le  7. 

M + 

Y 

21 

Table 6. Poly(l-pyrazolyl)borates of Structure 21 with n = 2 

R X Y Z M Ref. 

H H H H K ~,41> 

H H H H N(CH3) 4 40) 
H H H CH 3 K ~6. ls9) 
H CH 3 H CH 3 K so) 
H C2H s H CzH 5 K so*) 
H C6H 5 H C6H ~ K so*~ 
H CH 3 CH 3 C H  3 K *3.) 
CH 3 H H H Na s~) 
C2H 5 H H H Na 43) 
n-C,,H 9 H H H Na ,*3) 
C6H s H H H Na ,*3) 
C6H 5 H H H K 32~ 
N(CH3)CH ~" H H H H *~ 
CH 3 CH 3 H CH 3 Na sl) 
F C H  3 H CH 3 Na 43.) 
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Table 7. Poly(1-pyrazolyl)borates of  Structure 21 with n = I 

R X Y Z M Ref. 

H H H H Li 4o) 
H H H H Na 4o) 
H H H H K k0,kl) 
H H H H N(CH3h k0) 
H H H CH 3 K 189) 
H H H CH 3 N(C:Hs)k 57) 
H H i-CsH 7 H K k3,) 
H H CI H K ks,) 
H H Br H K 83) 
H CH 3 H CH s Li 43) 
H CH a H CH 3 K k3~ 
H C2H s H C2H s K s2~ 
H CH s C H  3 CH s K 44) 
H CH s n-CkH 9 CH 3 K 4s,) 
H CH s CI CH s Mo(CO)2N 0 44,~ 
H CH s I CH 3 Mo(CO)2N O 44,) 
H C H  s I CH 3 Re(CO) s 46*) 

i-CsH 7 H H H Na kT) 
n-C4H 9 H H H Na k3,kT) 
C6H 5 H H H H2pz ka) 
C6D 5 H H H 1/2 Co 4s~ 
C6Hk-4-D H H H 1/2 Co 50) 
C 6 Hk-3-CH 3 H H H 1/2 Co 49~ 
C6H4-4-CHs H H H 1/2 Co kg~ 
C6Hk-4-C4H9 H H n 1/2 Co ~o) 
C6H4-4-COOH H H H 1/2 Co ~o) 
C6H4-4-COOCH 3 H H H 1/2 Co 50) 
C6H4-4-Br H H H 1/2 Co 50) 
C6H4-4-Li H H H NI 50) 
C6 Hk-4-Li H H H 1/2 Co ~o~ 
pz H H H Li ko) 
pz H H H Na ko) 
pz H H H K 4o,41) 
pz H H H Cs 40) 
pz H H H N(CH3) k k0) 
N( C H 3 )2 H H H H 11 ) 
pz-3-CH 3 H H CH 3 K 189} 
pz-3,5-(CH3) 2 C H  s H CH 3 H so) 

I n c l u d e d  a r e  l i g a n d s  w h i c h  h a v e  n o t  b e e n  i s o l a t e d  in  t h e  f ree  s t a t e  b u t  w e r e  e i t h e r  

p r e p a r e d  in  s i t u  o r  w e r e  c o n v e r t e d  w i t h o u t  i s o l a t i o n  t o  c o m p l e x  s p e c i e s ;  r e l e v a n t  

r e f e r e n c e s  a r e  m a r k e d  w i t h  a n  a s t e r i s k .  N o t  i n c l u d e d  a r e  t h e  v a r i o u s  i n d a z o l y l b o r a t e s .  

T h e  s t r u c t u r e s  o f  t h e  l a t t e r  h a v e  n o t  y e t  b e e n  c o n v i n c i n g l y  e s t a b l i s h e d  a n d  m a y  b e  in  

e r r o r ,  s i n c e  it is c l a i m e d  t h a t  t h e  b o r o n  is  b o n d e d  t o  t h e  m o s t  s t e r i c a l l y  h i n d e r e d  n i -  
t r o g e n  a t o m  51-55) 
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VI.C Coordination Chemistry of Poly(1-pyrazolyl)borates 

VI.C.l Complexes of [RzB(pz*)2 ]- Ligands 

The [R2B(Pz*)2]- ligand resembles a beta-diketonate ion in its geometry and charge, 
and it readily forms chelates of the type 16 (see p. 17) with divalent transition metal 
ions; these complexes may be square planar (Ni, Cu) or tetrahedral (Mn, Fe, Co, Zn). 
The are two main features distinguishing [RzB(pz*)2 ]-  ligands from diketonates: 
1) The steric crowding around the metal due to the 3-(C)H of the pyrazole ring, which 

is even more pronounced if there is a substituent in the 3-position. Thus, unlike 
the case of diketonates, all known complexes of type 16 are monomeric. 

2) The B(pz*)zM ring is not planar but puckered in the boat form as shown in 22, 
which places the pseudoaxial R group close to M. 

R. / . . . . /  
tq~-z.N 

22 

The effect of this proximity ranges from blocking access to the metal by other ligands 
to outright bond formation between the boron substituent R and M. The first case may 
be illustrated by comparing the reactivity of the orange, square planar nickel chelates 
[H2B(pz)2]zNi and [(C2Hs)zB(pz)z]2Ni. The former quite readily forms blue-violet 
octahedral complexes with donor molecules such as pyridine or pyrazole; the latter 
is completely unreactive. Such steric protection by the pseudoaxial ethyl groups also 
accounts for the remarkable stability of the Cr(II) complex [(C2Hs)2B(Pz)2]2Cr 69). 

An example of the second case is H2B(pz-3,5-(CH3)2]2Mo(CO)2(n-allyl), where 
the presence of a B - - H - - M o  bond (H--Mo distance = 2.14A) was established 
by X-ray crystallography 70); similar B - - H - - M  bridging was also encountered in 
L,Mo(CO)2(rl3_CTHv) 71) in L*Ta(CH3)3C1 72) and in L*Pt(CH3) 3 73. The B H- -P t  
bond is broken in the last compound by other ligands L such as phosphites, carbon 
monoxide or pyrazole with the formation of L*Pt(CH3)3L 73). 

Even more surprising was the finding that the pseudoaxial methylene group in 
(C2Hs)/B(Pz)2MXY interacts with the metal beyond just providing steric protection. 
It has been noted that in complexes such as L*Ni 43~ or L* Mo(CO)2(rl3-CH2CRCH2) so) 
protons of one methylene group are shifted considerably in the NMR spectrum, 
implying an interaction with the metal. More detailed studies, including X-ray 
crystallographic investigations of L*Mo(CO)z(rla-CHzCC6HsCH2) 74) and of 
L,Mo(CO)2(qa_CTHT) 75 revealed that one of the methylenic protons forms a three- 
center C - - H - - M  bond. This is particularly intriguing since in the C7H T complex, 
which is q3  the Mo could have achieved an 18-electron configuration by becoming 
rlS-CTH7 instead of opting for the C - - H - - M o  bond. At room temperature there is 
a rapid oscillatory exchange between the methylenic protons, while at --60 °C the 
structure found in the crystal is also present in solution. The first exchange process 
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has an activation energy of about 14 kcal/mole; while breaking the C - H - M o  bond, 
which is accompanied by inversion of the (C2Hs)2B(pz)2Mo ring and occurs at higher 
temperatures, has Ea in the 17-20 kcal/mole range 76) 

The three-center bond formation, while being helped by the geometry of the 
(C2Hs)2B(Pz)2M ring, is primarily a result of the electron deficiency of 
(C2Hs)2B(Pz)2Mo(CO)('qa-CH2CHCH2), which has a 16-electron configuration, and 
in the absence of other electron donors seeks electron density even from an atiphatic 
methylene group. In the presence of a donor molecule, e.g., pyrazole, the C- -H- -Mo 
bond is broken by a trails attack of the base to yield the electronically saturated 1 : 1 
molar adduct with the donor molecule. In this latter, the B(Pz)2Mo ring is, for steric 
reasons, in a seldom encountered chair conformation 77) 

While the ligands [H2B(PZ*)2  ] - and [ (C2Hs)2B(Pz )2  ] - give rise to bonding inter- 
actions of their pseudoaxial substituent with the metal, such interactions are totally 
absent in compounds derived from [(CrHs)2B(Pz)2 ] -, as has been established by X-ray 
crystallography for [(C6Hs)2B(Pz)2]2Ni 7s and also for (C6Hs)2B(PZ)EMo(CO)(rl a- 
C H 2 C H C H 2  ) 79) The reason for this lack is steric in nature, as non-bonding repulsions 
force the pseudoaxial phenyl group to be at right angles to the B--Mo axis and thus 
completely out of range for any bonding. 

The [H2B(Pz )2  ] - ligand, apart from forming L*M complexes of structure 16, also 
produces octahedral [L~'M]- anions in solution which are, however, easily converted 
back to L*M and [L*]- 61), although tetraethylammonium salts of [L~M]- with 
M = Co or Ni are stable 42). Stable species with more than two L* are obtained with 
large ions, e.g., L 'U,  L*UC12 5a, 59) and L*Np 60) The structure of distorted octa- 
hedral K[L*V] was established by X-ray crystallography 195). 

The boron-bonded hydrogens in L*M chelates (M = Co, Ni, Cu, Zn, Cd) still 
retain reducing power toward organic carbonyl groups; in a study using cyclohexan- 
one and cyclohex-3-enone as substrates, fairly good selectivity was found for the Ni 
and Co derivatives 119) 

VI.C.2 Complexes of [RB(pz*)3 ]- Ligands 

The [RB(pz*)3 ]- ions represent an interesting .class of ligands which form a host of 
complexes with transition and main group metal ions. Being uninegative and usually 
occupying three coordination sites, these anions resemble in a way the cyclopenta- 
dienide ion. Hence, they form many complexes similar in their stoichiometry to the 
cyclopentadienide counterparts, but they also show different, and at times unique, 
behavior. The [RB(pz*)3 ]-  ligands display a tremendous affinity for metal ions and 
they will often displace such strong ligands as cyclopentadienide or phosphines. 

All [RB(pz*)3 ] - ligands are strong six-electron donors of C3v (or local Car ) symmetry. 
They promote the formation Of six-coordinate octahedral compounds with some 
trigonal distortion (e.g., 18 and 19, p. 17). One of the distinguishing features of 
[RB(pz*)3]- ligands is the extensive screening of the coordinated metal ion by the 
3-(C)H or 3-(C)R substituents. This can be appreciated best from the val- 
ues of cone angles, i.e., 100 ° for [C5H5]- , 180 ° for [HB(pz)3 ]- and 225 ° for 
[HB{pz-3,5-(CHa)2}a]- 62), with even larger cone angles to be expected for [RB(pz*)3]- 
ligands containing substituents larger than methyl groups in the 3-position of the 
pyrazole ring. 
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The known octahedral L*M complexes are very compact, unusually stable and 
often sublimable under vacuum. The approximate D3d symmetry was established by 
X-ray crystallography for [HB(Pz)3]2Co 63), [HB(pz)3]2Co + 64), [HB(Pz)3]2Fe 6s) and 
[HB{pz.3,5.(CH3)2}3]2F e 65). 

While [RB(pz)3]2 M compounds can be roughly compared to the traditional sand- 
wich complexes and there are also numerous examples of RB(pz)3MXYZ half-sand- 
wiches, only a few instances of mixed sandwiches, i.e., compounds with one 
[RB(pz)3 ]- ligand and one carbocyclic moiety, have been reported. These are 
[RB(pz)3Co(qS-CsHs)]PF6 , RB(pz)aCo[C4(C6Hs)j, [HB(PZ)aRh{rls-Cs(CH3)5}]PF6 
and [B(Pz)4Ru(q6-C6H6)]PF6. Structures of the last two compounds were confirmed 
by X-ray crystallography 593.194) 

When [RB(pz)3]- ligands react with first-row transition metal ions in the M(III) 
state, i.e., Fe(III), Cr(III) or Co(III), the usual products are the cations (L~M) + rather 
than neutral L*M complexes. On the other hand, a whole series of L*M complexes 
derived from lanthanides (M -- La, Ce, Pr, Sin, Gd, Er, Y) has been obtained 190~. 
The structure of [HB(Pz)3]aYb, as determined by X-ray crystallography, shows two 
tridentate and one bidentate ligand and contains eight-coordinate Yb 191). What is 
most surprising, however, is the finding that, on the basis of detailed NMR spectro- 
scopic studies of [HB(pz)3]3Yb and the corresponding Lu complex, the species are 
stereochemically rigid in solution, retaining the structure found in the crystal 192~ 

The only reported example of two different RB(pz*) a groups bonded to the 
same metal was obtained by the reaction of Co(II) with a 1/1 mixture of 
[(C6H4-4-Br)B(pz)3 ]- and [C6HsB(Pz)3 ]- and separating from the resultant mixture 
of all three possible products the desired (C6H4-4-Br)B(Pz)3Co(pz)3BC6H5 by means 
of HPLC so) The structure of the analogously prepared complex (C6H4-4-Br)B(pz) 3- 
Co[pz-3,5-(CHa)2]aBH was confirmed by X-ray crystallography ~96) 

By far the greatest usefulness of [RB(pz*) 3]- ligands has been established in the 
area of half-sandwich complexes, i.e., species of the type RB(Pz)3MXYZ, where 
stabilization of otherwise unattainable or highly unstable MXYZ structures can be 
achieved, thus permitting their study. An excellent example is provided by the synthesis 
of remarkably stable Cu(I) carbonyl complexes L*CuCO with L * =  HB(pz) 3, 
B(Pz)4 and HB[pz-3,5-(CH3)2] a, of which the last complex, containing the ligand with 
the deepest protective pocket for Cu, was found to be the most stable 66.67) The 
structure of HB(pz)aCuCO was determined by X-ray crystallography 68). 

Other interesting structure types stabilized by the [HB(pz)3]- ligand are five- 
coordinate Pt complexes of the general composition HB(Pz)3Pt(CH3)L. These include 
examples where L is a diversely substituted olefin, allene, substituted acetylene, carbon 
monoxide, isonitrite or phosphite 85.86). While all the olefin complexes are stereo- 
chemically rigid at room temperature, the carbon monoxide complex is fluxional, 
retaining five-coordination in solution (195pt coupling to all 3-H and 4-H protons was 
observed) but being four-coordinate with bidentate [HB(Pz)3]- in the crystal 87. 
88~. Detailed studies of dynamic behavior of HB(Pz)3Pt(CH3)L and of B(pz)4Pt(CHa)L 
species were carried out using ~H and ~3C NMR spectroscopy 89~. Packing forces seem 
to determine the coordination number in the crystal: for HB(Pz)3Pt(CH3)(CF3C 
=CCF3) the structure showed trigonal-bipyramidal coordination and tridentate 
HB(pz) 3 90~; but in HB(pz)3Pt(CH3)(CN-t-C4H 9) coordination was square planar 
and [HB(pz)3]- bidentate 91~ 
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Bidentate coordination of [RB(pz*)3 ]- ligands is also observed in several other 
complexes. For example, in RB(pz)sMo(CO)2(CsHs) the 18-electron configuration 
is achieved by way ofrlS-CsH5 and bidentate RB(Pz)3 rather than through rl3-CsH5 
and tridentate RB(Pz)3 , as was proven by X-ray crystal structure studies lo4,105) 
On the other hand, in C6HsB(PZ)sMO(CO)z(C7HT) , the structure contains r13-CTH7 
and tridentate C6HsB(Pz)3 lO6). In related RB(Pz)sRhL 2 compounds, RB(Pz)3 is 
bidentate in the crystal when L 2 is 1,5-cyclooctadiene or norbornadiene, but tridentate 
(trigonal bipyramidal geometry) when L z is duroquinone 1o7). The duroquinone and 
1,5-cyclooctadiene complexes are both five-coordinate in solution, as is indicated 
by IH and l°3Rh NMR studies lO8) 

Altogether, the denticity of [RB(pz)a ] - ligands is often determined by subtle inter- 
play of steric and electronic factors pertaining to the transition metal as well as to the 
other ligands present. Generally, changing the R group in [RB(Pz)3 ]-  does not alter 
its coordinative behavior or the chemistry of its complexes, since the substituent R 
is far removed from the coordinated metal. However, the solubility in organic solvents 
is increased when R is a long-chain alkyl group. On the other hand, the introduction 
of substituents in the 3-position of the pyrazolyl moieties as in [HB{pz-3,5-(CH3) 2}3]- 
alters substantially the accessibility of the metal in HB(pz-3,5-Me2)sMXYZ complexes 
to potential reactants and also hides the BH in a protective pocket of three methyl 
groups. 

The use of [HB{pz-3,5-(CH3)2}3]- as a stabilizing ligand permitted the synthesis of 
many new unusual Mo andW derivatives. Starting with HB[pz-3,5-(CHa)2]3Mo(NO)I z 
it was possible to replace both iodine atoms concurrently or sequentially with a wide 
variety of nucleophiles. Some of the products obtained are: 
L* = HB[pz-3,5-(CH3)2] a : L*Mo(NO)I(OR) 45.126) 

L*Mo(NO)X(SR) 127) 
L*Mo(NO)I(NHR) 45.126.12s) 
L*Mo(NO)(OR)(OR') 129.130) 
L*Mo(NO)(OR)(SR) 127) 
L*Mo(NO)(OR)(NHR') 130) 
L*Mo(NO)(SR)(NHR') 127) 
L*Mo(NO)I(NHNRR') 129. 131) 

L,Mo(NO)I(NH2) 129) 
L,Mo(NO)I(NHNH2) 131) 

The last two complexes, in themselves rare examples of stable amido and hydrazido 
transition metal compounds, react with acetone to yield HB[pz-3,5-(CH3)2]: 
Mo(NO)I[N = C(CH3)2] 1291 and HB[pz-3,5-(CH3)2]aMo(NO)I[NHN= C(CH3)2] t31), 
respectively. 

Structures of representative complexes from the above mentioned types have been 
determined by X-ray crystallography. In all of these structures the Mo bond to the 
ZR group (Z = O, S, NH) is shortened, indicating backbonding to the electron- 
deficient Mo. No ring formation occurred (presumably for steric reasons) when 
terminal diols or analogous mercapto or amino reactants were used; only compounds 
such as HB[pz-3,5-(CHs)z]sMo(NO)I(OROH ) were obtained 134,135) 

In contrast to the reaction of[RB(Pz)3Mo(CO)3 ]-  (R = H or pz) with aryldiazonium 
ions,which proceeds cleanly to yield red arylazo derivatives RB(Pz)3 Mo(CO)2N = NAr, 
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the corresponding reaction of [HB{pz-3,5-(CH3)2}3Mo(CO)3 ]-  produced blue com- 
pounds initially thought to have the structure L*Mo(CO)3Ar 134) but which have now 
been identified (by X-ray crystallography) as L*Mo(CO)2(rl2-COAr) 135) This reaction 
proceeds by a radical pathway, as was shown by the isolation of L*Mo(CO)z(rl z- 
COC6HI i ) when the reaction was run in cyclohexane 135). Carrying out the reaction of 
[L*Mo(CO)3 ]-  with aryldiazonium ion or, even better, aryliodonium ion in 
methylene chloride leads to the formation of the unusual halocarbyne derivative 
L*Mo(CO)2=CC1, which contains a reactive chlorine and could be converted 
to numerous derivatives. Reactions with RS- ,  RSe- or C6H ~- produced 
L*Mo(CO)2- CSR, L*Mo(CO)2--- CSeR and L*Mo(CO)2-CC6H 5, respectively. 
while treatment with E z - (E = S, Se, Te) produced the appropriate [L * Mo(CO)2( = CE)]- 
derivatives 136,137) 

A rl2-acyl structure was also established in the product obtained from the reaction 
of [HB(Pz)3Mo(CO)3]- with methyl iodide 139), which was originally thought to be the 
seven-coordinate HB(Pz)3Mo(CO)3CH 3 138). This implies that the RB(pz)3 group is 
a strong enforcer of six-coordination in Mo and W derivatives. The only authentic 
examples of seven-coordinate species seem to be RB(pz)3M(CO)3 H (M = Mo, 
W) 13s), the monohalo derivatives HB(Pz)3Mo(CO)3X (X = Br, I), and 
HB(Pz)3W(CO)2(CS ) 14o) 

Oxidation of [HB(pz)3Mo(CO)3]- produces a 17-electron radical which is stable in 
the absence of oxygen; the structure of the species has been confirmed by X-ray 
crystallography. On heating, it loses carbon monoxide and forms quantitatively the 
dinuclear species HB(pz)3Mo(CO)zMo(CO)2(Pz)3BH, which contains a Mo - -Mo  
triple bond ~41) 

Reversible electrochemical reduction of HB[pz-3,5-(CH3)2]Mo(NO)I 2 produces a 
paramagnetic anion (g = 2.206), which loses iodide ion forming paramagnetic (g 
= 1.998), L*Mo(NO)I. This compound is thought to be the intermediate in nucle- 
ophilic substitution on L*Mo(NO)I z when derivatives of  type L*Mo(NO)I(ZR) are 
produced (Z = O, S, NH)197) Confirmation for the paramagnetic center in 
L*Mo(NO)(CH3CN)~" (g = 1.982) being on Mo was obtained by observing, at low 
temperature, the 95Mo and 97Mo satellites in the correct ratio 198). Other well-cha- 
racterized and stable low-valcllt Mo and W derivatives of L* have been reported 142) 

A wealth of interesting results was obtained from the higher-valent oxomolybdenum 
species HB[pz-3,5-(CH3)z]3MoOX; and L*MoO2X, most of the studies being directed 
toward the chemistry of the Mo centers of oxo-type enzymes such as xanthine oxidase, 
sulfite oxidase and nitrate reductase, which involve change in the number of oxygens 
in the substrate and Mo going between the IV, V and VI states, The complex L*MoOC12 
served as a versatile starting material in which both C1 atoms could be replaced by NCS, 
SR, OR or evenby chelating ligands such as --XCH2CH2Y-- and 1,2-phenylene- 
(X-o)(Y--). This is in marked contrast to the inability of X z in L*Mo(NO)X 2 to be 
replaced in chelating fashion by the cited bifunctional ligands 132). Many of the 
L*MoOX 2 complexes has Mo(V)/Mo(IV) reduction potentials in the range of the 
enzymes. The structure of L*MoO(SC6H5) 2 was determined by X-ray crystallo- 
graphy 1871 

The reaction of [NfCzHs)4][L*M(CO) 3] (M = Mo or W but not Cr) with N3S3C12 
yielded L*Mo(CO)2(NS) along with the dinuclear complex (L*Mo(CO)2)2S 199) 
which, in the case of Mo was also obtained by using sulfur 114) instead of N3S3Clz; 
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13C, 14N and 95M0 NMR spectra of L*Mo(CO)2(NS) and L*Mo(CO)2(NO ) have 
been studied 2oo) 

The free acid [HB(pz)3Mo(CO)3]H reacts with sulfur or selenium yielding 
dinuclear species [L*Mo(CO)2]2Z (Z = S, Se). Their structures and that of 
[HB{pz-3,5-(CH3)2}3Mo(CO)2]2S were determined by X-ray crystallography. The 
Mo--S - M o  bonds are quite short (2.180 and 2.200 A), as is the Mo--Se--Mo bond 
(2.323 A), and all are linear. In [HB{pz-3,5-(CHa)2}3Mo(CO)2]2S the Mo--N distance 
trans to bridging S atom is significantly shorter than the other two Mo--N distances 
(2.188 versus 2.254 A) while in the HB(pz) 3 analog they are indistinguishable 1~4) 

The stable Mo(VI) complex HB[pz-3,5-(CH3)2]aMoO2C1 led to a variety of products 
derived from substitution of C1 by diverse nucleophiles; the rates of these substitutions 
are very slow 187) The products L*MoO2X (X = Ct, Br, OCH3, NCS) were studied 
by 95Mo NMR and an inverse halogen dependence of the 95Mo chemical shift was 
found 201)o 

VI.C.3 Physical Studies 

Numerous physical studies of poly(1-pyrazolyl)borate complexes have been carried 
out, some as part of structure determinations, others to study different phenomena 
inherent in the complexed transition metal. 

For example, interesting results were obtained in the octahedral [RB(pz*)3]2Fe 
chelate family with regard to their magnetic moments, which were found to be strongly 
dependent on the L* substituents. Thus, while [pzB(Pz)3]2Fe is diamagnetic at room 
temperature, [HB{pz-3,5-(CH3)2}3]2Fe is fully paramagnetic (I.[¢ff ca. 5.2 BM), and 
[HB(pz)a]zFe has an intermediate value of 2.7 BM 143). The last magnetic moment is 
strongly temperature dependent and is due to a spin equilibrium between the 5A 1 g 
and 1A 1 g states. Besides the above results, obtained in solution, similar behavior was 
found in the solid state and was studied by M6ssbauer and magnetic susceptibility 
techniques down to 4.2 K. Both the high-spin and low-spin states were clearly observed 
in the equilibrium. In the solid state, [HB(Pz)3]2Fe was diamagnetic at room 
temperature and below, although it became paramagnetic above 300 K, while 
[C6HsB(pz)a]2Fe was diamagnetic even above room temperature. The compound 
[HB{pz-3,5-(CH3)2}3]2Fe is paramagnetic at room temperature, but becomes fully 
diamagnetic at 147 K, while the related compound [HB{pz-3,4,5-(CH3)3}a]2Fe is fully 
paramagnetic down to 4.2 K 144, ~45). The spin equilibrium in [HB(pz)a]2Fe was studied 
by resonance and pulsed ultrasonic techniques 146), and its high-temperature crossover 
by M6ssbauer, far-infrared and variable temperature magnetic susceptibility 147). 
A comparison of Fe--N bond lengths in the low-spin [HB(Pz)3]2 Fe and the high-spin 
[HB{pz-3,5-(CH3)2}a]2Fe showed the latter to be longer by 0.199 A. This is one of the 
largest observed bond length expansions from low-spin to high-spin state ~4s) 

Various investigations were devoted to stereochemical nonrigidity encountered in 
HB(pz) 3 and B(pz)4 derivatives, as these various dynamic processes were amenable 
to study by NMR. In ionic complexes such as K[B(Pz)4 ] or Zn[B(Pz)4]2 (the same holds 
true for HB(Pz)3 analogs) all pz groups are equivalent by NMR, which implies rapid 
exchange of coordinated and uncoordinated pz groups. It is noteworthy that 
Zn[B(pz)4] 2 is isomorphous with Co[B(pz)4]2 and, hence, six-coordinate in the crystal 
but four-coordinate and with rapid exchange of pz groups in solution. The same type 
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of dynamic equivalence of pz groups has been found in numerous Pd(II) derivatives 
of the type B(pz)4PdL 2. The mechanism of such exchange involves presumably a 
five-coordinate transition state, in which the pseudoaxial pz group becomes attached 
to Pd at the same time as one of the coordinated pz group departs: 

. "'-" .B~N--N--PdL2 /B~N--N--Pd Lz d L z 

N--N N--N / N--N / "" 

The process is repeated to average the pz environments and also involving inversion 
of the B(Pz)2Pd boat. Examples of this type of exchange are fairly common and ~vere 
found in a number of RB(pz)3 complexes of Pd(II) 94-97), Rh(I) 9s), Pt(II) 99), Cu(I) loo), 
Au(III) ~ol, lo27, and Hg(II) ~o2~ 

In octahedral compounds such as Co[B(pz)j2 or [B(pzhMo(CO)3]- the fourth, 
uncoordinated pz group maintains its separate NMR identity. This can be seen 
particularly well in the Co(II) complex, where the peaks range from --5500 to 
+6960 Hz (at 60 MHz) because of contact shifts. The fact that the pz groups show up 
as a 3: 1 pattern implies a low barrier to rotation of the uncoordinated pz moiety 
about the B--N bond, thus making the environments of all 5-protons averaged. 

In compounds such as HB(pz)3Mo(CO)2(q3-CH2CHCH2) and its various analogs, 
the room temperature NMR spectrum is indistinct and right between the limiting 
high- and low-temperature spectra. The high-temperature spectrum (~60 °C) 
indicates dynamic C3v symmetry with all three coordinated pyrazolyl groups being 
identical sa), while the low-temperature spectrum (~  - 6 0  °C) is in agreement with the 
static structure found in the crystal ~03) which shows two identical and one different 
pz group. The activation energies for this process, involving rotation about the B--M 
axis, are in the 13-15 kcal/mole range for a series of related compounds 92). In the more 
sterically hindered HB[pz-3,5-(CH3)2]3Mo(CO)2(q3-CH2CCHaCH2), the room tempe- 
rature NMR spectrum shows the static structure and only at 165 °C does the dynamic 
Car spectrum appear sat. Altogether, the RB(pz*) a class of ligands is exceptionally 
well suited for the study of their rotation about a transition metal by NMR spectro- 

scopy. 
Inversion of the B(pz*)2M ring has been studied most thoroughly in bidentate 

complexes, R2B(Pz*)2MXY, where it can be followed by means of coalescence of 
the R signals from the initially non-identical pseudoaxial and pseudo-equatorial 
groups into a single peak system of an averaged R group (see p. 23). 

A large number of poly(1-pyrazolyl) borate complexes had their structure deter- 
mined by X-ray crystallography; these are listed in Table 8. It should be remembered, 
however, that in some instances the structure in solution will have a different denticity 
of the poly(1-pyrazolyl)borate ligand than that found in the crystal. 
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Table 8. Listing of Poly(1-pyrazolyl)borate Complexes of Known Crystal Structures 

L* Complex Ref. 

H2B(PZ)2 K[L*V] 15o) 
L'Co ,s t )  

L~Ni 149) 

H2B[pz_3,5_(CH3)212 L.Ta(CH3)aC1 1~) 
L,Mo(CO)z(C7H7 ) 152.1~3) 
L.Mo(CO)2(rl3 CH2 CHCH2) 70) 

(C 2Hs) 2B(pz)2 L*Ni 155~ 
L~'Cr 69) 
L, Mo2(OAc) 2 157) 
L,Mo(CO)2C~H 7 75) 
L* Mo(CO)2(TI3 CH2 CH CH2) 77) 
L* M o(CO)2(rl3-CH2CC6 HsCH 2) 7,) 
L, Mo(Ia_CH3 COO)2 Mo(p__pz)(p.O H)B(CzHs) 2 122) 
L*Pt(CHa)(C6H5 C -  CCHa) 156~ 

(C6 Hs )2 B(PZ)2 L~' Ni 75) 
L*M o(C0)2(TI3 C H2 CHCH2) 79) 
L*Mo(CO)2(CvHT) "Hpz 158) 

HB(pz) 3 L*CdCO 68) 
L*Cu(C2H,) " CuC1 167) 
[L*Cu]2 ,o9) 

L*CuC1 11, ) 
L*Au(CHs)2 162) 
L*Fe 1,8) 
L*Fe(~t.O)0.t.HCO2 )2FeL, ,19) 
L*Fe(p-O)(p,-CH 3CO2)2FeL* 118. t19) 
L~'Co 63) 
[ L~,Co][Sn2 C05 C12 (CO)~.9 ] 6,) 
L*Pt(CH3)C O 87. ss) 
L,Pt(CH3)(CF3C = CCF3 ) 90) 
L*Pt(C ~- N-t-C, Hg) 91) 
[L*Rh{Cs(CH3)5 }]pf6 168) 

L*Mo(CO)2N O ,cm 
[L*Mo(CO)3] " 1,1) 

L*Mo(CO)sB r 135~ 
L*Mo(CO)2N2C6H s ,69) 
L*Mo(CO)2(rt2_COCH3) ,38) 
L*Mo(CO)2(~2_COC6 Hs) 138) 
L*Mo(CO),(rl 3_CH2CCH3CH2 ) 165) 
(L*Mo(CO)2) 2 141) 
L*Mo(N2C6Ht.4.F)(SC6Hg.4.CH3) 2 166) 
24 (p. 31) 117) 

L*Mo(~t_CHaCOO)2MoL* 11s~ 
L*WCL~ 1/2 [(C2Hs),N, NH J ,,2) 
L*Sn(CHa)3 t61 
L*TcCI20 ,6o~ 
L*Yb ,59) 

HB(pz-3-CH3) 3 [N(C2 Hs)4](L*Mo(CO)s] 57~ 

C2HsB(Pz)3 [L*BC2Hs]PF 6 34) 

C6HsB(Pz) 3 L*Mo(CO)2(q&C3H5 ) lO6, 
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Table 8. (continued) 

L* Complex Ref, 

L*Mo(CO)2(CvHT) 
HB[pz-3,5-(CH3)2] 3 [L*Bt~TaCI 6 

(L*Cu) z 
L*Cu(C2H 4) 
K[L* Cu(SC6 H,~-4-NO2)] 
L*Fe 
L*Co(SC6F 5) 
L*MoClzO 
L*Mo(CO)z(SC6H4-4-NO2) 
L* Mo(CO)2(SC6H4-4-Ct) 
L*Mo(NO)(1-pyrrolide) 2 
L*Mo(CO)2(q2-COC6Hs) 
L*M°(CO)2(q2"COC6 H11) 
(L*Mo(NO)I)zO 
(L*Mo(CO)2)2S 
[L*Mo(NO)(CHsCN)2IPF 6 
[(C2H~)4N](L*Mo(CO) s] 
[(CzHs)4N](L*MoC13] 

B(pz) 4 L*Cu[C6H4-1,2-{As(CH3)~ }2] 
L*Mo(CO)2(CsH5) 
L*Mo(CO)2( -= CCI) 
L*Mo(CO)(NO)[P(C6Hs) 3] 
L*Rh(CO)I 2 
L*Rh(norbornadiene) 
L*Rh(1,5-cyclooctadiene) 
L*Rh(duroquinone) 
[L*Ru(C6H6)]PF6 

106) 

30) 

110) 

167) 

181,182)  

148) 

180) 

174) 

137) 

178) 

179) 

135~ 

135) 

112,113) 

114) 

177) 

1751 

176) 

173) 

104,105} 

136} 

I70) 

171) 

107) 

107) 

107) 

172) 

VI.C.4 Dinuclear Complexes Capped by HB(pz*)3 Groups 

Although most poty(1-pyrazolyl)borate complexes are of the structure L*M or 
L*MXm(where X represents various other types of ligands), there are also examples 
of complexes containing the structure [RB(pz)sM]zZ (where Z can be any type of 
linkage between the metal atoms). The simplest example of such a species is 
HB(Pz)3Cu(l.t-C1)zCu(pz)aBH and its Co analog, both containing five-coordinate 
metal. This type of complex is, however, labile (especially the Co derivative) and 
disproportionates readily on heating to yield M[HB(Pz)3] 2 and MC12 ix1) 

Cu N-~N~ 
. . . . .  

23 

R = C H  3 
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The dimer [HB(pz)aCu]2 has an unusual structure which involves a rare example 
of the pyrazole N2 bonding to two metal atoms. The central core consists of a 
C u - - N - - C u - - N  ring; each Cu is further bonded to two pz groups from different 
L* ligands. At the same time all pz groups are NMR equivalent down to -- 130 °C lo9) 
The analogous dimer [HB{pz-3,5-(CH3)2}3Cu]2 has a different structure, 23, which 
contains two trigonal planar copper atoms. This latter dimer is highly dissociated in 
benzene 110) 

Various dinuclear complexes involving Mo have been reported. They include 
[(HB{pz-3,5-(CH3)2}3Mo(NO)I]20, where the M o - - O - M o  bond is bent at 
a 171 ° angle 112,113); and also [HB(pz)aMo(CO)2]2S, which was prepared from 
[HB(Pz)3Mo(CO3]H and elemental sulfur. The complex" [HB{pz-3,5-(CH3)2} 3- 
M0(CO)212S was obtained in similar fashion and the two latter species contain a linear 
Mo- -S- -Mo unit. A linear Mo--Se- -Mo unit is present in [HB(Pz)3Mo(CO)2]2Se , 
which was obtained from [HB(pz)3Mo(CO)a]H and black selenium 114). 

Also known are complexes of the type [HB{pz-3,5-(CHa)2}3M(NO)X]2Z where 
M = Mo or W, X -- C1 or I, and Z is a long organic bridge such as NHC6H4OC6H4NH, 
NHC6H4CH2C6H4NH, NHC6H4NH orOC6H40 115). inaHB(pz)aMo(p.CH3CO0)2_ 
Mo(pz)aBH one of the HB(Pz)3 ligands is bidentate; the other is tridentate with a 
weakly bonded axial pz group, in line with the known resistance ofdimolybdenum(II) 
to attach to axial ligands 116). Finally, the structure of the rather complicated species 
24, which contains both oxy and methoxy bridges, has been determined by X-ray 
crystallography 117). 

CH3 
I 

o 0 0 o 0 0 
N / \  I I / \  / \ U 

HB (pz)3Mo Mo Mo Mo (pz)a BH 

\odJo\o/;.',,o/ 
I 1 ! 
CH3 CH3 CH3 

24 

The complex HB(pz)3Fe(~t-CHaCOO)2(~t-O)Fe(pz)3BH, prepared in one step as a 
model for the binuclear iron center in hemerythrin, contains two CHaCOO and one O 
bridge between the two Fe(III) atoms. The same holds true for the similarly synthesized 
diformato and dibenzoato analogs 11s, 119). The oxygen bridge in these compounds 
can be reversibly protonated without destruction of the basic structure 124). A binuclear 
complex of even higher symmetry, L*Rh(CO)aRhL* (where L* = HB(pz)3 or B(pz)4 ) 
was obtained from the reaction of L*Rh(diolefin) with carbon monoxide 98) 

VI.C.5 Complexes of Bis-Bidentate [B(pz)J- 

Although usually coordinating in tridentate fashion, i.e., as [pzB(pz)a]-, the ligand 
[B(pz)4]- can also be bis-bidentate when chelating a metal or metalloid which prefers 
four-coordination. The formation of polyboron spiro cations of the type 
[R2B(Pz)2B(Pz)2BR2] + from the reaction of [B(pz)4 ]-  with two molecules of R2BX 
has already been noted (see Sect. V.A.). The same principal structure can also be 
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obtained with various organometallic species. For instance, the cation 
[(rI3-CH~CHCH2)Pd(pz)2B(pz)2Pd(rl3-CH2CHCH2)] + can be prepared from [B(pz) 4] - 
and n-allylpalladium chloride dimer. Analogs containing methyl or phenyl substi- 
tuents on the central n-allyl carbon atom are also known. The synthesis proceeds 
through (pz)2B(Pz)2Pd(TI3-CH2CHCH2), which is a stable compound, and which can 
be isolated in good yield when the reactants are in the appropriate molar ratio• In 
addition, the mixed cation [(CzHs)2B(Pz)2B(Pz)zPd(n-allyl)] + can be prepared by (a) 
the reaction of the above mentioned intermediate with diethylboryl tosylate, or (b) 
by treating the pyrazabole (CzHs):B(pz)2B(pz)2 with n-allylpalladium chloride dimer. 
A variety of such mixed bridged spiro-cations can be prepared by the above method z7) 

The reaction of [LPdC12) 2 (L -- P(C2Hs) 3 or p(OC2Hs)3) with [B(Pz)4]- gave 
the asymmetric, stereochemically nonrigid compounds (pz)2B(Pz)2PdC1L, but when 
L was (C2Hs)zS, the binuclear complex (pz)2B(PZ)2Pd(pz)zB(Pz)2PdC12 was obtained; 
the latter is also available directly from PdCI~ 123) 

Additional examples of bis-bidentate coordination of the [B(pz)j- include 
[(CsHs)2Ti(pz)2Ti(CsHs)2]+ 202~, [B(pzhTh(pz)2B(pz)2Th(pz)4B]3+ 12s~, and also the 
rather complex derivative [{(C6Hs)3P}(CO)(CH3CHCN)Ru(Pz)2B(Pz)2RuCI(CO) 
• (CH3CHCN){P(C6Hs)3}] + lss). 

VI.C.6 Poly(1-pyrazolyl)borates Containing Other Donor Groups 

This type of ligand, where the coordinating power of the pyrazolyl groups on boron 
is augmented by some other donor group is currently very poorly represented. One of 
such ligands, actually a bidentate mono(1-pyrazotyl)borate, i.e., [(C2Hs)zB(pz)(OH)] - ,  
was obtained inadvertently through partial hydrolysis of [(C2Hs)zB(pz) 2]- and was 
isolated in the dinuclear complex (CzHs)2B(pz)zMo(g-CH3COO)2Mo(g-pz)0a-OH) 
.B(CEHs)2 122) The tridentate ligand [HB{pz-3,5-(CHa)z}2(SC6H4-4-CH3)]- was 
synthesized intentionally from ArSH and K[H2B{pz-3,5-(CH3)z}2]. It was converted 
to L*MSR complexes (M = Cu or Co; SR = O-ethylcysteine, p-nitrobenzenethiolate 
or pentafluorophenylthiolate). These compounds were studied as synthetic approxima- 
tions of the proposed active sites in the blue copper proteins (plastocyanin, azurin) 121) 

An interesting ligand is [(CH3)2NB(Pz)3]H 11~. It was found to coordinate in tri- 
dentate fashion through the dimethylamino and two pz groups in the stable complex 
pzB(~-pz)2[la-N(CH3)2]Mo(CO)z(q3-CHECHCHE), as was established by NMR studies. 
The temperature-dependent spectra are consistent with rotation about the B - M o  axis, 
but without exchange of the coordinated and uncoordinated pz groups. Two different 
rotamers in almost statistical distribution can be observed at low temperature ls4). 

VI.C.7 Concluding Remarks 

At the current stage of its development, the coordination chemistry of the parent 
poly(l-pyrazolyl)borate ligand system has been reasonably well explored, and, to a 
lesser extent, that derived from 3,5-dimethylpyrazole. This ligand choice was partly 
based on the commercial availability of the pyrazoles and, lately, of the poly(1- 
pyrazolyl)borate ligands themselves. By contrast, there are still only limited examples 
of assessing the relationship between structure and coordinating behavior as the 
ligand [RnB(pz*) 4 _ n]- is altered through substitution on boron or on pyrazolyl-carbon 
sites, or even by replacing some pz* groups with alternate donor functionalities. 
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While  early work  emphas ized  high symmet ry  o f  this l igand, the current  t rends  m a y  

take  advan tage  o f  a symmet r i c  subs t i tu t ion  to adap t  the basic  po ly(1-pyrazo ly l )bora te  

f r amework  to var ious  enzyme- l ike  tasks. This  cou ld  be  d o n e  by p lac ing  app rop r i a t e  
funct ional i t ies  in such a m a n n e r  that  they will interact ,  as  needed,  with a t rans i t ion  

meta l  (or  metals).  A c h i e v e m e n t  o f  these ref inements  o f  the l igand system is l ikely to  

result  f rom advances  in b o r o n  chemistry ,  b o r o n  being here  the p ivota l  e lement .  
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1 Introduction: Water-Containing Borates 

In recent years, interesting new borate structures have been determined by X-ray 
diffraction. Therefore, it seems appropriate to survey this new development and to 
update a previous review ~ 

The structures of hydrated borates and polyborates (Chapt. 1) are principially 
different from those of anhydrous species (Chapt. 2), although there are transitions 
between both the groups. These latter arise if the borates are not fully hydrated, or, 
for example, if the BO3 group is associated with isolated OH groups (Chapt. 2.2.2), 
but also for boracites containing OH groups (Chapt. 2.8). 

Silicoborates are not included in the present survey, since most of their structures 
are governed by the silicate moiety, e.g., axinites; only in a few cases is the structure 
determined by the borate group, e.g., in howlite. 

In general, the crystal chemistry of borates is similar to that of silicates; differences 
arise from the fact that boron combines with oxygen not only in four-fold (tetrahedral) 
but also in three-fold (trigonal planar = triangular) coordination. As a result, silicate 
chemistry is considerably less complicated than borate chemistry. 

In crystalline borates, in addition to the mononuclear anions BO]- and BO]- 
and their protonated or partially protonated equivalents, there exists an extensive 
series of polynuclear anions formed by corner-sharing of triangular and/or tetrahedral 
boron-oxygen moieties. The potyanions, in turn, may polymerize to from infinite 
chains, sheets or three-dimensional networks. It is not .~cL clearly understood which 
factors determine the coordination number of boron in a given boron-oxygen com- 
pound. For example, in the ~-metaboric acid, ~-HBO2, all the boron atoms have 
triangular coordination, while both BOa and BO4 groups exist in the monoclinic 
form of the 13-metaboric acid, ]3-HBO2 ; all boron atoms in another form of metaboric 
acid, ~,-HBO2, have coordination number four. 

Several principles have been proposed for the classification of borates. The first 
one was suggested by C. L. Christ who organized the "crystal chemistry and systematic 
classification of hydrated borate minerals" in four rules 2~. Based on a more crystallo- 
graphic point of view, Ch. Tennyson developed "a sYstematic of borates on crystallo- 
chemical basis", considering the analogy of borates with silicates and employing the 
terms nesoborates, soroborates, inoborates (chains), phylloborates (sheets) and 
tektoborates (networks)3k Edwards and ROSS 4~ formulated another classification 
on the basis of the rule that "the ratio of the charge of the tetrahedral boron to the 
total boron is equal to the ratio of the charge of the cation to the total boron". Un- 
fortunately, this postulate fails for the hexaborates and for partially hydrated poly- 
borates. 

In 1970, Heller 1~ suggested a classification of borates based on the number of boron 
atoms in the "'fundamental building block". In 1971, J. R. Clark s) added, in an article 
on ~'crystal chemistry of borates", a further principle as the fifth rule, namely that 
"the boric acid group, B(OH)3, may exist in isolated form in the presence of more 
complex polyanions, or such insular groups may themselves polymerize and attach 
to side-chains of more complex polyanions", as first observed in the crystal structures 
of veatchite and paraveatchite. In 1977, Christ and Clark 6) reviewed the various 
principles and classifications in their article on "a crystal-chemical classification of 
borate structures with emphasis on hydrated borates". In addition to a sixth rule, 
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a shor thand notat ion using n and the symbols z~ = triangle and T = te trahedron 
was introduced,  where n is the number  of  a toms characteristic of  the fundamental  
building block. Fo r  n = 1, one can distinguish between the isolated 1 triangles 1 : z~ 
and isolated ~ te t rahedra 1 :T. Each unit may be combined with others o f  its class to 
form pairs (dimers:  2 : A  or 2:T) ,  chains ( ~ ) ,  sheets (002) , o r  networks (C'~3). The 
true polyanions in which triangles and te t rahedra  may exist together, begin with 
n = 3, i.e., the triborates.  

The best examples for the short-hand notat ion are the known boric acids. Ortho-  
boric acid H3BO3 = mineral  sassolite crystallizes triclinic in P]- = C~ 2; it is named 
1 : A  7} ,whi lemetabor icac idcrys ta l l izes in threemodif ica t ions :HB02-I  = B303(OH)3 

or thorhombic  (Pbnm ~6 = ,  Dzh) must be formulated as B303(OH) 3 with the notat ion 
3 : 3 A ,  isolated ~8}; HBO2-II = HB304(OH)2, monoclinic (P2~/a = CzSh) is also a 
t r iborate  with the short-hand notat ion 3oo2:(2Z~ + T), chains g); and HBO2-III  
= mineral  metaborite is cubic (P43n = T~a) and consists of  a three-dimensional  net- 
work of  tetrahedra,  short-hand notat ion 1 o%:T,  network ~o) 

1.1 Monoborates Containing Tetra-Coordinate Boron 

The ion [B(OH)4]- with the nota t ion 1 :T, isolated (Fig. 1, la )  has been found in the 
following species: 
o r thorhombic  (space group Pbca 15 = D21a) LiBO2 " 2 HEO = Li[B(OH)4] 11.12) 
hexagonal  (P3 = C~) LiBO2 • 8 H20  = Li[B(OH)4] • 6 H20  13.14) 
triclinic NaBO2 - 4 H20  = Na[B(OH)4] • 2 H20  is) 
tetragonal  (I4 = S~) CsBO2 • 4 H20  = Cs[B(OH)4] - 2 H 2 0  16) 

monoclinic (P2/c = C~zh) ~-CaB204 • 4 H20  = Ca[B(OH)4]2-117,18) 
or thorhombic  (Pban = D~h) ~'-CaB204 - 4 H20  = Ca[B(OH)4]2-I119) 
triclinic 13-CaB204 • 4 H20  = Ca[B(OH)4]2-III = mineral frolovite 2o}, which is iso- 
typic with 13-SrB204 ' 4 H20  = Sr[B(OH)4]2-II 21~ 

monoclinic (P2/c = C~2h) ~-CaB204 • 6 H20  = Ca[B(OH)4]2 • 2 H20-I  = mineral  
hexahydroborite 22.23} 

monoclinic (C2/c = C~h) 13-CAB204 • 6 H20  = Ca[B(OH)4]2 - 2 H20-I I  24} 
monoclinic ( P 2 t / a  = C~h) ~-SrB204 • 4 H20  = Sr[B(OH)4]2-I 25,26), which is iso- 
typic with BaB204 "4 H / O  = Ba[B(OH)4]2 27} and also with the substitution product  
Sro.sCao.2B20 , • 4 H20  = Sro.sCao.2[B(OH)4]2 28) 

monoclinic (P21/c = C25h) BaB20 4 • 5 H20  = Ba[B(OH)4]2 • H20  29) 
te tragonal  (P4/nmm = DJh) NazCI[B(OH)4] = mineral teepleite 3o.31t 
te t ragonal  (P4/n = C3h) CuCI[B(OH),] = mineral  ban@lithe 32} 
or thorhombic  (Pnma ~6 = D2h) Mg3(OH)2(SOa)[B(OH),~] 2 = mineral sulfoborite 33, 
33A) 

or thorhombic  (Pbnm ~6 = D2h) Mn3(OH)z(PO4)[B(OH)4] ----- mineral  seamanite 34) 
te t ragonal  (I4 = S 2) Ca2(AsO4)[B(OH)4] = mineral cahnite 35,36) and 

monoclinic (P21/n = C6h) MgCa2(CO3)[B(OH)4]2.4 H20  = mineral  carboborite 37) 

11solatedmeans that the unit is only connected by hydrogen bonds to the next unit, but not by 
oxygen bridges. 

2 Alltricliniccrystals ofborates belong tothisspace group;ifthere are doubts, this willbespecifically 
mentioned. 
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1. M o n o b o r a t e s :  
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3. Triborates: 
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H~Oj_)~O "H 
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(-) ~ /B ' o 'B \~ - )  

3 : (2 A + T), isolated, but 
not fully hydrated 
[B30s (OH)2] 3- 
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Fig. 1. (continued) 

5. Pentaborates: 
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Fig. 1. (continued) 

5. Pentaborates: 
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Fig. 1. (continued) 
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Fig. 1. (continued) 

7. H igher  Borates:  

d 
Complex 
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e 
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A substituted [B(OHh]-  ion is present in the or thorhombic (Pbca = Dzh)15 
N a [ B ( O C H 3 ) 4 ] ' C H 3 O H "  1.5 H2038) and in the or thorhombic (Pnma = D2h )16 
[ C s H ~ z N ] [ B ( O C H 3 ) , ]  39), another one in the hexagonal (P6a = C66) Na[B(OH)F3] 
containing distorted tetrahedrally coordinated boron 4m 

1.2 Polymeric Monoborates Containing Three-Coordinate Boron 

Partially hydrated monomer  anions containing three-coordinate boron (type 1 : :A,  
partially hydrated) (Fig. 1, lc) have been found in the or thorhombic (Pnma = D2h)~6 
Na,[B2Os] " U20  = Naz[BO2(OH)I *~) 

1.2.1 Monobora tes  Containing Three-Coordinate Boron and Other Ions 

The isolated [BO3] 3 -  ion (type 1 : ~ )  (Fig. 1, ld) containing OH groups and other 
ions has been observed in the 
or thorhombic (Pbca = D ~ )  Be4[B207] • H /O  = Be2(OH,F)[BO3] = mineral ham- 
bergite 42 ) 
trigonal (P321 = I~33) Be4[B207] ' 3 H20  = Bez(OH,F)[BO3] " H 2 0  = mineral 
berborite ,3.44~ 
hexagonal (P63/m = C6Zh) Mg3(OH,F)3[BO3] = fluoborite type ,5) 
monoclinic (I2/m = C3~) Mglo[B2013] "9 H 2 0  = Mgs[O(OH)s(BO3)] "2 HzO = min- 
eral wightmanite, a 3 A wallpaper structure with large, open channels ~), mentioned 
also as triclinic Mgg[(OH)6(BO3) ]  2 • 2 H20 ,7 )  
monoclinic Mgs[(C1,OH)2(OH)5(BO3)] " 5 H 2 0  = mineral shabynite, similar to 
wightmanite, but from which it differs in X-ray powder reflections and chemical 
composition ,s~ 
or thorhombic  (P212~21 = D 4) Mg7[(CI,OH)5(BO3)3] = mineral karlite 49~ 
hexagonal (P63/m --- C~h) AI12[BxoO33] ' 3 H 2 0  = AI6[(OH)3(BO3)5] --" mineral je- 
remejevite with a polymeric structure, similar to fluoborite and painite, with edge- 
connected B O  3 triangles 5o.5~)and 
cubic (Fd3 = T~h) Cd,[B207]" H20  = Cda[(OH)2(B03)21 s2~. 

1.3 Diborates 

I f  two [B(OH)4]- ions are condensed, the fully hydrated 2:T,  isolated (Fig. 1, 2a) 
diborate ion [BzO(OH)6] 2- is formed which exists in 
tetragonal (P42 = C 3) Mg[BzO4] • 3 HzO = Mg[B20(OH)6] = mineral pinnoite 53. 
54~ and in 
triclinic Ca[B204] • 5 HzO = Ca[B20(OH)6] • 2 H 2 0  = mineral pentahydroborite 55, 
56t 

Further condensation of  this ion leads to the chain 2oo :T, chains (Fig. 1, lb or 2b), 
diborate ion [BzO2(OHh] 2- which has been found in 
monoclinic (C2/c = C26h) Ca[B20,] " 2 H20- I I  = Ca[B2Oz(OH),] = mineral vim- 
site 57) 

2: / ' , ,  isolated, but not fully hydrated (Fig. 1, 2c) is the ion [BzO4(OH)] 3- consisting 
of  one BO 3- and a BO2(OH) group which has been found in the monoclinic (P2~/a 
= C~h) members  of  the szaibelyite group: 
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Mg2[B/Os] " H20  = Mgz(OH)[B204(OH)] = mineralszaibelyite(formerascharite) 58' 
59) 

Mg2[B2 - ~HaxOs] " H20 (x ~ 0.18) = mineral  hydroxyascharite 60) and 
Mn2[B2Os] • H20  = Mn2(OH)(B20#(OH)] = mineral  sussexite 59,61) 

1.4 Triborates 

3 : 2 A  + T, isolated (Fig. 1, 3a): The anion [ B 3 0 3 ( O H h ] -  occurs in the monoclinic 
(C2/c = C26h) Na[B3Os] • 2 H 2 0  = Na[B3Oa(OH),~] = mineral  ameghinite 62) 

3 : A + 2T, isolated (Fig. 1, 3b): The ion [B303(OH)5]  2 - has been found in 
monoclinic  (P21/a = C5h) Mg2[B60 jl] " 15 H20- I  = Mg[B303(OH)5] • 5 HzO-I = 
mineral  inderite 63) 

triclinic Mg2[B6011 ] • 15 H/O- I I  = Mg[B303(OH)5 ] • 5 HzO-II  = mineral kurna- 
kovite 64~ 

triclinic C%[B6Oll]" 7 H20  = Ca[B303(OH)5] • H20  = mineral meyerhqfferite 65, 
66) 

triclinic Caz[B6Oll ] • 9 H20  = Ca[B303(OH)5] " 2 H20  66,67} 

monocl ink  (P21/a = C~h) Ca2[B60~] • 13 HzO = Ca[B303(OH)5] • 4 H20  = min- 
eral inyoite 66.68) 

monoclinic (C=/c = C~h) MgCa[B6Oxl] • 11 H20  = MgCa[B303(OH)5]2 • 6 H20  
= mineral  inderborite 69,70) 
or thorhombic  (Pnma ~6 = D2h) Zn2[B6Olx] • 7 HzO = Zn[BaO3(OH)5 ] - HzO 711 

A par t ia l ly  fluoridized [B303(OH)5]:- ion occurs in or thorhombic  
K2[B303(OH)F4] 72) 

3:3T, isolated (Fig. I, 3c): This ion [B303(OH~'6] 3- is contained in monoclinic 

8 
(B2/b = C6h)Ca[B204] ' 3  H20  = Ca3[B303(OH)612 • 2 H20  = mineral nfontovite 73). 

3 ~ : ( 2 / k  + T), chains (Fig. 1, 3d): The ion [B304(OH)2]- has been found in 

or thorhombic  (Pnma 16 . = D2h) Tl[B3Os] 3 H 1 20 = Tl[B304(OH)2] "~ H20  74) 

3oe:(AX + 2T), chains (Fig. 1, 3e):  The anion [B304(OH)3]  2 -  has been found in 
monoclinic (P21/a --- C~h) high-temperature Ca2[B601 ~] • 5 H20-I  = Ca[B304(OH)3] 
• H20- I  = mineral colemanite 66,75, 76) 

the monoclinic (P2~ = C~) low-temperature synthetic C a 2 [ B 6 O l l ] . 5 H / O - I I  
= Ca[BaO4(OH)3] • H20- I I  77~ 

monoclinic (P2/c = C~2h) MgCa[B6OH] • 6 H20  -- MgCa[B304(OH)3]2 • 3 H 2 0  = min- 
eral hydroboracite vs. 79); and perhaps in Sr2[B6011] " 5 H20  76A) 

3002:(A + 2T), sheets (Fig. 1, 3 0 :  The anion [B3Os(OH)] 2-  has,been found in 
synthetic or thorhombic  (Pbn21 = C90 Ca2[B6Oll] .HzO_ I = Ca[B3Os(OH)].I66, 
so, s~), and in 

monoclinic (P2t/a = C~h)Ca2[B6OH] ' H z O - I I  = Ca[B3Os(OH)]-II = mineral 
fabianite 8t, s2) 

3 : ( A  + 2T), isolated, but  not  fully hydrated (Fig. 1, 3 h): The ion [B304(OH)4] 3-  
occurs in the 

51 



(.iert Heller 

4 
isotypic or thorhombic  (Pna21 = C9v) tr iborates KBOz .~  H 2 0  = K3[B304(OHh]  

• 2 H 2 0  6.S3-85) and 

4 
RbBOz "~ H20  = Rb3[B304(OHh] " 2 H20  s6~, and in the 

monoclinic (P21/b = C~)  Ca2CI[B304(OH)4 ] = mineral solongoite sT) 
3 : ( 2 A  + T), isolated, but  only part ial ly hydrated (Fig. 1 ,3g)  is the ion 

1 
= D2h ) NaBO2 ~ _ [B3Os(OH)2] 3 -  found in the or thorhombic  (Pnma 16 - H , O  

= Na3[B3Os(OH)2] 88,S9) 

3 : ( ~  + 2T) + IT, modified (Fig. 1, 3i): The ion (B404(OH)7] 3-  has been found 
in monoclinic (I2/a = C~zh) Ca[BsOls]C12 • 21 HzO = Cae[B303(OHh " OB(OH)3]CI 
• 7 HzO = mineral  hydrochlorborite 907. 

3:(3T) + IT, modified (Fig. 1, 31): The ion [BeO4(OH)8]*- is better tbrmulated 
as [B303(OH) 5 • OB(OH)3] 4 -  and is found in monoclinic (P2t/n = C~)  Ca[B2Q] 
• 2 H20-I  = Ca2[B303(OH)5 • OB(OH)3] = mineral  uralborite 91,92) 

3 : ( A  + 2T) + 1A,  modified (Fig. 1, 3k) :  The ion [B404(OH)6] z-  should exist 
in monoclinic (P21/a = C~h) Mg[B4OT]" 9 H20"I = Mg[B303(OH)4 " OB(OHh]  
• 6 H20 93} 

1.5 T e t r a b o r a t e s  

4-1 : ( 2 A  + 2T), isolated (Fig. 1, 4a):  The anion [BeO5(OH)4] 2 -  has been found in 
t r igonal  (R32 = D3 v) Na2[B407] " 5 HE O = Na2[B4Os(OH)4] • 3 H 2 0  = mineral  

tincalconite 94) 
monoclinic (C2/c = C6h) Naz[B4OT] " 10 H20  = Naz[B, Os(OH)4] • 8 H 2 0  = min- 
eral borax 9s, 96) 
or thorhombic  (P212121 = D~) Kz[B407] • 4 H20  = Kz[B405(OH)4] • 2 H 2 0  97) 
monoclinic  (P21 = C20 (NH4)z[B407 " 4 HzO = (NH4)z[B4Os(OHh] " 2 HzO 98) 
monoclinic (B2/b or C2/c = C620 [NH3CHzCH2NH3][B4Os(OHh] 99,100) 
triclinic Mg[B4OT] " 9 HzO-II  = Mg(HzO)5[B4Os(OH)4] • 2 H 2 0  = mineral  hung- 
chaoite ml, to2). The isotypic synthetical or thorhombic  (P212121 = D~) "oc tabora tes"  

of  the RbzSr[B4Os(OH)4]2 " 8 HzO type: 
K2Ca[B8014 ] • 12 H 2 0  = KzCa[B4Os(OH)4]z " 8 H 2 0  to3, lo6) 

RbzCa[B4Os(OH)g]z ' 8 H20  107) 
CszCa[B4Os(OH)4]2 • 8 H20  lo7~ 
(NH4)zCa[B4Os(OH)J2 • 8 H20  lo8~ 
KzSr[B4Os(OH)412 " 8 H 2 0  lo3~ 
RbzSr[B4Os(OH)4]z " 8 HzO i09~ 
Cs2Sr[B40~(OH)4]2 • 8 H20  1o7) 
K2Ba[B404(OH)412 - 8 H20  lo3) and 
RbzBa[BaOs(OH)4]2 " 8 H 2 0  xlo); 
triclinic Mn[B407] • 9 H20  = Mn[B4Os(OHh] " 7 H20  ~11) 

4-1 : ( 2 A  + 2T) (Fig. 1, 4b),  isolated (but only part ial ly hydrated) :  The anion 
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[B407(OH)2]  4 -  occurs  in or thorhombic  (Pmcb = D9h) Ca(Mn,Mg)[B2Os] • 1.5 H 2 0  

= Ca2(Mn,Mg)2(OH)4[B4OT(OH)2] = mineral  roweite 112,113) 

4: ~ ( 2 ~  + 2T), chains (Fig. 1, 4d) :  The anion [B406(OH)2]  2-  is built  not  just  by 
polymerizat ion as in the t r iborate  case, but  also by breaking of  a B - - O  bond in each 
polyanion entering the chain (5, 6). I t  has been found in 
monoclinic (P21/c = CSh) Naz[B4OT] • 4 H 2 0  = Naz[B406(OH)2 ] • 3 H20  = mineral  
kernite 114-116) 

or thorhombic  (Pbca = D~h 5) Naz[B407] • H20  = Naz[B406(OH)2 ] 117,118) 
or thorhombic  (P212121 = D~) TI2[B407] " 3 H20  = Tlz[B406(OH)2] • 2 H20  119) 
and perhaps 1 
triclinic T12[B4OT] • 1.5 H20  = TI2[B406(OH)6] "~ H20  

which is formulated by the authors  as T14[BsOI2(OH)lz] " HzO with the short-hand 
formulat ion 7 : ( 3 A  + 4T) + ~ 12o, lzoa); 4 

4-2:(4T), isolated (Fig. 1, 4c), but  only part ial ly hydra ted:  The te traborate  ion 
[B406(OH)6] 6-  has been reported in monoclinic (A2/m = C 3) Ca4Mg(CO3)z[B409] 
• 3 H20  = Ca4Mg(CO3)2[B406(OH)6]  : mineral  borearite 121) 

1 . 6  P e n t a b o r a t e s  

5 : 4 A  + T, isolated (Fig. 1, 5a):  The ion [BsO6(OHh]-  has been found in 
monoclinic  (P21/c = C~h) Na[BsOs] . 2 HzO = Na[BsO6(OH)4] lZ2) 
monoclinic  (C2/c = C6n) Na[BsOs] • 5 H20  = Na[BsO6(OHh] " 3 H20  = mineral  
sborgite 123j 

= Czv)K[BsOs] • 4 HzO = K[BsO6(OH)4 ] • 2 H20  = mineral  or thorhombic  (Aba2 17 
santite 124,126) 

isotypic 3 NH4[BsO8] • 4 H20- I  = ~-NH4[BsO6(OH)j  • 2 HzO 125,127.128) 
monoclinic (Pn = C~) NH4[BsOs] " 4 H20-I I  = I]-NH4[BsO6(OH)4] • 2 H 2 0  128-130) 

probably  in 
or thorhombic  (n-C3HT)4N[BsO6(OH)4 ] 131) 
monoclinic (P21/a = C~h) Cs[BsO6(OH)4] • 2 D M S O  132) and 
monoclinic (P21 = C~ or P21/m = C2:h 133), better P21/c = C~h 134)) TI[BsOs] ' 4 H20  
= TI[BsO6(OH)4 ] • 2 HzO. 

5 ~ 2 : ( 4 ~ ,  + T), chains (Fig. I, 5b):  The ion [BsOT(OH)2 ] -  occurs in monoclinic 
(P21/c = CzS~) NH4[BsOs] • 2 HzO = NH4[BsOv(OH)2 ] • H20  = mineral larderel- 
lite 135) 

5: ~ 2 ( 3 ~  + 2T), chains (Fig. 1, 5d):  The ion [BsOv(OH)3] 2-  has been found in 
triclinic Na4[BloO17] "7 H20  = Na2[BsOv(OH)3 ] • 2 H 2 0  = mineral  ezcurrite 136, 
137) 

5: ~ 3 ( 3 A  + 2T), sheets (Fig. 1, 5e): The ion [BsOs(OH)] 2-  occurs in 
or thorhombic  (Pna21 = C90Na4[BloO17] • 5 H20  = Na2[BsOs(OH)] • 2 H20  = min- 
eral nasinite 11v. ~38) and the 

isostructural  K4[BloO1v] • 5 HzO = K2[BsOs(OH)] • 2 H20  139) 

3 Rb[B5Os] ' 4 H 2 0  = Rb[BsO6(OHh] " 2 H2O lzon;* and 
4 +A should be reserved for side chains 
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5: o03(3,A, q- 2T), sheets, modified with B(OH)3 (Fig. 1, 5f): The ion [BsOs(OH) 
• B(OH)3] 2- exists in 

monoclinic (P21/a = C~h) Ca[B6Olo] " 5 HzO = Ca[BsOs(OH) • B(OH)3] • 3 H20 
= mineral  gowerite 14o) 
monoclinic (Aa = C~) Sra[B22037] • 7 H20-1 = St2 {[BsOs(OH)]2 • B(OH)3} "H/O-I  
= mineral veatchite 141.142) and 

monoclinic (P21 = C 2) Sr4[BzzQv] • 7 H20-II  = Srz {[BsOs(OH)lz • B(OH)3} • H20- 
II = mineral paraveatchite 143~ 

5 : (2A + 3T), A = B, isolated (Fig. 1, 5 h) : The ion [B506(OH)6]  3 - has been found 
in triclinic NaCa[B~Og] • 8 H 2 0  = NaCa[BsO6(OH)6] • 5 H20 = mineral ulexite 144) 

5:ov(2A + 3T), A = B, chains (Fig. 1, 5i): The ion [BsOv(OH)4] 3- occurs in 

monoclinic (P2l/c = C25h) NaCa[BsO9] • 5 HzO = NaCa[BsOv(OH)4] " 3 HzO = min- 
eral probertite 145- ~47~ 

5:o '52(2/k q-3T),  A = B, sheets (Fig. 1, 5k): The ion [BsOs(OH)2] 3- exists in 

tetragonal (P412121 = D~) Li3[BsO9] • H20-I  = Li3[BsOs(OH)2]-I 14s. 1,~91 
orthorhombic (Pn2b = C~v) Li3[BsO9] " H20-II  = Li3[BsOs(OH)2]-II ts0~ 
orthorhombic (Pbca = D~h s) Na3[BsO9]" 2 H20 = Na3(H20)[BsOs(OH)2] 117,151~ 

and 
monoclinic (C2/c = C~h) NazCa3(SO4)zCI[BsO9]" H20 = NazCa3(SO4)zCI[BsOs(OH)2] 

= mineral heidornite 152~ 
5:c~3(2A, + 3T), A = B, network (Fig. 1, 51): The ion [B509] 3- has been found 

in 
orthorhombic (Pca21 = C2S~) Na3[BsO9] "H/O 153~ 
monoclinic (Aa = C~s) Ca2[BsO9]C1 • H20-I  = mineral hilgardite 15~) 
triclinic (P1 = CI) Caz[B~O9]C1 • H20-II  = [Caz(BsOg)C1 ' H20]3 = mineralparahil-  
gardite 15s. 156~ and in the 
probably isostructural species (Ca,Sr)/[BsO9](OH,C1)" HzO-III = minerals stron- 
tiohilgardite, O,retskite or chlortyretskite (they are a structural pair, depending on 

the content of Sr or/and OH/C1) 157-159) 
5: ;~(2z~ + 3T), A = B, chains, modified + z~ (Fig. 1, 5m):  The ion [BsOT(OH)3 
• OB(OH)2] 3- has been found in monoctinic (C2/c = C6h) K2Mg,[B24041] " 19 H20 

= KMg2H[BsOT(OH)3 • OB(OH)212 • 4 H20 = mineral kaliborite 16o) 
5 : ov2(3/k + 2T), sheets, modified (Fig. 1, 5g): The ion [BsOs(OH) • OBsOT(OH)] g- 

occurs in monoclinic (P21/c = C2Sh) Na4[BloO17]" 3 HzO = Na4[BIoOI6(OH)2]  
• 2 H20 = Na4(H20)2[(HO)BsOs • OBsOv(OH)] = mineral biringuccite 16t~ 

5:(4/k + T)3, isolated, trimeric (Fig. 1, 5c): The ion [BsO6(OH)3 " OBsO6(OH)2 
2 

OBsO6(OH)3] 3- exists in monoclinic (C2/c = C6h) NH4[BsOs] " 2~H20 

= (NH4)3[BlsOzo(OH)s]- 4 H z O  = (NI~)3[BsO6(OH)3 • OBsO6(OH)2 " OBsO6('OH)3] 
• 4 U20  = mineral ammonioborite 16z) 

1.7 Hexaborates 

6 : 3/k + 3T, isolated (Fig. 1, 6a): The ion  [B607(OH)6]  2 has been found in 
or thorhombic (Pbca = D ~ )  Mg[B6Olo] " 5 H z O  = Mg[B6Ov(OH)6] " 2 H20 = min- 
eral aksaite 163.164.) 
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monoc l in ic  (P21/c = CESh) Mg[B6010] • 6 H 2 0  = Mg[B607(OH)6 ] • 3 H 2 0  
= Mg(H20)6{Mg[B607(OH)6]2} 165.166) 

monoc l in ic  (P21/c = C25h) Mg[B6010] ' 7 H 2 0  = Mg[B607(OH)6] • 4 H 2 0  
Mg(H20)6{Mg[B6OT(OH)6]2 } • 2 H 2 0  = minera l  admontite 167,168) 

t r igona l  (R3c = D36) Mg[B6Olo] • 72"H20  Mg(B6OT(OH)6 ] • 4 1 H 2 0  = Mg-  
2 

(H20)6{Mg[B607(OH)612} • 3 H 2 0  --  minera l  macallisterite 169.17o) 
monoc l in ic  (P21/c = C25h) Na6Mg[B240,,o]" 22 H 2 0  : Na6Mg(HEO)s[B607(OH)6] 
• 2 H 2 0  : mine ra l  rivadavite 171) 

monoc l in ic  (P21/b = C2Sh) Co[B6Olo ] • 10 H 2 0  : CO(HEO)3[B607(OH)6] • 4 H 2 0  172, 
173) and  the 

i sos t ruc tura l  Ni[B6Olo ] • 10 H 2 0  = Ni[B6OT(OH)6 ] • 7 H 2 0  172.173) 
tr icl inic Ni[B6Olo] • 8 H 2 0  --  Ni(H20)4[B607(OH)6 ] • H 2 0  174) 
monoc l in ic  (P21/c = C25h) Co[B6Olo] 7 H 2 0  = Co(H20)6{Co[B6OT(OH)612} 
• 2 H 2 0  175) 

1 
monoc l in ic  (P21/b --  C25h) Ni(H20)a[B607(OH)6]  • 3 H 2 0  • ~ (CH3)2CO 176) 

3 
monoc l in ic  (P21/b = C5h) Ni(HEO)a[B607(OH)6] ' ~  H 2 0  • C 2 H s O H  177) and  

Co(H20)a[B607(OH)6 ] • ~ H 2 0  • C 2 H s O H  isos t ruc tura l  173, 178) 

t r icl inic KECo[B1202o] • 10 H 2 0  = Kz(HEO)2{Co[B607(OH)612} • 2 H 2 0  179) 

monoc l in i c  (P21/c = C25h) Nio.sMno.2(H20)a[B607(OH)6 ] • C z H s O H .  0.42 H 2 0  lso) 

t r icl inic  Na6Co3[B6Olo]6 • 44 H 2 0  -- Na6Coa[B607(OH)616 • 26 H 2 0  181) and  
tr icl inic (NH4)2Zn(H20)4[B607(OH)612 and  the i sotypic  K2 Cd(H20)4[B607(OH)6]  2182). 
6 : o 0 ( 3 / k  + 3T), chains  (Fig.  1, 6b) :  The  ion [B6Os(OH)4] 2-  has been found  in 
monoc l in i c  (P21/a = C2Sh) Na2Mg[Bl202o ] • 8 H 2 0  = Na2Mg[B6Oa(OH)4]2 • 4 H 2 0  
= mine ra l  aristarainite 183,184) 

6: 0o2(3/% + 3T), sheets (Fig.  1, 6c) :  The  ion [B609(OH)2] z -  occurs  in 
monoc l in ic  (P21/a = C25h) Sr[B6Olo] • 4 H 2 0  = Sr[B609(OH)2 ] • 3 H 2 0  = minera l  
tunellite 185) and  the 

i sotypic  Ca[B6Olo ] • 4 H 2 0  --- Ca[B609(OH)2 ] • 3 H 2 0  = minera l  nobleite 185,186) 
6: ~ 2 ( 3 / k  q- 3T) + 2 A ,  sheets, modi f ied  (Fig.  1 , 6 0 :  The  ion [B609(OH ) • OB(OH)  

• OB(OH)2] 2-  occurs  in 

monoc l in ic  (P21 = C 2) Sr[B8013 ] " 2 H 2 0  = Sr[BaO11(OH)4 ] = Sr[B609(OH ) 
• O B ( O H )  • OB(OH)2] = minera l  strontioborite 187) 

i so typic  Ca[B8013 ] 2 H 2 0  = Ca[BaOl l (OH)4]  = Ca[B609(OH)  O B ( O H )  
• O B ( O H ) 2  188) 

6:0o2[(3/% + 3T)2 + 2A] ,  sheets, modi f i ed  (Fig.  1, 6g): The ion [B609(OH)2 
• OB6Os(OH)  • O B ( O H )  - OB(OH)2] 4 -  has been found  in 

monoc l in ic  (P21/a = C25h) (Sr,Ca)2[B14023] • 8 H 2 0  = (Sr,Ca)2[B1402o(OH)6] 
• 5 H 2 0  = (Sr,Ca)2[B609(OH)2 • OB6Oa(OH ) • OB(OH)  • OB(OH)2 ] • 5 H 2 0  = min-  
eral  volkovite 189) 

the i so typic  c o m p o u n d s  Ca2[B14023 ] 8 H 2 0  --- Ca2[BlgO20(OH)6] • 5 H 2 0  
-- Ca2[B609(OH)2 • OB6Os(OH)  • O B ( O H )  • OB(OH)2 ] • 5 H 2 0  = mine ra lg ino r i t e  189, 
190) 
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Sr2[B1402o(OH)61 • 5 H20 = S r 2 [ B 6 O g ( O H ) 2  • OB6Os(OH) • OB(OH) • O B ( O H ) 2  ] 

• 5 H20  = mineral strontioginorite ~s9) 
6:~2[(2/x, + T) + (/k + 2T)], layers (Fig. 1, 6e): The ion [B6OT(OH)s] has 

been found in monoclinic (P21/c = C25h) Mg[B12019] • 5 H20  = Mg[B6OT(OH)512 1911 
6 : ( 2 A  + 4T), isolated, modified + AsO4 (Fig. 1, 6d):  The ion [B6OT(OH) 6 

• OAsOz] 5- has been found in monoclinic (P21/a = C2Sh) Ca,  Mg[B1202o](AsO4)2 
• 20 H20  = CaaMg[(B6Ov(OH)6) " OAsO312 • 14 H20  = mineral teruggite 192) 

1.8 Higher  Borates 

8 : , 3 G 3 1 3 ( ~  + 2T) + A + 4(2A + 2T)], network (Fig. 1, 7a)" The ion [ B s O 1 3 ( O H ) 2 ]  4 

has been found in triclinic Ca[B4OT] - 9 H z O  = Ca[BsO13(OH)2] 193, 194) 

8: C~Vz[4(2A + 2T) + 4(2A + 2T)], chains (Fig. 1, 7c): The ion [BsOI2(OH)4] 4 

occurs in TIz[B407] • ~ H 2 0  = T14[BsOlz(OH)4] " HzO; see tetraborates 120, 120A) 

6:~2[ (3 /k  + 3T) + 2z~], sheets: The ion [B8Oll(OHh] 2- has been found in 
Ca[BsO43 ] -2 H20  and Sr[BsO43] " 2 H20  = mineral strontioborite; see hexabora- 
tes lsv, ~8s) 

5: ,~,2(3/X + 2T)2, sheets: The ion [B1oO16(OH)2] 4-  exists in Na4[B4oO47] • 3 H20 
= mineral biringuccite; see pentaborates 161) 
11 :o02[9(400 + 5T) + 2T], sheets, modified (Fig. 1, 7b): The ion [BtlO16(OH)8] 7-  

= D2h ) Mg6[B22039 ] 9 H20  has been found in orthorhombic (Pbcn 14 
= Mg3[B~,O15(OH)9] = HMg3[BlIO,6(OH)s] = HMg3{B9012(OH)4 • [O2B(OH)212} 
= mineral preobratschenskite 6,19s, 196,19v) 

5:~,2[(2A + 3T, A = B) -f-•],  chains, modified: The ion [B12016(OH)40] 6- is 
better formulated as [BsOT(OH) 3 • OB(OH)2] 3" and exists in the compound 
K2Mg~[B24041] " 19 HzO = HKMg2(H2Oh[BsOT(OH)3 "OB(OH)212 = mineral 
kaliborite (paternoite); see pentaborates 6. ~60.496. t97) 

12:(6A + 6T), isolated: The ion [B4202o(OHh] s -  exists in monoclinic (P21/c 

= C~h) Na4[B6OI1] " H20  = Nas[B1202o(OHh] 198). 
6 :~,2[(3A + 3T) + 2A], sheets: 
The ion [Bv, O20(OH)6] 4 -  has been found in (Sr,Ca)2[B44023]' 8 H20 = mineral 
volkovite ~s9) 
in C a 2 [ B 4 4 0 2 3 ]  " 8 H 2 0  = mineral ginorite 190~ and in 
Sr2[B14023 ] -8 H2 O = mineral strontioginorite t89,490); see hexaborates. 

5 : ( 4 A  + T)3, isolated, trimeric: The ion [B15020(OH)8] 3 occurs in NH4[BsOs] 

• 22  H 2 0  = (NH4)3[B45Ozo(OH)8] ' 4 H20  = mineral ammonioborite; see penta- 
3 

borates ~62) 
16: (8 A + 8T), complex: The im [B16024(0H)8] 8 - exists in the monoclinic complex 

K 6 { U O 2 [ B 1 6 0 2 , ( O H ) s ] }  • 12 H 2 0  2Ol). 
16 : (6A + 10T), complex: The ion [BI6024(OH)Io] 1°- exists in the triclinic complex 

8 B203 • 2 CuO • 3 Na20  • 17 H20  -= Na6{Cu2[B1602,,(OH)1o]} " 12 H20  199): Fig. 1, 

7d. 
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20: (12A + 8T), complex:  The ion [B2oOa2(OH)8] 12- has been found in tetragonal  

(I4 = S 2) NasH{Cu40[B2oO32(OH)8] }. • 32 H20 ;  and in triclinic HKs{Cu40[B2oO32- 
(OH)a]} • 32 H 2 0  200); Fig. 1, 7e. 

1.9 Peroxoborates 

Known are the structures of  
triclinic NaBO3 • 4 HzO = Na2[B2(O2)2(OH)4] • 6 H20  202) 
triclinic NaBOa • 3 H20  = Na2[B2(O2)2(OH)4] • 4 H20  202A) 
monoclinic (P21/c = C25h) LiBO3 • H 2 0  = Li2[B2(O2)2(OH)4] 2°3k In all three com- 
pounds,  there exists the ion [B2(O2)2(OH)4] 2-  (see Fig. 2). 

Unknown are the structures of  the triclinic NaBO 3 • 3 H20  204,205); or thorhombic  
N a 2 B 2 0 5 - 4 H 2 0 2 ° 6 ) ;  or thorhombic  KBO 3 H202°7'209); and triclinic KBO3 
"H202 208.209); X-ray powder  da ta  have been reported for all compounds.  

(~H2 
O1 ~)O2 

W ~  H 2 01 Fig. 2 

1.10 Incompletely Characterized Hydrated Borates 

The structures of  the following hydrated borates and polyborates  are unknown but 
X-ray powder  da ta  on the species have been repor ted:  

1 
Trigonal  (C3 = C~3) B203 • Li20 • H20  = LiBO2 • ~ H20  and 2 B 2 0 3  " Li20 

• 2 HzO 21o) 

2 B203 • LizO • 5 H20  = Li2[B4OT] • 5 H20  = Li2[B4Os(OH)4] • 3 H20  (?) 2~1) 
B203 • Na20  • 4 H20  = Na[B(OH)4] (?) 212) 

1 
triclinic B 2 0 3  • T120 • H20  = T1BOz • ~ I-I20 and 

or thorhombic  (Pbam = D9h or Pba2 = C28v) B20 a • T120 • 2 H20  = T1BO2 • H20213~;  

monoclinic (P2/c = C~2h or Pc = C 2) Mg[B4OT]' 3 H20  = Mg[B4Os(OH)4] • H20  
(?) = mineral  halurgite 214) 

monoclinic P2/m = C~h (.9) B 2 0 3  " 2 MgO • 2 M g C O  3 • H 2 0  = M g 4 [ B 2 O s ] ( C O 3 )  2 

• 1420 = mineral  canavesite 215) 

monoclinic (C2 = C 3, or  Cm = C 3, or (~2/m = C2ah) B2Oa " 3 MgO • P205 " 8 H20  
= Mg3[B20(OH)4](PO4)2" 6 H20  (?) = mineral liineburgite 216,2~7) 

12 B203 • MgO • 5 CaO • 30 H20  = CasMg[B2aO42 ] • 30 H20  = CasMg[B4Os(OH)416 
• 18 H20  (.9) = hexagonal  (?) mineral  wardsmithite 218) 
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cub ic  (F4132 = 04 )  8 2 0 3  " M g O  "2 C a O "  C a C O  3 • 0.36 H 2 0  = C a 3 M g [ ( B O 3 ) 2 ( C O 3 ) ]  

• 0.36 H 2 0  = m i n e r a l  sakhaite 219,22o) 

o r t h o r h o m b i c  ( P b c a  t5 = D2h) BzO3 " M g O  . CaC12 • 7 H 2 0  = C a M g [ B 2 0 4 ]  Clz 
• 7 H 2 0  = m i n e r a l  chelkarite 221) 

8203  • x M g O  " y C a O  " zCaCl2 - 2n H 2 0  = (Ca,Mg)2(BO3)C1 • n H 2 0  = m i n e r a l  
aldzhanite 221. 222) 

m o n o c l i n i c  B203 ' M g C O 3  • 2 C a O  • 10 H 2 0  = MgCaz[B2Oa(OH)4] (CO3)  ' 8 H 2 0  
(?) = m i n e r a l  carboborite 223) 

B 2 0 3  " C a O  " H 2 0  : Ca[B204]  • H 2 0  = m i n e r a l  korzhinskiite 9ol 

m o n o c l i n i c  (P21/m = C2h or  P2t  = C~) B 2 0 3  ' 2 C a O  • H 2 0  = Ca2[8205]  • H 2 0 - I  
= Ca[B204(OH)2] .  I (?) 224) 

o r t h o r h o m b i c  BzO3 " 2 C a O  - H 2 0  = Ca2[B2Os] " H 2 0 - I I  = m i n e r a l  sibirskite 225) 

5 8 2 0 3 "  4 C a O -  7 H 2 0  = Ca41810Ol4] "7 H 2 0  = Ca2[BsO6(OH)v]  o r  Ca2[8507(OH)5]  
• H 2 0  = m i n e r a l  priceite (pandermite) 226) 

m o n o c l i n i c  5 B 2 0 3  " 4 C a O  • 20 H 2 0  = Ca4[81oO~4] " 20 H 2 0  = Ca4[BsOT(OH)s]  

• 15 H 2 0  (?) = m i n e r a l  tertschite 227) 

m o n o c l i n i c  or  t r ic l in ic  2 B 2 0 3  • 3 C a O  • 9 H 2 0  = Ca3[B409] "9 H 2 0  = Ca3[B(OH)4]4- 
(OH)2 (?) = m i n e r a l  olshanskyite 228) 

2 B 2 0 3  " 2 (Ca ,S r )O  • H 2 0  : (Ca,Sr)2[B4OT(OH)2] (?) = m i n e r a l  kurgantaite ls8~ 
3 B203 ' (Ca ,S r )O  • 3 H 2 0  = (Ca,Sr)[B6Olo]  • 3 H 2 0  = Ca[B304(OH)2]  " H 2 0  (?) 
= m i n e r a l  volkovskite 229,230) 

h e x a g o n a l  2 8 2 0 3  • C a O  • CaCI2 - 3 H 2 0  = Ca2[B407](C1, OH)2  = m i n e r a l  eka- 
terinite 231) 

m o n o c l i n i c  ( P 2 / m  = C~h o r  P2  = Cz 1 o r  P m  = C~) B203 • x C a O  • yCaCI2 • n H 2 0  

: m i n e r a l  ivanovite 232~ 

t e t r a g o n a l  (?) c h l o r i d e - c o n t a i n i n g  (Ca,Mg,Mn)4[B2OT] " 2 H 2 0  = ( C a , M g , M n ) 4 -  
[B205(OH,C1)~] (?) = m i n e r a l  wiserite 61,225.233) 
m o n o c l i n i c  (P21/c = C~h) B 2 0 3  " B aO  • H 2 0  : Ba[8204]  • H 2 0  23~) 

cub ic  ( P 4 3 m  = T~) 11 8203 " 4 A1203 • 8 BeO - ( C s , K , R b ) 2 0  • 2 H 2 0  : ( C s , K , R b ) -  

{ B e 4 A 1 4 [ B l l O z 6 ( O H ) 2 ] }  = m i n e r a l  rhodicite 235,236) 

o r t h o r h o m b i c  ( P b c a  = D ~  6 8 2 0 3  4 A1203 4 N a C I  - 2 KC1 - 26 H 2 0  

- KNa2A14[B60~5]C13* 1 3 H 2 0 - =  KNa2{AI ,~[BzO(OH)6]3(OH)6CI3}"  H 2 0  (?) 
= m i n e r a l  satimoHte 22~. 237.238) 

h e x a g o n a l  11 B203 " 7 ( N a 2 0 , C a O )  • R 8 2 0 3  • 7 H 2 0  = (Ca,Na2)v(RE)2[Bz2043] 

• 7 H 2 0  or ,  m o r e  p r o b a b l y ,  12 B203 • 6 ( N a 2 0 ,  C a O )  • RE2Oa " 6 H 2 0  = (Ca,Na2)6-  

( R E ) 2 [ B 2 4 0 4 5  ] " 6 H 2 0  = m i n e r a l  braitschite 239). 

1.11 Hydrated Boropolytungstates 

T h e  fo l lowing  b o r o n - c o n t a i n i n g  h e t e r o p o l y t u n g s t a t e s  h a v e  n o t  yet  been  comple t e ly  

c h a r a c t e r i z e d  : 
h e x a g o n a l  (P6222 = D~ or  P6422 : D65) Ks[BW~20,~o] " 18 H 2 0  

cub ic  ( F 4 3 m  = TZa or  F m 3 m  = Of)  K 9 [ B W l l O 3 9 ]  " 14 H 2 0  
a n d  t e t r a g o n a l  c o ~ a p o u n d s  Kv [ B M n  2 + W11040H2]" 16 H 2 0  a n d  Ba3 [BM n 3 + W 11 O 4 o H 2 ]  

• 26 H 2 0  240) 
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The latter may be isostructural with tetragonal (P4/mnc = D~h) Ba3[BCo3÷(H20) - 
W l l O 3 9  ] • 26 H20, which has been studied recently 240A). 

2 Crystal Chemistry of Anhydrous Borates 

The main principles of anhydrous borate systemics are that 
a) every boron atom is linked to three or four oxygen atoms; 
b) a single structure may contain either triangular or tetrahedral coordination or 

both; 
c) polymerization or formation of chains, layers or framework is brought about 

by linking the tops of the triangles and tetrahedra; 
d) in framework and layered polyanions the triangles and tetrahedra tend to form 

compact clusters with small negative charge of the type of diborate (2A + 2T), 
triborate (2£~ + IT), pentaborate (4Z~ + IT), boroxinic (3A), ditriborate (1A + 2T), 
dipentaborate (3A + 2T), and other single and double ring boron-oxygen anions 
and radicals; 

e) complex polyanions tend to "twinning"; 
f) in the majority of  complex polyanions each oxygen atom is bound to two boron 

atoms; for compounds with the general formula mB203 • n MxO ~ and m > 1, the 
relationship n = nA/nT = m - -  1 is true; 

g) a frequent exception for polyanions, including layered and framework structures, 
is a coordination number of one or three (in cubic boracites and hydrated complex 
higher polyborates even four) for some oxygen atoms; 

h) no triangles and tetrahedra are encountered in anhydrous borates either in isolat- 
ed forms nor in island polyanions; 

i) an increase in the factor N(B2Oa)/N(MxOy ) as well as in the cation size leads to 
a rise in the degree of polymerization of the anion and the number N, while an increased 
charge" causes the opposite ~1) 

A classification is proposed for the anhydrous borates, which is based on the com- 
position of anion-forming components, valence of cations, type and size of  cations 
and on the ratio of total numbers of cations to number of boron atoms N. Borates, 
borosilicates, boroaluminates, boroberyllates, borocarbonates, boromolybdates and 
borotungstates are arranged into groups where N = > 1, N = 1, N = 1 to 0.5, 
N = 0.5 to 0.33, and N = <0.33. Based on the nature of univalent elements, ortho- 
borates, fluoroborates, metaborates, and polyborates have been recognized 242). 

The structure of  several alkali metal borate crystals has been studied as an aid for 
interpreting the "boron oxide anomaly". Five kinds of BO3 units such as BZX(3 B3), 
BZX(2 B3, ]34), BZX(B3, 2 B4), BA(3 B4) and B R, and two kinds of R B O  4 units such as 
BT(4 Ba) and BT(3 B3, 134) are the basic constituents of the crystals B203 "xR20 
(0 < x < 1.0). The variation of the fractions of  those units with x shows two trends. 
The number of  B4 units to which a B3 or a ]34 unit is bonded, increases gradually with x. 
The fraction of each kind of B zx or B T unit becomes maximal in one of the crystals, 
in which the unit is the single 134 or B 3 unit. These tendencies suggest that four kinds 
of  B4 units bonded with > 1 134 units appear in the range 0.5 < x ~ 1.0, if the frac- 
tion of the B T units is assumed to increase linearly with x in this range. A relation of the 
relative stability between the real and hypothetical units is derived from the viewpoint 
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of the energy of the units, defined as, for example, a sum of the bond energies. The 
B--O bond energies of the R BO 4 units in some crystals have been calculated and were 
found to vary from 130 to 135 kcal/mol 243) 

Based on previous classifications, G. K. Gode 2.4) and S. Garcia-Blanco 2,5) 
have reviewed the crystal chemistry of borates, the latter for hydrated and anhydrous 
borates. 

2.10rthoborates  Containing the Anion BO 3- 

2.1.10rthoborates With M 3 + Cations, MBO 3 

The compounds MBO 3 containing three-coordinate boron are all similar to known 
types of CaCO 3. 

2.1.1.10rthoborates with Calcite Structure 

Trigonal (R3c = D6a) compounds MBO 3 are of the CaCO3-I type with hexagonal 
dense packing of O atoms and planar B033- groups. To this type belong the high- 
pressure phases ~.AIBO 3 51. 246,248); ~_GaBO 3 5~.248,2,9); ~_inBO 3 250-252); 
a_T1BO 3 248); BiBO 3 251,253); ~.ScBO 3 251.254,255); the high-temperature phase 13- 
YBO3_l ...... 257); the high-temperature/high-pressure phase 7-YbBO3-III 257); the 
low-temperature phase 13-LtlBO3-II 24.8,256,258); furthermore, 111~1-33~'~'¢'~ 259)., VBO3 259, 
260); CrBO 3 259-261); FeBO 3 262); Feo.9GaoABO3 263); Fe I _ xSCxBO 3 264); 
Fe I _ Lu~BO3 264); Feo.9Tio.lBO 3 263); Feo.8Cro.2BO 3 263); RhBO 3 2,8); and 
AmBO 3 265) 

2.1.1.20rthoborates with Vaterite Structure 

2.1A.2.t Orthoborates with Pseudo-Vaterite Structure. Hexagonal (P6c2 = D~3h) 
compounds MBO 3 with pseudo-vaterite structure are of CaCO3-II type. Such com- 

pounds exhibiting distorted packing and non-planar BO33- groups are called the 
YbBO3-II type. To this type belong the low-temperature phase ~-YbBO3-II 268. 
2691~ and the high-temperature phase ~t-LuBQ-I 268). Orthoborates similar to the 
YbBO3-II type (hexagonal, perhaps P~z2 2 = D3h) are: y-CeBO3-IV 268); 7.PrBO 3 268); 

and y-NdBO 3 268) 

2.1.1.2.20rthoborates with High-Vaterite Structure. Hexagonal (P6322 = D66) 
compounds MBO 3 of the CaCO3-II' structure belong to the GdBO3-II type. These 
are: the high-temperature phases GdBO3-II 270); TbBO3_II 270); DyBO3.II 270); 
HoBO3_II 270); ErBO3.II 270); TmBO3_II 270); YbBO3.1 270); and LuBO3-III 270) 

2.1.1.2.30rthoborates with "Vaterite" Structure. Hexagonal (P63/mmc = D6*h) 
compounds MBO 3 contain B Q  tetrahedra; these structures are named the YBO3-II 
type. To this type belong the low-temperature/low-pressure phases 13-T1BO 3 266); 
0t-YBO3-II 250,266,267); ct_SmBO3.ii 250,267 -269); EuBO3-II 250,267,268); GdBO3.II 1 250, 
267. 268) ; TbBO3_II 1 268); DyBO3_II I 250, 267,268); HoBO3. I 250.267,268); ErBO3_ I 250, 
267,268); TmBO3-I 250,267,268); and in older literature g-YbBO3-II 25°'267) as well 

as the high-temperature phase tx-LuBO3-I 250,267) 
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2.1.1.30rthoborates with Aragonite Structure 

Orthoborates MBO 3 with aragonite = CaCO3-III structure are orthorhombic 
(Pmcn = D~ 6) with dolomite-like packing and planar BO33- groups; they are called 
the LaBO3-II type. To this type belong the low-temperature phases ~t-LaBO3-II 250, 
271-273); ~_CeBO3.II 1 274,275); Cel - xTbxBO3 275); ~-PrBO3-III 276); a-NdBO3-III 250, 
273); PmBO 3 277); and the high-pressure phases k-SmBO3-III 276) and k-EuBO3-II1276) 

2.1.1.40rthoborates of the LAB03-! Type 

Orthoborates of the LaBO3-I type are monoclinic (P21/m = C2h); to this type belong 
the high-temperature/high-pressure phases I]-LaBO3-I 272) and [3-CeBO3-II 272) 

2.1.1.50rthoborates of the High-NdB03-I Type 

The following orthoborates MBO 3 of the high-temperature NdBO3-I type are triclinic 
(P1 = CI) with isolated BOa- groups of nonequilateral triangles: 
the high-temperature phases v-CeBO3-1272); v-PrBO3-I278); v-NdBO3-I25°'278); 
v_SmBO3_ 1 278,279); and the 
high-pressure phases v-EuBO3-I 278); v.GdBO3.1 278); v_TbBO3_ I 278) and v-DyBO 3- 
1 278) 

2.1.20rthoborates With M 2 + Cations, M3(BO3) 2 

2.1.2.10rthoborates with Kotoite Structure 

The following orthoborates M3(BO3) 2 are of orthorhombic (Pnmn = D~) Mg3(BO3) 2 
= kotoite type with hexagonal dense packing of the O atoms and isolated BO 3- groups 

containing non-equilateral B--O bonds: Mg3(BO3) 2 = mineral kotoite28°'281); 
Mna(BO3) 2 = mineraljimboite 282,283); C03(BO3) 2 281,284); and Ni3(BO3) 2 285,286) 

2.1.2.20rthoborates with Ca 3(BO 3)2 Structure 

To the trigonal (R3c = D6~) Ca3(BO3) 2 type with distorted packing of O atoms, 
Ca columns and not exactly planar BO 3- groups belong Ca3(BO3)2287'288); 
Sr3(BO3) 2 289); Hg3(BO3) 2 290); and Eu3(BO3) 2 291) 

2.1.2.30rthoborates with Zn 3 (B03) 2 Structure 

The monoclinic (Bb = C~s or C2/c = C~2h) Zn3(BO3)2 type is so far represented only 
by Zn3(BO3) 2 292,293) containing four-coordinate boron. 

2.1.30rthoborates With M + Cations, M3BO 3 

~-Li3BO3-II is monoclinic (P21/c = C25~) with nearly planar BOa- groups 294), but not 
isotypic with monoclinic (P21/c = C25h) Na3BO3 295) 

AgaBO3-I is trigonal with R32 = D~ 296), Ag3BO3_I I with R3c = D368 297); TI3BO3 
is hexagonal (P63/m = C62h) 298). 

[3-LiaBO3-I is perhaps monoclinic and 7-Li3BO3-III perhaps cubic with 
a = 614.6 pm 294). 
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2.1.40rthoborates M 1 + M 2 + [BOa] 

To the monoclinic (C2/c = C26h) LiZn[BO3]-II type belong LiZn[BO3]-II 299,300) 

and LiMn[BO31299'3°°); hexagonal (P6 = C~h ) is LiCd[BO3]-I3°a'3°2); triclinic 
(I1 = C~) is LiCd[BO3]-II 3m,304,305). Other hexagonal types are LiMg[BO3] and 
LiZn[BO3]_ I 306). 

]k/ll + ~13 + [BO312 2.1.50rthoborates -'~3 --- 

To the monoclinic (P21/c = C25h) Na3Nd[BO3] 2 type with isolated BO 3- triangles in 
a complex structure belong Na3La[BO3] 2 3o7t and Na3Nd[BO3] 2 3o7,3os) 

M 2 + M'2 + [B0312 2.1.6 Orthoborates ~--2 --- 

Tetragonal Ca2Mg[BO3] 2 is isomorphous with Na2Ca[CO3]2; hexagonal BaEMg[BO3] 2 
is isomorphous with the mineral buetschliite. (Na,K)2(Ca,Mg)[CO3] 2 3091 

2.1.70rthoborates M 3 + M'3 + [BO312 

Isomorphous with the mineral dolomite, CaMg[CO3]2, are the trigonal (R3 = C~i) 
compounds with partial cation disorder: YCr[BO31231°); DyCr[BO31231°); 
ErCr[BO3]2 310); YbCr[BO3]z 310); LuCr[BO3]2 310); YFe[BO3] 2 264); DyFe[BO3]2 264); 
HoFe[BO3]2 264); ErFe[BO3]2 264~; TmFe[BO3]2 264~; YbFe[BO3]2 264); and 
LuFe[BO3]2 264). 

2.1.80rthoborates M 2 + M 4+ [BO3] 2 

Also isomorphous with dolomite are the following trigonal (R3 = C~i) compounds 
with weak rotation at the BO33- groups as compared to the ideal position: 
MgSn[BO3]2 31 ~, 3t2;,; CaSn[BO3]2 = mineral nordenskj6ldine 311 - 314); SrSn[BO3]2 311 - ,  
313); SrSn 1 _ xTix[BO3]2 311); BaSn[BO3]2 311 - 313); BaSn 1 _ xTix[BO3]2 311); MnSn[BO3]2 
= mineral tusionite 314.315); FeSn[BO3]2 314); CoSn[BO3]2 314); NiSn[BO3]2 314j; 
CdSn[BO312 314); Srl_xBa~Ti[BO3]2 m);  BaTi[BO3]z 311,312); CaZr[BO3]2 312,315); 
SrZr[BO3]z 312,313); BaZr[BO3]z 312,313); PbZr[BO3]2 316) ; CdZr[BO3]2 312,313); 
CaHf[BO3]2 313); SrHf[BO3]2 313); and BaHt~BO3] 2 313) 

M1 +MS+rBO l 2.1.90rthoborates L 3J2 

In monoclinic (Pn = C~) RbNb[BO3] 2, octahedra chains of NbO 6 are tilted in the 
a-direction (100); the true formula is {RbNb[BO3]2} 5 3tvk Isotypic are RbTa[BO3] z 
and T1Ta[BO3] 2 3171; orthorhombic (Pna21 = C9v) T1Nb[BO3]2 has a similar, but 
different structure 303) 

2.1.10. Orthoborates M~ + M 3 + [B03] 3 

Isomorphous with the mineral shortite, Na2Ca2[CO3]3, are the orthorhombic (Atom2 
= C~) compounds Na3[La2(BO3) 31 and Na3[Nd2(BO3)3] 307,30s); while Li3[In2(BO3) 3] 
belongs to another orthorhombic space group 3as). To the monoclinic (P21/n = C~h) 
Li3[Ndz(BO3)3] type be long  Li3[La2(BO3)3] 319), Li3[Nd2(BO3)3] 247. 308. 3191. 

Li3[Pr2(BO3)3] 320;,; and  Li3[Eu2(BO3)3] 321) 

62 



A Survey of Structural Types of Borates and Polyborates 

2.1.11 Orthoborates M~ + M 3 + [B03] 3 

Members of the monoclinic (P21/b = C~h) Li6[Yb(BO3)3] type are: Li6[Nd(BO3)3] 308); 
Li6[Gd(BO3)3 ] 308); Li6[Ho(BO3)3 ] 322); and Li6[Yb(BO3)3] 323) 

2.1.12 Orthoborates M61 + M2 3 + [BO3] 4 

In the following compounds of the triclinic Li3[Ga(BO3)2] type, {M2(B03)4} 6°~- 
chains with two different BO a- groups have been found: Li6[A12(BO3)4] 324) and 
Li6[Ga2(BO3)4] 325) 

2.1.13 Orthoborates Ma 2 + M32 + tlBnv3]4" 

In the following compounds of the orthorhombic (Pc21n = C9v) 
Sr3La2B40 u type, four different isolated planar BO 3- groups and chains of distorted 
La--O and Sr--O polyhedra are found: 
Ca  3trY 2,tBt3 v3  ,,4J ] ] 326,327)., Ca3 [La2(BO3)4] 327); 
Ca3[Nd2(BO3)4] 327) ;  Ca3[Sm2(BO3)4] 327); 
Ca3[Tbz(BO3)aj 327) ;  Ca3[Dy2(BO3)4] 327); 
Ca3[Er2(BO3) j 3 2 7 ) ;  Ca3[Tm2(BO3) 4 327); 
Ca3[Lu2(BO3)4] 327) ;  Sr3[La2(BO3) J 327-331); 

Sr3[Nd2(B03)4] 328,329, 
334,335). 

Sr3[Gd2(BO3)4] 327-329, 
331.333) 

Sr3[Ho2(B03)4] 328,329); 
Sr3[Yb2(BO3) 4327- 329); 
Ba3[Gd2(B03)4] 327); 

Sr3[Sm2(BOa)4] 328,329); 

Sr3[Tb2(BO3)4] 32s, 329); 

Sr3[Er2(B03)4] 328.329,336); 
Sr3[Lu2(BO3L 328); 
Eu3 [Eu2(BO3)4] 337); 

Ca3(Pr2(B03)4] 327); 
Ca3[Gd2(B03)4] 327); 
Ca3[Ho2(BO3)4] 327); 
Ca3[Yb2 (B03)4] 326); 
Sr3[Prz(B03)4] 328,329,331. 
332,333). 

Sr3[Eu2(B03)4] 328); 

Sr3[Dy2(BO3) J 328. 329); 

Sr3~m2(BO3)4 ] 328); 
Ba3[La2(B03)4] 327,331,333); 
and C03[Ho2(BO3)4] 284). 

2.1.14 Orthoborates 3+ ,3+ M M 3 [BO3] 4 

Isomorphous with the mineral huntite, CaMg3[CO314, are the trigonal (R32 = D37) 
compounds of the Y[A13(B03)4] type with two different isolated BO 3- groups and 
A1-- 0 helices: 
Y[AI3(B03)4] 338 - 342); 

Nd[A13(BOah]_1339, 340, 
345). 

Gd[Ala(BO3)j 339,340); 
Ho[A13(BO3)4 ] 339. 340); 
Tm[A13(BO3)4 ] 340); 
Gd 1 _ xLux[Al3(BO3)4 ] 347); 
Pr[Ga3(B03)4 ] 340. 349); 

Eu[Ga3(BO3)4 ] 340,348 - 350),~ 

Y1 - xNdx[A13(B03)4] 343, 
344) 

Sm[A13(B03)4 ] 339. 340,346 ); 

Pr[A13(B03)4 ] 340); 

Eu[AI3(BO3)4 ] 339,340); 

Tb[Ala(BO3)4 ] 339,340) 
Er[A13(BO3)4 ] 33s. 339,340); 
Yb[A13(BO3)4 ] 339); 
Y[Gaa(BO3)4] 340,348 -350); 
Nd[Ga3(B03)4 ] 340,349,350, 
354). 

q 

Gd[Ga3(BO3)4 ] 340, 
348-351). 

Dy[A13 (BO3)4 ] 339,340); 
ya _ xErx[Ala(BO3)4 ] 33s); 
Lu[A13(B03)4 ] 340); 
La[Ga3(BO3)4 ] 340,349,350). 

340,348 -350). Sm[Ga3(B03)4] 

Tb[Ga3(BO3h] 340. 
348 -350). 
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Dy[Ga3(BO3)4 ] 34,8-350); 
Yb[Ga3(BO3)4,] 340, 34,9,350); 
Sc[Fe3(BO3)4 ] 353); 
La[Fe3(BO3)4,] 340,350,351); 

(Ndo,sBio,5)[Fe3(BO3)4,] 353, 
355). 

Eu[Fe3(BO3)4 ] 34`0,350,351, 
353). 

Dy[Fe3(BO3)4 ] 340,350-352); 
Tm[Fe3(BO3)¢ ] 340); 

Ho[Ga3(BO3)4,] 34,9); 
Sm[Cr3(BO3)4 ] 339); 
in[Fe3(BOa)j 353); 
Pr[Fe3(BO3)4,] 340,350,353); 
Er[Fe3(BO3)4,] 353); 

Gd[Fea(BO3)4,] 340, 
350 -353). 

Ho[Fe3(BO3)4,] 340,351,352); 
Yb[Fe3(BO3)4 ] 340,350); 

Er[Ga3(BO3)4 ] 34`0, 34,9,350); 
Gd[Cr3 (BO3)4,] 339 ); 
Y[Fe3(BO3)4] 340,350-353); 
Nd[Fe3 (BO3)4,] 340, 350 - 353); 
Sm[Fe3(BO3)4,] 340, 35o-353); 

Tb[Fe3(BO3)4 ] 340,350,351 ); 

Er[Fe3(BO3)4 ] 34`0,350,353); 
Bi[(Fe 1.35All.65)(BO3)4 ] 353). 

Isomorphous with the mineral xanthite crystallizes the monoctinic (C2/c = C~2h) 
high-temperature phase Nd[A13(BO3)4` ] containing two different isolated BO~- 
groups 356,358); the monoclinic high-temperature phase Gd[A13(BO3) 4] crystallizes 
in C2 = C23 or C2/m = C3h or Cm : Cs 3 357) 

2.1.15 Orthoborates M~ +M33 +(BO3) 5 

The hexagonal (P63mc = C~6v or P62c = D32h or P63/mmc = D64h) Ca3[La3(BO3)5] 359) 
crystallizes isomorphous with the mineral burbankite, 

2.2 BO3 3-  Groups Besides Other Ions 

2.2.1 BO 3- Groups Besides 0 2- Ions 

2.2.1.1 Warwickite- Type, M2 + M3 + [ O ( B03) ] 

The following compounds M 2 + M 3 ÷ [BOj belong to the orthorhombic (Pnma = D 161 2h/ 
(Mg,Fe)3Ti[O(BO3)]2 = 
eral warwickite ~); 
MgGa[O(BO3)] 360); 
MgCr 3 + [O(BO3~] 360); 
CaSc[O(BO3)] 364); 
CaTb[O(BO3)] 270); 
CaEr[O(BO3)] 270); 
CaLu[O(BO3)] 364); 
C o G a [ O ( B O 3 ) ]  360); 
CoFe 3 + [O(BO3)]  362,365); 

Cdln[O(BO3)] 360); 

mineral warwickite type: Mg(Mg 0.STio.s)[O(BO3)] = rain- 

MgTi 3 + [O(BO3)] 361 ); 
MgFe 3 + [O(BO3)] 362,363); 
CaY[O(BO3) ] 270); 
CaDy[O(BO3)] 270); 
CaTm[O(BO3)] 270); 
Mn z + Fe 3 + [O(BO3)] 360); 
CoSc[O(BO3)] 360); 
NiCr 3 + [O(BO3)] 366); 

CdSc[O(BO3)] 360) 

MgV 3 + [O(BO3)] 361 ); 
Caln[O(BO3)] 360.362); 
CaGd[O(BO3)] 270); 
CaHo[O(BO3)] 270) 
CaYb[O(BO3)] 270); 
Fe 2 + Fe 3 + [O(BO3)] 362); 
CoCr 3 + [O(BO3)] 360 ); 
the low-pressure 
NiFe 3 + [O(BO3)]-I 362); 

2.2.1.2 Vonsenite-Ludwigite Type, M~ + M 3 + [ 0  2 (BO 3) ] 

The following compounds belong to the orthorhombic (Pbam = D9h) vonsenite- 
ludwigite series : 
(Mg,Fe 2 +)2(Fe 3 +,A1)[O2(BO3) ] = mineral ludwigite 362,367,368) 
Mg2(Fe , Yi, Mg)[O2(BO3)] = mineral azoproite 369) 
Fe 2 + Fe 3 + [O2(BO3) ] = mineral vonsenite 362,367,370- 372) 
CozFe 3 + [O2(BO3) ] 362) 
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Ni2Fe 3 + [O2(BO3) ] 367,372) 

Cu2Fe 3 + [O2(BO3) ] 3621 
Fe 2 + V 3 + [O2(BO3) ] 361), Co2V3 + [O2(BO3) ] 361) 
Ni2AI[O2(BO3)] 373) and 
Co z +Co 3 +[02(B03) 1374). 

2.2.1.3 Hulsite Type, M2+ Ma+ [O2( B03)] 

To the hulsite type belongs only the monoclinic (P2/m = C~h) solid series (Fe 2÷,Mg, 
M F 2+F 3+ 4+ Fe3+,Sn4+)[BOs], for example go.7 ei.5 eo.6Sno.2[O2(BO3)] = mineral hulsite 375, 

376) 

2.2.1.4 Pinakiolite Type, M 2 + M 3 + [02 (BOa) ] 

To the pinakiolite type belongs only the monoclinic (C2/m = C2ah) solid series 
(Mg,Mn 2 +)2Mn 3 + [BOs], for example (Mg,Mn) 1.77(Mn,Fe,A1)~.l 1[O2(BO3)] = min- 
eral pinakiolite 46); or Mg1.9(Mn,A1,Fe)I.o[O2(BO3)] = also pinakiolite 377) 

2.2.1.5 TakOuchite Type, M 2 ÷ M 3 + [ 0 2 (BO a) ] 

The orthorhombic (Pnnm = D2 ~2) tak6uchite type is represented by the solid series 
(Mg,Mn2+)2(Mn3+,Fe3+,Ti4+)[BO5], for example, 2+ 3+ 3+ .4+ Mgl.59Mno.42Mn ~.78Fe0A9TI~.01- 
[O2(BO3) ] = mineral tak~uchite 378); and (Mg,Mn 2 +,Mn 3 +)2.95102(903)] = mineral 
orthopinakiolite 377). 

2.2.1.6 Borates M 2 + M 4 ÷ [02 (B03) ]2 

The orthorhombic (Pbam = D29h) borates NisTi[B2Olo ] = Ni5Ti[O2(BO3)]z and 
C%Ti[B20~o] = CosTi[O2(BO3)] 2 are similar to the ludwigite type 379) 

2.2.1.7 Borates M2+ M3+ [O(B03)2] 

While ~-CaAI2[B207] = ot-CaA12[O(BO3)2]-II is hexagonal (P6322 --- D66) 38°), 
~-CaA12[O(BO3)2]-I is monoclinic3S°); BaA12[O(BO3)2] is also monoclinic (P2/c 
= ~22h or PC = C22) 3sl). 

2.2.1.8 Borates M~ + [03 (BOa)2] 

Bi4[B20 9] = Bi4[O3(BO3)2] crystallizes monoclinic (P21/c = C25h) with isolated 
BO 3- groups 332). 

2.2.1.9 Borates M2 + M 3 +[03(B03)21 

The Ca3Gd2[B2091 = Ca3Gdz[O3(BO3)21 type (C2/m = C3h or C2 = C23 or Cm 
= Cs 3) is represented by Ca3Laz[O3(BO3)2127°);  Ca3Gd2[O3(BO3)2127°); and 
Ca3Yb2[Oa(BO3)2] 270) 

2.2.1.10 Borates M3 M~3+ [O6( B03)2] 

The trigonal (P31m = C32v) K3Nb3[B20 J = K3Nb3[O6(BO3)2  ] and the hexagonal 

(P62m 3 = D3h) K3Ta3[B20 J = K3Ta3[O6(BO3)2] have two nonequivalent non- 
symmetrical BO 2- groups with a pentagonal channel-structure like K6Nb6[Si4026 ] 383, 
384) 
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2.2.1.11 Borates M3+ M61[O3(B03) ] 

The monoclinic (P21 = C22) LaMo[BO6] = La2Mo2[O3(BO3)]2  type with endless B - - O  
chains of  distorted BO 3- triangles is represented by La2Moz[O3(BO3)]2 385) and 
La2Wz[O3(BO3)]2 385), a n d  perhaps also by C e M o [ B O 6 ]  386). PrMo[BO 6] and 
NdMo[BO6 ] 386~ seem to have other structures; considering the B - - O  distances in 
the Mo compound  (123, 129, and 155 pro), one can classify these compounds  to the 
metaborates LaBO2[OMoO3]. 

2.2. t. 12 Borates M 3 + [ 0  6 (BO 3 ) ] 

The or thorhombic  (Cmc21 = C~2~) AIs[BO j = AIs[O6(BO3)] type is found in the 
compound B203 • 5 A1203 3a7) or in 2 B203 • 9 A1203 = AI20-~4/H)[B,+e,/H)O36] 383~. 

2.2.1.13 Borates M3~ [012 ( BO 3)5] 

The monoclinic (P21/c = C~0 compound La13[BsO27 ] is better formulated as 
La 13[O12(BO3)5] 389) 

2.2.1.14 Borates M2+ M~+ M4+[Ot5(B03)] 

The hexagonal (P63 = C~) CaAIgZr[BOa8] = C~ZrB[A19018] = CaZrAI91Ols(BO3)] 
has been found in the mineral painite with BO~- triangles in a rigid dense [AIgOls] 
octahedral f ramework topologically identical to those found in jeremejevite and 
ftuoborite 390) 

2.2.1.15 Other Not Completely Characterized Orthoborates with Oxygen lons 

The monoclinic (P2/m = C~0 Ba3AI4[O3(BO3)4] 381) and the monoclinic (P2 = C~ 
or Pm = C~) NaMg3Mn3[Os(BO3)2] 391) are not yet completely characterized by 

X-ray structural analysis, 
The borates of  the type M 3 + M 6 + [ B 2 0 9 ]  w i t h  M 6+ = Mo or W and M 3+ = Pr, 

Nd, Sm, Eu, Gd,  and Tb belong to one type, those with M 6 + = W and M 3 + = Sm, 
Eu, Gd, Tb,  and Dy to another 385. 386. 392 , 393) while the compounds  M~ + M 6 +[B2Oa2] 

with M 6+ = W, M 3+ = La to Ho 393) and M63+M6+[B, O24] with M 6+ = Mo, M 3+ 
= Pr or Nd are isostructural, as based on X-ray diffraction results 386) 

2.2.2 BO 3- Groups  besides Halide Ions 

2.2.2.1 Be2[ (BOs)F] Type 

The monoclinic (C2 = C2 s) Be2[(BO3)F] type is represented only by B20 3 • 3 BeO 
• Be(F,OH)2 = mineral hambergite 42, 39,). 

2.2.2.2 KBe2[ (BO 3)F2] Type 
The monoclinic (C2 = C a) KBea[(BOs)F 2] type is related to the hambergite type; 
it is found in B203 " K 2 0  • 2 BeO • 2 BeF2 = KBe2[(BO3) F2] 395); RbBee[(BO3 ) F2]; 
CsBez[(BOa)F2]; and probably also NaBe2[(BO3)F:] 396) 

2.2.2.3 Mg2[ ( BO3) F]-I Type 
= D2h ) warwickite type belong the high-temperature To this or thorhombic  (Pnma 16 

phases I3-Mg2[(BO3)F]-I 397} and Mn2[(BO3)F] 360) 
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2.2.2.4 Mg2[ ( BO3)F]-H Type 

To this orthorhombic (Pna21 = C9v) olivine type belong the low-temperature phase 
~-Mg2[(BO3)F]-II and the solid series Mg2[(BO3)FI_x(OH)x] and Mgz[(BO3) 1 _y- 
F1-3y] 398). 

2.2.2.5 Fluoborite Type 

The hexagonal (P63/m = C~) type with BO33- groups orientated vertical to the 
trigonal axes, is represented by y-Mg3[(BO3)F3] or by Mg3[(BO3)(F,OH)3] = mineral 
fluoborite 4s. 390,397) 

2.2.2.6 Mgs[ (BO3)3F ] Type 

The orthorhombic (Pna21 = C9v) type is represented only by Mgs[(BO3)3F ] 399); 
it has a hexagonal dense structure like the olivine-chondrodite group. 

2.2.2.7 Ca2[ ( B03)CI ] Type 

This monoclinic (P2i/c = C~h ) type is represented only by the synthetic compound 
Caz[(BO3)C1] 400) 

2.2.2.8 Eu2[ ( B03)CI ] Type 

To this hexagonal (P63mc = C~6v) type belong EUz[(BO3)C1 ] and Eu2[(BO3)Br ] 4ol) 

2.2.2.9 Mgv[ ( B03)3CIs] Type 

This orthorhombic (P212121 = D~) type is only represented by Mgv[(BO3)3(C1,OH)5 ] 
= mineral karlite 49). 

2,2.2.10 Pb6[(B03)30CI ] Type 

This type with nearly planar BO 3- groups has only one member, the synthetic ortho- 
rhombic (Pcmb = D~h) Pb6[(BO3)3OC1 ] = Vb40[Pb2(BO3)3C1] 402). 

2.2,2.11 AI6[ ( BO3)sF3] or Jeremejevite Type 

This hexagonal (P63/m = C~h ) type is represented by A16[(BO3)s(F,OH)3 ] = mineral 
jeremejevite; of the two different BO 3- groups, one is strictly planar whereas the other 
one deviates significantly from planarity 50.51,392,403,404) 

2.2.3 BO33- Groups besides CO32- or SO ] -  and/or O ,2- Ions 
1 

The cubic (F4132 = 0 4) compound Ca3Mg[(BO3)2(CO3) ] contains - m o l  H20 as 
3 

the mineral sakhaite, and is therefore mentioned already in chapter 1 219,220) 
Hexagonal (P63 = C66) Ca4Mn 3 ÷ [O3(BO3)3(CO3) ] = mineral gaudefroyite contains 

isolated BO 3- groups 405) 

The synthetic orthorhombic (Pnma = D~ 6) compound B20 3 • 5 PbO.PbSO 4 
= Pb6[O2(BO3)2(SO4) ] also contains isolated distorted BO ] groups 406~. 
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2.3 Monoborates Containing Four-Coordinate Boron Only 

2.3.1 The Ion B045- 

2.3.1.1 Cho'soberyll Type, MZ+ M3+ [B04] 

To the orthorhombic (Pnma = D21~) BeA120 4 = chrysoberyll type with slightly 
distorted tetrahedral boron belong the following borates: MgAI[BO,] = mineral 
sinhalite ,os); Mgo.95Fe~.~sAl[BO4] ,~09); MgGa[BO4] 366); NiCr 3 + [BO4] 366); and the 
high-pressure phase NiFe 3 +[B04]-II 4°7'4°8L 

2.3.1.2 CaAI[B04] Type 

Only orthorhombic (Ccc2 = C2 ~3) CaAI[BO 4] represents this type 3so,4~o) 

2.3.1.3 SrAI[BOj Type 

Only orthorhombic (Pccn = D~ °) SrAI[BO A represents this type 4H). 

2.3.1.4 BaMg[SiOj Type 

To the hexagonal BaMg[SiO 4] type belong CaLa[BO 4] and SrLa[BO4]; CaY[BO 4] 
is not isomorphous 412). 

2.3.1.5 LiGe[BOj Type 

This orthorhombic (Fmm2 = C~.) type is represented by Li20"B203 • 2 GeO 2 
= LiGe[BO4 ] as3) 

2.3.1.6 Ta~ BOa] Type 

To this tetragonal (I4~/amd = D] 9) zirkone type belong Nb[BO 4) 4141; Ta[BOj 41,); 
and (Nb,Ta)[BO 4] = mineral behierite 4t5). 

2.3.2 The Ion BO]- Besides 0 2- Ions 

2.3.2.1 Norbergite Type, M3+ [B06] 
To the orthorhombic (Pnma = D 16) norbergite = MgzSiO 4 ' Mg(OH,F)2 type with 2h 
the anion [02(B04)] 9 belong A13[BO 6] = A13[O2(B04)] 51) and Fe3[BO 6] = F%- 
[O2(B04) ] 416~. 

2.3.2.2 Gd3[B06] Type 
To the monoclinic (C2/m = C23 or C2 = C~ or Cm = C]) Gd3102(BO4)] type belong 
Y3[B06]; the high-temperature phase Sm3[B06]-I; Eu3[BO6]; Gd3[BO6]; Tb3[BO6]; 
Dy3[B06]; Ho3[B06]; Er3[BO6]; Tm3[BO6]; the low-temperature phase Yb3[BO6]- 
II zTo); perhaps also La3[BO 6] 4171. 

2.3.2.3 Lu3[B06] Type 
To the monoclinic (C2/m = C23 or C2 = C 3 or Cm = C 3) Lu3[O2(BO¢)] type belong 
the high-temperature phase Yb3[BO6]-t and Lu3[BO 6] z7o~ 
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2.3.2.4 Ni2Nb[B06I Type, M~ + M 6 + [B061 

This orthorhombic (Pnma = D~ 6) type is represented by NizNb[BO6] = NizNb- 
[O2BO4 ] 418). 

2.3.2.5 Chondrodite Type, M 2 + M 3 + [ B 201o] 

To the monoclinic (P21/c = C25h) Mgs[(OH,F)2(SiO4) 2] = mineral chondrodite type 
b e l o n g s  B203 • C o O  " 2 A1203 = AI4Co[OE(BO4) 2] with BO 4 tetrahedra, connecting 
chains of A1 octahedra 419). 

2.3.3 The I o n  [B307] 5 -  

Al l  the B atoms are tetrahedral in the ion [B307] 5 -  , found in the orthorhombic (Cmma 
21 -- D2h ) CaAl[B3OT] = mineraljohachidolite 42o.421); see also triborates (Chapt. 2.6.2). 

2.3.4 Tetracoordinate Boron Besides Halide or Germanate 

2.3.4.1 Baryte Type 

To the orthorhombic (Pnma -- D~ 6) baryte = BaSO4-II type belongs the borate 
Ba2[(BO3~F ] 422,423). 

2.3.4.2 Sulpht l, alite Type 

The cubic (F43m = T 2) compound Ca3Er3Ge2[BO13] = Ca3Era[O(BO4)(GeO4) 2] 
is of a sulphohalite = Na6[C1F(SO4)2] related type 424). 

2.3.5 BO~- Ions Besides PO]-  or AsO 3- 

Ca[BPOs], Sr[BPOs], Ca[BAsOs], and Sr[BAsOs] are hexagonal (P6cc = C2v or 
P6/mcc = D 2 " 6h) wlth tetrahedral boron 425). Ba[BPOs] is isomorphous 426). 

Pb[BPOs] and Pb[AsBOs] are also hexagonal in the stillwellite = RE[BSiOs] type 
with tetrahedral boron 427) 

ct-Mga[BPO7] and ~-Zn3[BPO7] crystallize in the orthorhombic space group Imm2 

= C 2°" I3-Zna[BPOT] is hexagonal in P6m2 = D~h or P62m = D 3 428) 
2 v ~  3 h  " 

2.3.6 The High-Pressure B203 

The orthorhombic (Ccm21 = C~ 2) high-temperature/high-pressure phase B203-II 
contains boroxine rings with distorted tetrahedral boron 429); the structure of the 
hexagonal (P31 = C 2) low-pressure B20 3 is still unknown 430) 

2.4 Metaborates, BO2- 

2.4.1 Metaborates With M + Cations, MBO 2 

2.4.1.1 LiB02-I Type 

The LiBO2-I type is represented only by monoclinic (P21/c = C25h) cz-LiBO2-I with 
the short-hand notation I : ~ ( A ) ,  chains (Fig. 3a) 13,431) 
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Metaborates: 
(-I 

/~O~,a/O/ 
1 

0 " ~ B _ _ ~  (-, 

\ U \ B / U  
I 

a o-Li B 02 
1 : 00 (1 A), chains 

O 

\\,~/0\ 
/~\ B--O- 
0 0 
~'-~ 0 ~ -  I~-~ _ (-~ ----B "I B--O--B--O_I 
I I I 
0 t t01~.~_ Ot 

Bs 01o ~- 
5 : 002 (2 A + 3 T), layers 

d 

"0  / 

/o/-'\o / \ 
b y-Li B O2 

3: =03 (3 T), network 

I01'-' I S "  
I 1 

^ / B ~ ^  , . , /B . .~  

/O~J~O\B/C,/B ~O\.B/ 
z I 

I_01,_, I0__I ,., 
B6 012 ~- 
6 : 00 (4 A + 2 l'), chains 

Diborates: 

I t t . / B  - - B  
,_,,~o: ~ o  / \~o),_, 
B 2 054- 
2 : 2 A, isolated 

Tetraborates: 

1 
0 
I c-> 

.0-------B ~ - ' 0 \  / / "\ 
~ 0  ~ B  0 B \ \,-, / 

0----- B-----O 
I 

Triborates: / 

/~\o, -B~/'° 
B3 05- 
3 : 00 (2 A + T), chains 

I 1 
0 JB\0 

~/B,~ - - ,  ~ - ~ /  

/ o / B ' \ o / B ' ~  

g B4 072- 
4 : oo 3 (2 A + 2 T), network 

Fig. 3. 

h Na4 Bs O14 
8: 003 (5:3 A + 2 T, 3 : 2 A + T), network 
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Tetraborates: 

Ca2 B8 0~4 
8:=3  (3:2 A +T, 1T), 4 : 2 A + 2 T )  
network 

k Ba2Bs014 
8:=3 (5:3 A + 2 T, 3 :A + 2 T), 
network 
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O,,,,f•/0 \ ~ ) / 0  / 

0 / ~ B - - O ~ " ~ " O  0 , ) 
",B-c/ 
/ J 01 0 o o , j  I 

/ /dRo.....-% 
/ 

0 , ,  _ ~ _ ) / 0  

~/u--u\t,/u--2\^ u\ /,_,/.~0 U~B__O/I~\o/B/U O - -  IB'~ 

Pentaborates: 

l B5 08- 
5 : 4 A + T ,  
isolated 

~\ o 
o,>--%~,f --~o 
\8 o / \o B./- / - -  \ %  

Octaborates: 

:113_ Be O~32- 
8 : =  2 (3:2A +T, 5 :4A  +T), 
layers 

Nonaborates: 

1-1 B 9 O14- 
9 : =  3 (2X3:3 A, 3:2 A +T), 
network 

0 0 O. 0 / \ / \ / \ ; /  
o/ -O \ so -",,,o %--- % 
\B__o / No_S \ B /  
/ %\ I 

,o 
2 - 0 '  o "°-~':o o / 

0% o,?--~o ,_,/ / 
/ - o-/\o._~o--B,,,o 

"< "o-B~" 

7! 



Gert Heller 

Fig. 3. (continued) 

Nonaborates: 

O B 9 O15 3- 
9 :o=3 (5 :4A+T ,  4 : 2 A + 2 T ) ,  
network 

1 / 
_ _ B ~ O .  0 0 

/ ".--o-S \U \ , /  V'o, 
?/-\o / \0/8\0\ 

/0/%0/% 

Higher Borates: 

P 

°C/_0 
°\:, 0/% .... o_ 
J ~  

\ / / ' \  j 
o / o \ / o  o o 

U ~ o _ ¢ , o  / f 

network - -  0 

2.4.1.2 LiBOz-H Type 

The tetragonal (142d 12 = D2a) 7-LiBO2-II has the notation 3: o%(3T), network with 
tetrahedral boron (Fig. 3b)¢32,433) 

2.4.1.3 LiB02-II1 Type 

The monoclinic [3-LiBOz-III has the 
trigonal and tetrahedral boron 433,434) 

notation 2:oo(A, + T); chains containing 
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2.4.1.4 NaBO z Type 

To the trigonal (R3c = D6a) NaBO 1 type with B3 O3- (boroxine) rings belong ct- 
Na3[BO2] 3 435,436); o~_K3[B02] 3 437); ~_Rb3[B02] 3 437); and ~-Cs3[B02] 3 437) 

2.4.1.5 AgBO 2 Type 

The AgBO 2 type is represented only by orthorhombic (Pbcn = D~) AgBO 2 with 
the notation 2: oo(/x, + T) and containing a BOf isopolyanion where boron is coor- 
dinated in equal parts tetrahedrally and trigonal-planar by oxygen 438( 

2.4.1.6 TIBO 2 Type 

The tetragonal (P41 = C 2) T1BO 2 with the notation 2: ~ ( A  + T) consists of ofie 
boron-oxygen triangle and one boron-oxygen tetrahedron linked together to form an 
infinite (B204)~ n- ion 213~. 

2.4.2 Metaborates With M 2 + Cations, M 2 + [BOz] 2 

2.4.2.1 Mg[B02] z Type 

The polymer (Mg[BO2]2) n type has been investigated only by Debye-Scherrer photo- 
graphs 439) 

2.4.2.2 Ca[B02]2-I Type 

To the orthorhombic (Pnca = D~ 4) Ca[BO2]2-I type with the short-hand notation 
1 :oo(/x), chains, belong Ca[BO2]2-1440); Sr[BO2]2_I 441,442~; and Eu[BO2] 2 = ct- 
Eu[8204] 443j 

2.4.2.3 Ca[BOz]2-H = Caleiborite Type 

This type is represented only by the orthorhombic (Pccn = D~°h) Ca[BO2]2-II = min- 
eral calciborite with the notation 2: ~( /x  + T), chains 410,443.~. 

2.4.2.4 Ca[BOz]2-1II Type 

To the orthorhombic (Pna21 = C9v) Ca[BO212-III type with the anion B60162 - and 
with the notation 6:o0313T + (2/k + T)], network, belong Ca[BO2]z-III445); 
Sr[BOz]z-III 441); and Eu[BO2]2-III 446) 

2.4.2.5 Ca[BO2]2-1V Type 

To the cubic (Pa3 = T~h ) Ca[BO2]2-IV type with B3063- rings and the notation 
3: 0%(3T), network, belong Ca[BOz]2-IV 447~; Sr[BO2]2_IV 441); and Eu[BO2] 2-IV 446). 

2.4.2.6 Ba[B02]2-I Type 

This type is represented by the trigonal (R3c 6 = D3d) high-temperature phase 13- 
Ba[BO2]z-I with nearly planar B3 O3- rings and the notation 3: oo3(3A), network 442, 
448) 
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2.4.2.7 Ba[BO2]2-H Type 

The trigonal (R3c = C6v) low-temperature phase a-Ba[BO2]2-II is also likely to 
contain BaO63- rings 4491 

2.4.2.8 Clt[B02] 2 Type 

To the tetragonal (I42d = DI2)2a Cu[BO2]2 type with B3063- rings and the notation 
3:~3(3T), network, belong Cu[B204] = Cu[BO2]2 450,4~1); and Pd[B204] 
= Pd[BO2]z 452) 

2.4.3 Metaborates With M 3+ Cations, M[BO2] 3 

2.4.3.1 La[B02] 3 Type 

To the monoclinic (I2/a = C6h) La[BO2]3 type with [B6012] 6 - ions combined to chains 
and the notation 6:o2,(4/h + 2T), chains (Fig. 3d), belong La[BOz]3453"4s4'455); 
Ce[B02]3 456;~; Pr[BOz]3 456); Nd[B02]3 321,456,457}; Sm[BO2]3 456,458); Eu[B02]3 456); 

Gd[BO2]3 456,458,459); and Tb[BO2] 3-1 456). 

2.4.3.2 Tb[BO2]3-H Type 

This orthorhombic (Pbnm = D~ 6 or Pbn21 = C9v) type is represented only by 3 B203 
• Tb203_ii = Tb[BO2]3_I 1 459). 

2.4.3.3 Bi[B02] 3 Type 

A new monoclinic (C2 = C 3) type has been found in Bi[B30 6] = 3 BzO 3 " BizO 3 
= Bi[BO2] 3 with B30 3- rings and the notation 3 : o~2(2A, + T), sheets 460) 

2.4.4 Metaborates With M 6 +O 2 Cations 

2.4.4.1 UO2[B02] 2 Type 

UO2[BO2] 2 crystallizes in a monoclinic space group; the presence of twins prevented 
an assignment 46 ~). 

2.4.5 Metaborates With M 2 + and M 3 + 

2.4.5.1 CoSm[BO2] 5 Type 

To the monoclinic (P21/c = CzSh) CoSm[BsO10] type with B50~o layers and the nota- 
tion 5:oO2(2~ + 3T), layers (Fig. 3c), belong 
LaMg[BO2]5 4 6 2 ) ;  CeMg[BO2]5 4 6 2 )  PrMg[BOz]s 462); 
NdMg[BO2]s 4621 ; SmMg[BO2]5 4 6 2 ) ;  EuMg[BO2]5 462) 
GdMg[BOz]5 4 6 2 ) ;  TbMg[BO2]5 4 6 2 ) ;  DyMg[BO2]s 462); 
HoMg[BO2]s 4 6 2 ) ;  ErMg[BO2]5 462); YCo[BO2] s 463. 464); 
LaCo[BO2]5 465); NdCo[BO2]s 4 6 6 ) ;  SmCo[BOz]5 467); 
HoCo[BO2]5 284,468) 
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2.4.6 Metaborates M2+[O(BO2)61 or M42+[S(BO2)6 ] or M~+[Se(BO2)6] 

2.4.6.1 Zrl4[O( B02)6] Type 

The cubic (I43m = T 3) Zn4[O(BO2)6] type contains BO 4 tetrahedra in [B6012] 6"- 
rings that build a network; the notation is 6: ooa(6T), network. To this type belong 
Zn4[O(BO2)6] 469,470,471); Hg4[O(BO2)6] 472); Zn4[g(BO2)6] 473,474,475); Co4. 
[S(BO2)6 ] 473,474,475); and Zn4[Se(BOz)6] 475). 

2.4.7 Metaborate BO 2 Besides PO 3- 

In the trigonal (P3 = C~i) Sr9.4Nao.3(PO4)6(BO2) linear BO 2 groups with two-co- 
ordinate boron have been found 476) 

2.4.8 Metaborate BO 2 Besides WO 2- or MoO ] -  

Compounds of the types Re[WBO6], (RE)z[WB2Og], or (RE)4[WB20~2 ] had been 
discussed in Chapts. 2.2.1.11 and 2.2.1.15, respectively. 

2.5 Diborates ,  1B20514- 

2.5.1 Na4[B2Os] Type 

The monoclinic (C2/c = C26 h) compound Na4[B2Os] has two nearly planar condensed 
BO a- groups with an angle B O--B of 120.6°477); see Fig. 3e; notation 2:2A, 
isolated. 

2.5.2 Suanite Type 

The monoclinic (P21/a = C~h) Mg2[B2Os]-II = mineral suanite has two planar 
BO]- groups linked via O atoms with an angle B- -O--B of 138.0 ° and 22.9 ° for 
Mg--O 478-,8o). 

2.5.3 Sra[B205] Type 

To the monoclinic (P21/a = C~h) Srz[B2Os]-type with two planar BO ] - groups linked 
via O atoms with an B--O--B angle of 138.9 ° belong the compound Ca2[B205] 224); 
Sr2[B205 ] 481); at.Mn2[B2Os] 482); and Eu2[B2Os] 4.43). 

2.5.4 Co2[B205] Type 

To the triclinic Co2[B205] type with two planar BO33- groups linked via O atoms with 
an B - O-- B angle of 134.5 ° and 16 ° for Mg-- O belong the compounds Mg 2 [B E O5]-I 480. 
482); ~.Mn2[B2Os]. 1 482); Fe2[B205 ] 482); Co2[B205 ] 464,483); and Cdz[B205] 484,485) 

2.5.5 MgCa[B2Os] Type 

To the monoclinic (P21 = C~h) MgCa[B2Os] type with an angle B--O--B of 122 to 
127.7 ° belong the compounds MgCa[B2Os] 486); CaMn[B2Os] 487); and (Mg,Fe)Ca- 
[B205] = mineral ~-kurchatovite 488) 
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2.5.6 13-Kurchatovite Type 

The orthorhombic (Pc21b 5 = C2 v) [3-kurchatovite type is represented by the compound 
MgsCa6Mn[B2Os] 6 = mineral fl-kurchatovite 489) 

2.5.7 Other Not Fully Characterized Types 

Other not fully structurally characterized compounds are the orthorhombic or mono- 
clinic Li4[B2Os] 433); monoclinic (P2/m = C~ h or P2 = C~ t or Pm = Cs 1) Ba2[B2Os] 490); 
and monoclinic (C2/m = C 3 h) Th[B2Os] 4-91~ 

2.5.8 The Ion [B205] 4- Besides 0 2 .  Ions 

While the orthorhombic (Pna2~ = C9v) T1Nb[BO3]2 = TI(NbO)[B2Os] contains 

trigonal boron 303), the hexagonal (P62m = D3h) NdA121Oo.5(B2Os)2] 
= NdAI~.67 + 0.67x[B4Olo]Ox (0.5 ~ x ~ 0.6) contains tetrahedral boron and consists 
of infinite [B205]~ n- chains; the ideal composition NdAl3[B4Oao]O2 corresponds 
with the mineral muscovite, KA12[Si3A1010](OH)2 492-494). 

2.5.9 The Ion [B20514-- Besides Halogenide Ions 

For AIz[(B2Os)F2], powder diffraction data have been given 495). 

2.6 Triborates 

2.6.1 The Ion [B305] 

2.6.1.1 Li[B305] Type 

This orthorhombic (Pna21 = C9v) type is represented only by Li[B3Os], containing 
a six-membered [B30304/2] ring (see Fig. 31) with the short-hand notation 3oe :2/x, + T, 
chains 496.4-971 

2.6.2 Na[B3Os]-I Type 

To the monoclinic (P2t/c = C~h) Na[B3Os]-I type with [B9015] 3- rings (see Fig. 3o) 
and the notation 9: ,zc,3(5 : 4A + T, 4: 2A + 2T), network, belongs only ~-Na[B305]-I 
: Na3[B9015] 4981. 

2.6.3 Na[B3Os]-II Type 

To the monoclinic (P21/c = C~h) Na[B3Os]-II type with [B9015] 3- rings, but the nota- 
tion 9: oc2(3:2/~ + T, 5 : 4 ~  + T, IT), belongs [~-Na[B30 5] : 13-Na3[B9015] 499). 

2.6.4 Cs[B305] Type 

The orthorhombic (P212121 = 1324) Cs[B305] type contains [B305]- rings with the 
notation 3oc,:2A + T, chains; the structure type of Cs[B305] 5oo~ may be also in 
Tl[B3Os] 5o1) 
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2.6.5 Other Not Fully Characterized Types 

Triclinic y-Na[B3Os]-III ,,98) and triclinic (but pseudohexagonal) K[B3Os] 503) with 
[BgOls] 3- rings are not yet fully characterized. 

2.6.6 The Ion [B307] 5- 

The ion [B307] 5 - with three four-coordinate boron atoms occurs in the orthothombic 
(Cmma 21 -- D2h ) CaAI[B307] = mineral johachidolite 4zo,,~21~ 

2.7 Tetraborates 

2.7.1 The I o n  [ B 4 0 7 ]  2 - 

2.7.1.1 Liz[B407] Type 

The tetragonal (I41cd = C~Z~) LiE[B407] type contains 13402- groups building two 
three-dimensional connected networks, but with the notation 4:2A + 2T, isolated; 
it is only represented by Liz[B407] 5o4,5o5) 

2.7.1.2 Na2[B407] Type 
The triclinic Na2[B4.OT] consists of [B801,] 4- ions with one non-bridging O atom; 
the notation is 8 : 0%(5: 3A + 2T, 3:2A + T), network (Fig. 3h) 5oz). 

2.7.1.3 Kz[B407] Type 

Triclinic Kz[B407] also contains [BsO~4] 4- ions, but the notation is 8: o3(4-1:2A + 2T, 
3:/k + 2T, + I A ) ,  network 5°61 

2.7.1.4 Cd[B407] Type 

To the orthorhombic (Pbca t5 = Dzh) Cd[B4OT] type with 13407 z- ions that build up 
a framework (see Fig. 3g) with the notation 4co3:2A + 2T, network, belong 
Mg[B407] 507); Mn[B4OT] 508); Fe[B4OT] 509); Zn[B4OT] 51o); Cd[B407] 511~; and 
Hg[B407] 290). 

2.7.1.5 Ca[B407] Type 

The monoclinic (P21/n = C~h) Ca[B407] type contains BsO~a 4 ions, consisting of 
BO~-, B30~- , and B4027 - ions with the notation 8: o%(3:2/k + T, IT, 4:2/k + 2T), 
network (see Fig. 3 i); it has been found only in Ca[B407] 512,513). 

2.7.1.6 St[B407] Type 

To the orthorhombic (P2~nm = C27v) Sr[B4OT] type consisting of a three-dimensional 
network of BO4 tetrahedra with one of the O atoms coordinated to three B atoms and 
the notation 4: oo3(4T), network belong Sr[B407] 514, 515)and Pb[B4OT] 515). 

2.7.1.7 Ba[B4Ov] Type 

The monoclinic (P21/c = C2Sh) Ba[B4Ov] type contains (like the Ca compound) 
B80~4- ions, but consisting of a pentaborate and a triborate unit with the notation 
8 : ~ a ( 3 : A  + 2T, 5:3Z~ + 2T), network; see Fig. 3k s16) 
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2.7.1.8 ~-Eu[B407] T)~e 

A similar structure as Sr[B407] has the orthorhombic (Pnm21 = C2Z0 ~-Eu[B4OT] 517) 

2.7.1.9 Other Not Fully Character&ed Tetraborate Types 

Not yet fully characterized are the structures of tetragonal Cuz[B407] 5t8); hexagonal 
13-Eu[B407] 5~9~; orthorhombic (Ammm = Dz 19 or Amm2 = C~*)~-TIz[B4OT]; and 

trigonal-rhomboedric (P3 = Cll or P3 = C~) 13-Tlz[B4OT] 5zoo. 

2.7.2 The Ion [B409] 6-  

The ion [B409] 6- seems to exist in the two modifications of Li6[B409] 433~ as well as 
in the orthorhombic Naa[Cd(B409)] 5z1~ 

2.7.3 The Ion [(B4Olo)Oo.s] 9- 

The ion [B4010)0o.5] 9- can 
see diborates. 

tB O aO 4 9 2 - 4 9 4 ) .  be formulated in NdA11.6v +0.67xk 4 101 x 

2.7.4 The Ion [B4Oll] 1°- 

The ion [B4011] 1° - seems to exist in the triclinic Li4[Zn3(B~O10] 300~. 

2.8 Pentaborates 

2.8.1 The Ion [BsO8]- 

2.8.L1 K[Bs08]-I T)Te 

The orthorhombic (Pbca t5 = D2h) high-temperature phase ~-K[BsOs]-I contains 
double ring B50~ groups (Fig. 31) combined into two interlocking networks; the 
notation is 5 :4A + T, isolated 522) 

2.8.1.2 K[BsOs]-H Type 

To the orthorhombic (Pbca = D~)  phase t3-K[BsOs]-II which contains the double 
ring B508- with the notation 5 :4A + T, isolated, but in another three-dimensional 
network which can be described as consisting of helix chains, belong 13-K[B5Os]-I1523~; 
13_Rb[BsOs]_II 524); and perhaps Tl[BsOs] 5ol). 

2.8.1.3 Other Not Fully Characterized Types 

Not fully characterized pentaborate types are the monoclinic low-temperature phase 
y_K[B~Os]_II I 5o3~; and the monoclinic (P2~/a = CzSh or P222~ = D 2) ~-Cs[Bs08] szs) 

2.8.2 The Ion [B5Oll17- 

= D2h) BiaO[BsOll] type = Bi3[BsOlz] contains [BsOn] v- The orthorhombic (Pnma 16 
ions with the notation 5 :3A + 2T, isolated 5z6) 
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2.8.3 The Ion [B4.67Oll] 8- 

The monoclinic (Cc = C~s) Na2Zn2Mn[B4.67Oll] type consists of BO4 tetrahedra 
and BO3 triangles in ratio 1 : 1 517) 

2.8.4 The Ion [B509X] 4-  (X = Cl, Br) 

2.8.4.1 Ca2[B5OgBr] Type 

To the orthorhombic (Pnn2 lo : C2v ) Ca2[BsO9Br ] type with the [B509] a-  ion and the 
notation 5:oo3(2A -t- 3T), network, belong the following compounds:  
Ca2[B509C1 ] 528,529); Ca2[BsO9Br ] 5 1 8 1 ;  Sr2[BsO9Br ] 519); 
Ba/[BsOgC1] 530); Ba2[BsO 9Br] 5 3 0 ) ;  Eu2[BsO9C1]. 1 401,531); 
Eu2[BsOgBr ] 401,531,531); Ca2 _ xEu~[BsO9CI ] sam; Sr 2 _ xEu~[BsO9Br] 401); 
Sr2 _ xEux[BsO9I] 530 ) ;  pb2[B509Cl ] 5 3 0 ) ;  Pb2[BsO9Br ] 5ao). 

2.8.4.2 Sr2f Bs09CI] Type 

To the tetragonal (P42212 = D 6) Srl[BsOgC1] type with the [B509] 3- ion and the 
notation 5: c~3(2A + 3T), network, belong Sr2[B5OgC1] 519); Ba2[B509C1] 519); 
Eu2 [B5 O9C1]-ti 532); Sr2 _ xEux[B5OgC1] 4ol); Ba2 _ xEux[B5 O9C1] 529); Ca2 _ x_ yBaxEuy- 
[BsOoC1] 519~; and Sr2 _ x- yBaxEuy[BsOgC1] 519) 

2.8.4.3 Hilgardite Type 

For CaE[B5OgCt] - H 2 0  = mineral hilgardite 154-159), see Chapt. 1.6. 

2.9 Hexaborates 

2.9.1 The Ion [B6Oio] 2- 

The ion [B6Om] 2- seems to be present in 3 1320 3 • CaO = Ca[B6Olo] 533) 

2.9.2 The Ion [B6Oll] 4- 

The ion [B6Oll] 4-  has been found in.monoclinic (P21/b = CS0 3 B203 " 2 CaO 
= Ca2[B6Ola] with the notation 6: OOa(5:2A -k 3T, IT), A = B, network; a penta- 
borate unit and a single BO4 tetrahedron are connected to build up a three-dimen- 
sional network 534~ 

2.9.3 The Ion [B6017] 16- 

It may be that the ion [B6OI 7] 16- exists in monoclinic LisZna[B6OIv] 30o) 

2.10 Heptaborates, Boracites 

The boracites are three-dimensional, highly symmetrical, rigid boron-oxygen frame 
networks with tetrahedral boron, in the holes of which M 2+ cations and X (or Y) 
anions are situated; the divalent cation is surrounded by four O z-  and two X -  ions 
constituting an irregular octahedron. 
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2,10.1 The Ion [BTO12X] 4- 

2.10.1.1 The Li4[BT012C[]-I Type 

To the 2t-Li4[BTO~2C1]-I type, which is very similar to the cubic (F43c = T 5) high- 
boracite type, belong the high-temperature phase y-Li4[BTO12C1]-I 535"536} and 
Li4[BT012I] 537t. 

2.I0.1.2 The Li4[BvO12Cl]-H Type 

This cubic (P43n = T~a) type is represented only by 13-Li4[BvOi2C1]-II 5351 

2.10.1.3 The Li4[ BT012C1]-III Type 

To this trigonal (R3 = C~) type belong ~-Li4[B7OlzC1]-III 535.536); Li4[B7012Br] 535. 
537); and Li4[BTO12Clo.TBro.3] 535). 

2.10.2 The Ion [B7012 ~ x/2X] ~4 + ~)- 

2.10.2.1 The Lis[BTOt2.sC1] Type 

To the cubic (F23 = T 2) Lis[B70~2.sC1] type belong the 
Lis[BvO12.sCI] 538); Lis[BTOI2.sBr] 538); and Li4 + x[B7012 + x/2Cl] 539,540) 

compounds 

2.10.3 The Ions [BvOlz + xYl - y]6- 

2.10.3.1 The hm [ BTO12.sDo.5 Yl.o] 6- 

This high-boracite type (F43 = T~) is 
Mn32 + [BvOt2.5S] 4741 

represented by Mg3[BTOl2.5S ] 474) and 

2.10.3.2 The Ion [ B7012.65E]0.35 Y0.851~0.15] 6 -  

The following compounds belong to this high-boracite (F43 = T g) type: 
Mg3[BTO12.65So.85] 473,475); l~Arn trl~ ~ ~ 1 4 7 3 , 4 7 5 ) .  "~73, 1"]31 ~ ,~ ] 4 7 3 , 4 7 5 ) .  • ~*x ~x31 x-'7 ~-~ 12 .65  o O . 8 5  ] ~ x"~31_~7 v 1 2 . 6 5  ° 0 . 8 5 1  

Cd3[gTo12.65So.85] 473,475); Mn3[B7012.65Seo.85 ] 475); Fe3[BTO12.65Seo.s5 ] 475); 
. . Mn3[B7012.65 0.851 • Cd3[B7012 658e0 85] 475,541); Te 1 475) 

2.t0.4 The I o n s  [B7OI3X] 6 -  

2.10.4.1 The High-Boracite = Mg3[BT013Cl]-I Type 

The cubic (F43 = T,]) high-boracite type consists of a B--O network containing the 
B atoms and 12 of the 13 O atoms, while the M 2 ÷ and X -  ions are located in the holes; 
the last O atom is tetrahedrally coordinated by four B atoms. To this type belong: 
the high temperature phase ~-Mg3[BTO13C1]-I = mineral ~-boracite 474, 542,543); 
Cr3[BTO13F ] 5 4 4 ) ;  Cr3[BvO13C1]_I 543,5,,5). Cra[B70~3Br]_I 543). 
Cr3[BvOt3i ] 543); 
Mn3[BTOt2i]_ I 543); 

Fe3[B7013Br].I 543,547); 
Co3[B7013C1]-I 543); 

Mn3[BTO13CI].I 543); 
(Mga - xMnx)3 [B7013 Br] 
5 4 6 ) ,  

Fe3[BTO13I]. I 543, 5471; 
C03[BTO~3Br].I 543); 

Mn3[BTO13Br]_I 5 4 3 ) ;  

Fe3[B7013C1].I 543. 547). 

(Mgl - xFex)3[B7O13Br] 5 4 6 } ;  

C03[B7013I]_ I 543,548); 
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Ni3[B7013C1]_1543); Ni3[BvO13Br].I 543) 
B r  ~ . 5 4 3 ) .  , . Ni3[B7Ol3Clo.5 0.51_1 , Ni3[B7013Br09i 0 1]_i 543); 

(Co,Ni)3[BTO13(NO3)]_I544); Cu3[BTO13CI].I 543); 
Cu3[BTOla(NO3)]. I 544); Zn3[B7OlaC1]_I 543,547); 
Zn3[B7OtaI]_ I 5 4 3 ) ;  Cd3[BTO13C1]_I 5431; 
Cda[B7OI3I]_ I 543). 

Ni3[BTOt3I]. I 549,550); 
Ni3[BTO13I 1 _ x(OH)j 551); 
Cus[BTO13Br]_I 543.548); 
Zn3[B7Ox3Br]_i 543); 
Cd3[BTOlsBr]_I 543). 

2.10.4.2 The Low-Boracite = Mg3[BvOI3Cl]-H Type 

The orthorohombic (Pca21 = C25v) low-boracite type is similar to Mg3[BTOj.3CI]-I, 
but the Mg 2+ ions are shifted 24 pm along the z-axis and the CI- ions 21 pm along the 
cubic (111) direction. To this type belong: 
the low-temperature phase 13-Mgs[B7013C1]-II ~3,55z} 
Cr3[BTO13C1]-II 543); 
Cr3[BvO13Br]_i I 543); Mn3[B7013CI].I I = mineral chambersite 474,545,553); 
Mn3[B7013Br]_I 1 474); 
Fe3[B7013Br]_I I 543,547); 

Mn3[B7013I]_II 474,543); 
Fe3[BTO13I]-II 543.554); 

Fe3[B7013C1].I I 5 4 3 , 5 4 7 ) ;  

(Mnl _ ~Fex)3[B7013Br]-II 
5 4 6 ) .  

C03[BvO13C1]_I 1 543) ;  C03[BTO13Br].I I 5431; C03[B7013I].II 543); 
C03[B7OI3(NO3)]-II 544); Ni3[BTO~3CI]_I I 543);  Ni3[BTOI3Br]_I I 543,555); 
Ni3[BTO13I]-II 5 4 3 ) ;  Ni3[BTO~3Clo.5 Bro.5]-I1543, Ni3[BTO13Bro.9Io.1]-I1543); 

5 5 5 ) .  
n 

Ni3[B7013(NO3)]-II 544); (Co,Ni)3[B7013(NO3)]-II Cu3[B7013C1]-II 543); 
5 4 4 ) .  

Cu3[B7013Br]_I I 543);  Cu3[BTO13(NO3)]-II 544); Zn3[B7013C1].I 1 543.547); 
Zn3[B7Ol3Br]_i I 543);  Zn3[B7013I]_II 543) ;  Zn3[B7OI3(NO3)]-II 544); 
Cd3[BTO13C1]_I 1 543) ;  Cd3[BvOt3Br]-II 543); Cd3[B70~3I].II 543); 
Cd3[BTO13(NO3)]-II 544) 

2.10.4.3 The Ericaite = (Mg,Fe)3[B7013Cl]-III Type 

To the trigonal (R3c = C6v) ericaite type belong Mg3[BTO13F ] 54,,); Mn3[B7013F ] 544); 
Mn3[B7013Fo.44(OH)0.56 ] 544}; Mn3[BvO13(OH)]474); Fe3[B7013F]544); Fe2.4Mgo.6_ 
[B7013C1 ] = mineral ericaite553); fe2.676Mgo.243Mrlo.081[BTO~3C1] = mineral 
congolite 556); Fe3[B7013CI].III 547,557); Fe3[B7013Br].III 557); Fe3[B70131]_ V 547,554); 
C03[BTO~3F ] 544); Zn3[BvOI3F ] 544); and Zns[B7013C1]-III 547,557). 

2.10.4.4 Fe3[BT0131]-III and Fe3[BTOI3I]-IV 

Fe3[B7Ox3I]-III as well as Fe3[B7Oj3I]-IV crystallize in the monoclinic Pc = C 2 
space group 554) 

2.11 Higher Borates 

2.11.1 The Ion [BsO13] z- 

2.11.1.1 Tile Naz[BsOt3 ] Type 

This monoclinic (P21/a = C25h) type with the notation 8: oo2(5: 4A + T, 3: 2/k + T), 
layers (see Fig. 3m), is represented by ct-4 B203 • NazO = ct-Na2[BsO13 ] 558k 

81 



Gert Heller 

2.11.1.2 The Agz[BsOa3] Type 

To this monoclinic (P2z = C~)  type with the notation 8: ov3(5:4A + T, 3:2/k + T), 
network, belong 13-Agz[BsO13 ] and the mixed Ago.6Nao.4[BsOx3 ] 559~ 

2.11.1.3 The Ba[BsOx3]-H Type 

This orthorhombic (P222~ = D~) type with pseudotetragonal symmetry and the nota- 
tion 8: ~2(5:4/k + T, 3 :2A + T), chains that build up three-dimensional networks, 
is represented by 4 B203 • BaO-II = Ba[BsOl3]-II 560) 

2.11.1.4 Other Types 

Not yet fully characterized 
Ba[BsO13]_ I 562~. 

are pseudocubic Cs2[BsO13] 561~ and tetragonal 

2.11.2 The Ion [B8014] 4-  

For compounds with the anion [BsOIJ 4- ,  see [13407] 2-, above. 

2.11.3 The Ion [B8015] 6- 

The ion [BsO15] 6- occurs in monoclinic (P21/c = C~h or Pc = C~) 8 B2O 3 " 3 K20 
- AI20 3 = K3[A1BsO15]; the aluminoborate polyanion is built up from the double- 
ring pentaborate group, the single-ring triborate group and a single AIO4 tetrahedron, 
connected to an infinite two-dimensional double layer; the notation is therefore 
8: oe2(5:4/k + T, 3 :2A + T, AI: IT), layers, modified; it is similar to 13-Na3[B9015] 
crystals, except for replacement of B by A1 at the tetrahedral sites 563~. 

2.11.4 The Ion [BsOlv] s -  

The ion [BsO17] s -  may exist in Na4Gaa[BsO17], for which only the powder diagram 
has been given 564~ 

2.11.5 The Ion [B9014 ]-  

The pseudotetragonal, orthorhombic refined (P4122 = D 3 or P2221 = D 2) 
~-Cs[B9Oa4] contains planar boroxine groups and one [B305]- group; the notation 
is therefore 9 : v % ( 2 x 3 : 3 A ,  3 :2A + T), network (Fig. 3n); the monoclinic [3- 
Cs[BgO14] has not yet been fully characterized s6i, 565) 

2.11.6 The Ion [B9015] 3- 

For compounds with the anion [B9015] 3-,  see [B305]- above. 

2.11.7 The Ion [BloO21] 12- 

The triclinic 5 B203 " 6 PbO = Pb6[B,oO~I] contains the ion [BloO21] 12-. It is built 
up from two [13407] 2- groups which are connected by two planar BO 3- triangles; 
the notation is 10:(2 x 4 :2A + 2T, 2,G), isolated 566~ 
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2.11.8 The  Ion  [BloO3o] 30- 

The  tr icl inic  c o m p o u n d  B 2 0 3 "  3 C u O  = Cu3[B206] is be t te r  fo rmula t ed  as 
Culs[BloO3o ] = Culs[O2(B2Os)2(BO3)6]; it fo rms  a layer  s t ruc ture  consis t ing  o f  
a lmos t  p l a n a r  [B205] 4 -  groups ,  p l ana r  i sola ted  BO 3 - g roups ,  and  isola ted  0 2 -  ions;  
the no ta t ion  is 10:~v2(6 × A ,  2 × 2 A ,  2 O), layers,  mod i f i ed ;  it should  have a lso  been 
ci ted in the Chapts .  2.2.1 a n d / o r  2.5 567) 

2.11.9 The  Ion  [ B 1 2 0 2 9 ]  22 - 

The  ion [B12029] 22- may  exist in tr icl inic Bas[A14B12029], s tudied only by  p o w d e r  
d i f f rac t ion  381) 

2.11.10 The  Ion  [B19031] 5-  

The  monoc l in ic  (C2/c = C26~) c o m p o u n d  3.8 B203 • K2O = 19 B2O 3 • 5 K 2 0  
= Ks[B19031 ] conta ins  a th ree -d imens iona l  ne twork  of  two connec ted  pen t abo ra t e ,  
two t r ibora te  g roups ,  two BO3 t r iangles  and  one BOa t e t r ahed ron ;  the no ta t ion  is, 
therefore ,  1 9 : o % ( 2 x 5 : 4 A  + T, 2 x 3 : 2 A  + T, 2 A ,  1T), ne twork ;  see 
F igure  3p  568}. 
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Molecular and Electronic Structure of Penta- and Hexacoordinate Silicon Compounds 

1 Introduction 

Oxygen compounds of silicon constitute three fourths of the earth's crust. In 
practically all rocks and minerals as well as constructing materials based on silicon, 
the element is present in a tetra-covalent state. Due to its electron-acceptor ability, 
however, a silicon atom can be five-, six-, and, possibly, even seven-coordinate. 

In the early 19th century, Gay-Lussac discovered F4Si. 2 NH 3 ~). Three years 
later Davy obtained the same compound 2), and Davy and Berzelius synthesized other 
compounds of six-coordinate silicon: fluorosilicic acid, H2[SiFr], and its salts, the 
hexafluorosilicates a). In the second half of the last century adducts of silicon 
tetrahalides with tertiary amines were synthesized 4) In 1903 Dilthey investigated 
silicon diketonates containing six-coordinate silicon 5, 6). In the first half of our cen- 
tury the possibility of the presence of Si(OH) 2- ions in silica was widely discussed 7). 
Interest in five- and six-coordinate silicon compounds increased in the second half 
of the present century. As a result, new classes of silicon compounds with an 
expanded coordination sphere were discovered and were studied by various physical 
and chemical methods. Specific biological activity was observed for some of the 
compounds and promising ways of their practical application were planned 8-12). 

Donor-~ cceptor interactions play an important role in many physical, chemical, 
and biologics 1 processes. In spite of numerous studies in this field, the nature and 
mechanism of ,he formation of inter- and intra-molecular coordination are not quite 
clear yet. This is especially true for the chemistry of silicon where the problems of the 
electron-acceptor ability of the silicon atom and of its role in penta- and hexa- 
coordinate states are still open to question. In the usual compounds of four- 
coordinate silicon, its atom is in the sp 3 hybridization state which causes tetrahedral 
arrangement of the valente bonds. Nevertheless, the similarity between silicon and 
carbon is, to a great extent, formal both in chemical and physical aspects. A great 
number of carbon compounds do not have stable silicon analogs and multiple bonds 
involving silicon have long been sought in vain. During the recent past, numerous 
investigations have been concerned with tetravalent intermediates with an unusual 
degree of coordination in which a silicon atom participated in the formation of 
Si=Si (disilene), S i=C (silaethylene or silene)13-19), S i=O (silanone)20-z~) and 
Si = S (silathione) 25, 26) double bonds, triple bonds z7-30), or entered into an aromatic 
system (silabenzene) 31-37). Only in 1981 has it been possible to isolate and 
characterize S i=C 32) and Si=Si double bonds 39). A number of other structural 
reports containing double bonds to silicon have been published as well 40 -51) Si l icon-  
metal double bonds or silylene--metal complex 52) and triple bonds containing silicon 
have yet to be found. On the other hand, many organosilicon compounds have no 
carbon analogs (e.g., polyorganylsesquioxanes s3), polyorganytsilazanes, and so on). 

Structural parameters of the majority of molecules containing Si--O and Si--N 
bonds differ greatly from those of  the carbon analogs. For silicon compounds enhanced 
values of  the SiOSi angle (130-180 °) and the tendency to a planar configuration of 
nitrogen bonds in the NSi 3 grouping are typical ~4-65). Silicon bonds with electro- 
negative atoms (F, O, N, and C1) are much shorter than the sum of covalent radii, 
even when corrected for differences in electronegativity 25, 66). 

Numerous investigations have shown that in silicon compounds the tendency to 
expand the coordination sphere of the silicon atom is more typical than to its 
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narrowing. In contrast to germanium, tin, and lead 67-69), compounds of silicon of 
lower valency are metastable under ordinary conditions 76-v2). Shortlived divalent 
silicon compounds of the types X2Si (silylenes) 73-v6) and Si = Y where Y = O and S 
(silicon monoxide and monosulfide) 77) are formed only at high temperatures and are 
thermodynamically unstable. Compounds of mono- and trivalent silicon, namely, 
diatomic molecules of  the XSi type, tricoordinate silyl anions SiR~-78-80) and 
radicals (for example [(M%Si)2CH]3Si, sn), are, as expected, highly reactive. Neutral 
and ionic Sill, Sill 2, and Sill 3 particles have frequently been postulated as inter- 
mediates in various silane reactions. Direct evidence for their brief existence came 
from spectroscopic measurements, e.g., electronic spectra of flash-photolysis, from 
optical emission of excited particles in discharge plasma, low-temperature ESR and 
matrix IR spectra, electron-impact mass spectra and ion cyclotron resonance 76). 

Since the silicon atom is less electronegative than carbon, it should carry a 
positive charge more readily 1. Trivalent silyl cations are energetically similar to the 
corresponding trivalent carbocations ss-s6), but are substantially less stable than 
their carbon analogs 87-891 However, the existence of silicenium ions R3Si +, the 
silicon analogs of stable carbenium ions, seems to be reliably well established in the 
gas phase 90-92). An ion cyclotron resonance study of fluoromethylsilanes has shown 
the following order of  decreasing stability for fluoromethylsiliceniu n ions: Me3Si + 
> Me2FSi + > MeF2Si + > F3Si + 93). Until recently, there has been no convinving 
evidence for their existence in condensed media. Reports about the preparation of 
silicenium ion in an inert gas matrix at low temperatures 94,95) have been shown 
to be e r r o n e o u s  96). However, in accordance with previous abinitio calculations 97,9s) 
the choice of an alkylthio substituent (i-PrS) on silicon with high polarizability, low 
electronegativity, and 3p lone-pair donating ability of sulfur has permitted the sili- 
cenium ion to be observed in solution 99). Abinitio calculations predict the increasing 
stabilization of the positive charge on the RaSi + under successive vinylization of 
silicenium ions as well 100.101) 

In the R3MX (M = SiC) molecules triorganylsilyl groups donate electrons easier 
than their more electronegative carbon analogs. It was assumed that silicon atom 
could retain the positive charge in four-coordinate ions. Thus, for instance, five- 
coordinate adducts, X4Si • D, seemed to be ionic compounds of silicon with a smaller 
coordination number i.e., [X3Si~D]+X-.  A conductivity study gave reason to assume 
that adducts of trimethylsilane iodide and bromide with hexamethylphosphorus- 
triamide (D = (Me2N)3PO; X = Br, I), unlike a pure covalent complex with tri- 
methylfluorosilane 1021, have an ionic structure 103-106). A kinetic study of the race- 
mization of optically active triorganohalositanes indicated a strongly negative activa- 
tion entropy and second order of  racemization in the nucleophile. These results have 
been interpreted 107) in terms of an extension of coordination at silicon without 
existence of ionic adducts. However, 1 : 1 adducts of  bromo- or iodotrimethylsilane 
and pyridine do not occur as higher coordination complexes in the solid state. From 
X-ray diffraction data the bromine and iodine ions are displaced from the coordina- 
tion sphere of the silicon atom, possibly due to a higher polarizability which leads to a 
four-coordinate ionic structure [Me3Si(py)]+X -.  The Si--Br and Si- - I  distances 

I The little known species SiH~ may be regarded as a weaker SiH~---H 2 complex s2-s4~ 
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(435.9 and 455.9 pm, respectively 10s)) are longer than the sum of the van der Waals 
radii of the atoms concerned (405 and 425 pm). From 29Si NMR data on 
N-(dimethylbromosilylmethyl)lactames, a reversible Si--Br dissociation increasing 
with strengthening the S iLO interaction at low temperature has been evidenced from 
lower z9Si shielding with decreasing the temperature 109,110) 

The melting-point diagram of the Me3SiCl-pyridine system gives no information 
about the formation of an adduct 111). Even with HMPT, which is a stronger 
Lewis base than pyridine, chlorotrimethylsilane does not form a solid adduct at room 
temperature. Reactions of  triorganochlorosilanes with various nitrogen donors have 
been interpreted in terms of formation of both an ionic species and coordination 
compounds 112-12°k However, silicon tetrachloride and strong Lewis bases tend to 
produce only adducts 119 - 121~. There are many examples of adduct formation between 
silicon-transition-metal compounds and Lewis bases involving charge separation 
105.122) Based on X-ray diffraction data, for example, the adduct MeaSiCo(CO)4 
xpMe2(SiMe3) consists of  a separated [Me2SiP(SiMe3)2] + cation and a Co(CO)~- 

anion 123) 

It has been shown by various chemical methods that, in contrast to carbon, silicon 
in many substitution reactions does not form carbenium ion analogs (electrophilic 
substitution) and its nucleophilic reactions proceed via the formation of transition 
states in which silicon is penta-coordinated. The importance of the pentavalent state 
in which the silicon atom experiences octet expansion may readily be seen by 
considering a broad scope of substitution reactions at silicon, permutational iso- 
merism in penta-coordinate intermediates upon solvolysis of optically active derivates, 
racemization of the configuration of an initially chiral silicon reactant, sigmatropic 
reactions and thermal rearrangement involving migration of silyl groups 1~-133) 

There are known many adducts of  SiF 4 with nitrogen-containing'bases 134, 146) 
the majority of these being 1:2 adducts. Little is known about complexes of SiF 4 with 
oxygen-containing bases, presumably owing to a much weaker interaction 12o. 147) 
The heat of dissociation of the SiF 4 • 2 (CH3)20 complex at substantially below room 
temperature was reported to be 9.0 kcal .  mole-  1 14v) as compared to 40.5 kcal .  mole- 1 
for the SiF 4 • 2 N(CH3) 3 complex 14s) 

There is good reason to assign to many stable organosilicon compounds a structure 
in which the silicon coordination polyhedron represents either an octahedron or a 
trigonal bipyramid, for instance, to SiFt- and to adducts of silicon tetrafluoride with 
tertiary amines which are stable on heating to 300 °C 149). Nevertheless, although 
the octahedral structure of SiF62- was established long ago 15o-153), direct evidence 
for the silicon ability to exist in a penta-coordinate state was first obtained fairly 
recently when a dimethylsilylamine pentamer was studied by X-ray crystallography 
!54.-156) Earlier, systematic and comprehensive studies of  a vast class of  penta-coordi- 
nate silicon compounds, i.e., silatranes 11.157 - 159), with various physical and chemical 
methods had begun. Investigations of the structure of silicon compounds with higher 
coordination numbers were hampered by the instability of  these species. Recently, 
matrix isolation techniques have been employed to reinvestigate the 1:1 molar 
adducts between SiF4 and nitrogen- or oxygen-containing bases such as SiF4 • N H  3 
14-5. 146) and SiF 4 • (CH3)20 16°k Up to now silatranes and phthalocyanines are the 
largest known groups of  trigonal-bipyramidal and octahedral silicon compounds. 
Recently a stable penta-coordinate silicon compound of square (or tetragonal) pyra- 
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midal structure has been found 161-1631. The possibility of  the existence of  seven- 
and eight-coordinate silicon complexes was suggested 164.-166) For  a review of  silicon 
bonding for different coordination numbers, see 11.134-143,157- ls9,167-179) 

For  the last two decades crystal and electronic structures o f  penta- and hexa- 
coordinate compounds of  silicon have been studied rather thoroughly and made a 
great contribution to both the chemistry o f  silicon and that o f  coordination com- 
pounds (with secondary bonds, i.e., with interactions intermediate in strength be- 
tween covalent and van der Waals forces). The present review is devoted to the results 
obtained by X-ray and electron diffraction techniques and will attempt to demon- 
strate the practical application of  N M R  spectroscopy to different aspects of  the 
coordination chemistry o f  silicon. Thei'e are no specific claims as to literature 
coverage, but references are quoted covering the period up to and including 1983, 
with an occasional 1984 entry. 

2 Formation of Penta- 
and Hexa-coordinate Silicon Compounds 

From the standpoint of  the atomic structure the differences between carbon and 
silicon are as follows (Table 1): 
1. The covalent radius of  the silicon atom is one and one half that of  the carbon 
atom thus rendering the silicon atom more sterically accessible. 
2. The positive charge of  a nucleus in the silicon atom is shielded with an additional 
shell of  8 electrons and the electronegativity of  silicon is lower than that o f  carbon. 
3. In contrast to a carbon atom, which does not have vacant d-orbitals, the outer 
valente shell of  silicon has vacant 3d atomic orbitals (AO). 
4. The polarizability of  silicon is greatly facilitated by a larger (as compared to the 
carbon atom) size o f  valent AO and, consequently, by a higher diffuseness of  its 
electron cloud. 
5. Valence electrons of  silicon are at a much greater distance from the nucleus than 
in the carbon atom due to which the ionization potential o f  the silicon atom, in spite 
of  a greater nuclear charge, is about 3.1 eV less than that of  the carbon atom. 

The silicon atom is characterized by a higher electron affinity than carbon (by 
0.27 eV) and by a greater ability to coordination, i.e. by a pronounced electrophilicity 1 . 
Germanium, another homolog of  silicon in Group IVA, differs only slightly from 
silicon in its chemical and physical properties 210,211). All other things being equal, 
there is an increasing tendency on proceeding down Group IVA for the stabilization 
of  a trigonal-bipyramidal intermediate or transition state relative to the tetrahedral 

1 The electron-acceptor ability of the Group IVA elements increases with a rise in their atomic 
number and, consequently, in the atomic radius. From the standpoint of structural chemistry 
this is, for instance, clearly illustrated by the structure of (CHa)aMCN crystals (M = Si, Ge, 
or Sn) in which a minimum intermolecular non-covalent contact between M and N atoms is 
366 2o~j, 357 20s~ and 249 pm zog~, respectively. When M = Si this distance corresponds to the 
sum of van der Waals radii of both atoms, when M = Ge it is by 15 pm less than this sum. For M 
= Sn the environment of the tin atom is trigonat bipyramidal. 

104 



Molecular and Electronic Structure of Penta- and Hexacoordinate Silicon Compounds 

Table 1. Some Fundamental Properties of C and Si Atoms 

C Si 

Atomic number 6 14 
Atomic weight" 18o) 12.011 28.0855 
Radii of the principal maxima of outer 62.0 (2s) 90.4 (3s) 

orbitals, pm 181~ 59.6 (2p) 106.8 (3p) 
Atomic radius (Bragg-Slater), pm 182) 70 110 
Covalent radius, pm 183) 77.2 116.9 
Ionic radius, pm 184, ass) 260 (--4) 41 (+4)  
Ionization energies, eV 186) 

E 1 11.26 8.15 
E 2 24.38 16.34 
E a 47.89 34.49 

Electron affinity, eV 187) 1.12 1.39 
Electronegativity b 

1932 Pauling 188-19o) 2.5 1.8 
1934 Mulliken 191-193) 2.63 2.44 
1946 Gordy 194) 2.52 1.82 
1958 Allred-Rochov 198) 2.60 1,90 
1961 Allred 196) 2.55 1.90 
1965 Voronkov-Kovalev 197) 2.46 1.89 
1966 Sanderson 198) 3.79 2.62 
1977 Mande-Deshmukh 199) 2.73 1.87 
1981 Blustin-Raynes 200) 2.30 1.88 
1983 Ohwada 201) 2.5 1.8 
1983 Hargittai 202) 2.6 1.9 
1983 Sanderson 113) 2.746 2.138 

Hardness Parameter, eV 2o3.2o4) 5.00 3.38 
Van der Waals radius, pm 

Pauling 189) 170 217 
Bondi 205) 170 210 
GlidewelF 206) 125 155 

" Scaled to the relative atomic mass ~2C; b in sp  3 valence states; ~ Intramolecular non-bonded atomic 
radius 

reactant. It is believed that for a silicon atom to exhibit complex formation ability it 
must have at least one electronegative substituent. Nevertheless, it has been reported 

r l 
recently that a [(CHa)3Si-CH2CH2CH ] ion exists in the gaseous phase in which the 

silicon atom forms five S i - C  bonds 212~ 

2.1 Structural Features 

T h e  b o n d  angles  o f  s i l icon in the  molecu les  o f  i ts  c o m p o u n d s  are  m o r e  readi ly  

d i s t o r t ed  t h a n  the  c o r r e s p o n d i n g  b o n d  angles  o f  c a r b o n  in i sos t ruc tu ra l  o rgan ic  

a n a l o g s  213-217). T h u s ,  a t e t r a h e d r a l  mo lecu le  o f  s i lane S i l l  4 (Td) c an  be  t r a n s f o r m e d  

in to  a p l a n a r  f o r m  (D4h) wi th  a m u c h  lower  ene rgy  r e q u i r e m e n t  t h a n  a mo lecu le  o f  
m e t h a n e  C H  4 218-220~ A h igh  lab i l i ty  o f  X - - S i - - X  a n d  X - - S i - - Y  angles  is o b s e r v e d  
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not only when X is a re-donor o-acceptor atom (F, O, N) 2 but even when X = C 
222 -22s). In some cases the energy needed for rearrangement of silicon bond angles can 
be less than the energy of an additional coordinative interaction. This must prompt 
the formation of structures containing a-silicon atom with an expanded coordination 
sphere. 

Semiempirical MNDO calculations indicate that the difference in energy between 
the tetrahedral and planar forms of bis(ethylenedioxy)silane 219) and bis(o-phenyl- 
enedioxy)silane is considerably smaller than that for the corresponding carbon 

o / # 

compounds. X-Ray analyses of the spiro compounds show that the M = C com- 
pounds have a slightly distorted tetrahedral arrangement about a spiro carbon atom 
but in the silicon analog the spiro atom has a planar environment 226). Nevertheless, 
experimental evidence provided from a crystallographic symmetry argument (the 
space group determination) is insufficient to establish that the molecule is planar in 
the crystalline state 217 -229); in the crystal structure of bis(1.8-naphthalenedioxy)silane 
(six-membered rings) the angles at the spiro-silicon atom are tetrahedra1230). A strong 
distortion arises from the incorporation of the Si atom into the five-membered rings 
of bis(tetramethylethylenedioxy)silane 231L The angle of 88.3 ° between the planes 
through each ring shows that no significant planarization has occurred. However, the 
strong decrease in the endocyclic OSiO angles is probably the reason for the stability 
of the comlbounds of penta-coordinate silicon atom in the spiro[4.4]octane system. 

Organosilicon spirocyclic compounds consisting of two five-membered rings 
linked through the silicon atom, readily form rather stable complexes with bases; the 
central silicon atom in such complexes is penta-coordinate. Thus, bis(ethylene-l,2-di- 
hydroxy)silane forms adducts with alkali metal atkoxides 232.233), which event is not 

e / ,O--CMe2 

Lie CH30--Si~ [ 1 
VO-- CM%/2 

observed for the acyclic silicon analog Si(OCH3) 4. The stabilization of trigonal- 
bipyramidal compounds of silicon relative to the corresponding four-coordinate 
tetrahedral species by bridging of an apical and an equatorial position with a five- 
membered ring has been well documented 2z~- 236) 

R - - S i  

\'O--CICF3)2 / 2 

M o 

2 In contrast,  the lability of  carbon bond angles rises when carbon is bonded to n-acceptor 
o-donor  a toms (Li, Be, B, and so on) 2z1~ 
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The bidentate fluoroalkoxy ligand also provides stabilization of the siliconate species 
by the five-membered rings and the enhanced electronegativity of the apical oxygen. 
The equatorial electropositive carbon ligand to the central atom enhances the differ- 
ence in electronegativity between the central atom and the apical ligand and leads to 
a stable hypervalent bond. These ligands are exceptionally well suited to stabilize 
penta-coordinate silicon, but less capable for stabilizing hexa-coordinate structures 
237 -24-0) 

The effect of the geometry of ligands on the coordination stability of silicon 
compounds is diverse and can be evaluated only qualitatively 241~. Complexes of 
multidentate ligands exhibit some remarkable properties, in particular an unusual 
stability as compared to corresponding monodentate ligands, i.e., a chelate effect 
242-245) The nature of the latter is the detailed balance between entropy and 
enthalpy contributions. The extra enthalpy stabilization is due to the fact that the 
cyclic ligand is already "prestrained", i.e., it does not need to be contracted into 
another conformation more suited for complex formation; this is in marked contrast 
to the behavior of open chain analogs. The entropy contribution arises from the 
smaller configurational entropy at the cyclic ligand. As to a separation of the 
effects, the available data are far from conclusive 244-246~. The chelate effect decreases 
with increasing the saturated ring size: five-membered structures are more stable than 
the corresponding six- or seven-membered rings 247-249~. 

IR 250~ and NMR 251) spectroscopic data indicate that for F3Si(CH2)nOC(O)CrH 5 
with n = 1 the intramolecular S i l O  bond closing the five-membered ring exists in 
non-polar and polar media as well as in the crystalline and gaseous (to 150 °C) states. 
With n -- 2, however, the six-membered cyclic form with penta-coordinate silicone 
is present in non-polar solvents in equilibrium with the acyclic form, whereas with 
n = 3 the molecules occur in only the acyclic form. 

Lehn and co-workers described the increased stability of complexes by several 
orders of magnitude over monocyclic analogs observed upon the addition of another 
connecting bridge onto the macrocyclic ring to form macrobicyclic ligands or 
cryptands (cryptate or macrobicyclic effect) 252} It is reasonable, therefore, to suggest 
that the stability of the complexes increases for the four bond formations in the 
following sequence: 

\ /  
~Si ""D < ~Si--- D < ~Si .--D < ~Si ... D 

s LJ 
Intermoleculctr Intra molecular Transannular Intrebridgehead 

As based on NMR 255,256) and IR 257,258J spectral data, no S i g N  coordinative 
interaction is observed in solutions of acyclic derivatives of (2-dimethylaminoethoxy)- 
silane, X4-,Si(OCH2CH2NMe2)n. In the crystal structures of monocyclic deriva- 
tives, however, such interaction does exist (Sect. 4.4.3). The stability of this bond is 
favored by transannular interaction of the opposite atoms, characteristic of eight- 
membered rings 259). The NMR spectra 26°-267), dipole moment measurements 
268-270) and mass spectral data 271.272) of R2Si(OCH2CH2)2X indicate a transannular 
Si~-N interaction for nitrogen (X = NR), but no interaction for X -- O. 
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Among the stable compounds of penta-coordinate silicon, the most studied are 
+ t 

silatranes XSi(OCH2CH2)3 N (tricyclic organosilicon esters of tris-(2-hydroxy- 

alkyl)amines, 5-aza-2,8,9-trioxy-l-silabicyclo[3.3.3]-undecanes 11.159) 

H2C 

2 .  CH2 | .CH2 

b ~ j  
× 

The basal nitrogen atom is linked through three (CH2) z links to oxygen atoms at 
the triangular base. The tetradentate tripodal ligand occupies four coordination 
positions around the central atom, but for penta-coordinate species the steric require- 
ments of the ligands are such that the trigonal bipyramidal structure results 253,254) 
In these compounds there is an intramolecular donor-acceptor interaction between the 
nitrogen and silicon atoms. 

Every fragment (OCH2CHzN) of the atrane skeleton can be considered as a deproto- 
nated molecule of ethanolamine, HOCHzCH2NH2. In the gaseous phase this molecule 
has a staggered conformation with respect to the C--C bond 273,274). The arrange- 
ment of the OH and NH 2 groups corresponds to the gauche-form stabilized not 
only by intramolecular interaction between the most basic center (amino group) 
and the hydroxy group 275-278), but by the gauche effect as well 279-2s3L This con- 
formation is retained in the solution state 2sl. 282). In addition, a chelate effect occurs 
for ethanolamine complexes 283). It should be expected that the macrocyclic and macro- 
bicyclic effects of other hydroxyethyl substituted amines such as diethanolamine 
and triethanolamine are more important. In molecules of triethanolamine 2s4) (pre- 
cursor of silatranes) and its cations [(HOCHzCHz)3NH]+X - (X = SH 284~, 
OCOCHEOC6H4_2.CH 3 285) and OCOCHzSC6H4-4-C1 286)) a claw-shaped structure 
consisting of three chains is achieved. In each of the three chains the C--O and C- -N 
bonds are in the gauche position with respect to one another, the nitrogen atom 
being inside the 2-hydroxyethyl groups: 

0 0 

X-ray investigations have indicated a very similar structure of the free ligand as com- 
pared to their complexes with silicon (see Sect. 4.4,3) and germanium 2s7~ 

An unshared electron pair of the nitrogen atom in such a molecule is oriented inside 
the cage formed by three carbon-oxygen chains. A similar picture is observed in 
cryptands. In their molecules the unshared electron pairs of nitrogen atoms are also 
oriented inside the heterocyclic skeleton 2s9-29o) The outside orientation of the elec- 
tron pair of the nitrogen/~tom in a cryptand [1.I,1.], N(CH2CHzOCHzCHz)3N, is 
realized in a complex with BH3 291L In an ammonium cation of cryptand[H + c 1. I. 1.] 
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the proton is located inside the cage a 292). The formation of a cryptand[2.2.2.], 
N(CH2CH2OCH2CH2OCH2CHz)N, complex with two molecules of BH3 in which two 
nitrogen atoms are inverted is accompanied with great space shifts of oxygen atoms 
as compared with a free ligand 293). If in the triethanolamine molecule three oxygen 
atoms are bonded to the central atom not reacting with the nitrogen atom, the orienta- 
tion of the unshared electron pair of the latter is retained. This is observed in molecules 
of (Ph2P)C1PtSi(OCH2CH2)3N 294,295), S=P(OCH2CHz)aN 296), and in the gaseous 
phase in molecules of CHaSi(OCH2CH2)3N 297). In these molecules the configuration 
of the nitrogen bond is very close to planarity and the nitrogen atom is displaced only 
slightly inside the skeleton with respect to the neighboring carbon atoms. This 
structure of the nitrogen coordination polyhedron of a tripode ligand is, most 
likely, due to steric reasons. Consequently, the skeleton conformation of silatrane 
molecules plays an important role in the formation of the intramolecular Si*-N 
bond. 

Tetracyclic tetradentate ligands (porphyrins, phthalocyanines and the like) change 
considerably the direction of the valent bonds of the central silicon atom 298.299) 
transforming it into the hexa-coordinate form 300-so4) 

Thus, certain structural features, in particular incorporation of the central atom into 
a five-membered ring, chelate, macrocyclic and cryptate effects may stabilize the geo- 
metry of  penta- and hexa-coordinate silicon species. Much of the insight as to which 
structural features might be expected to stabilize this species comes from studies of 
species involving higher valent states of other nonmetallic elements of the third row 
of  the periodic table aos-30~). 

Indeed, the majority of the higher-covalent silicon compounds studied which have 
an increased coordination number are formed by bi-, tri-, and tetradentate ligands; 
similar effects are apparent with other Group IVA elements. It is likely that the 
structural factors are responsible for the existence of pentacoordinate pentavalence 
carbon species 30s) expanding the valence shell to 10 (Sect. 3.2). For the same 
reason that there are about twenty structures of the organotin complexes with 
seven- and eight-coordination 309,320). 

2.2 Medium Effect 

The structure of coordination compounds can vary with a change of the state of 
aggregation 3a 2) The strength ofdonor-acceptor bonds, both intra- and intermolecular, 
increases when passing from the gaseous to the solution and then to the crystalline 
state, and with decreasing temperature and increasing pressure 312) 

As follows from the thermodynamic data on the dissociation of SiF 4 adducts, the 
crystal lattice energy of the complex is much higher that the enthalpy of their 
formation in the gaseous phase 14s). Complexes oforganyltrichlorosilanes with tertiary 
amines exist only at low temperature and dissociate into free components at room 
temperature 313). The well studied complexes X4Si • 2 Py (X = F, Ct, Br) are dissociat- 
ed completely in the gaseous phase 314~. The anomalies of concentration and tem- 
perature dependencies in the IR-spectrum of SiCl 4 are caused by intermolecular inter- 

3 Cryptand [1.1.I.] is thermodynamically very strong and a kinetically extremely slow base 292) 
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action in the solution state 3155. The enthatpy of dimerization 2 SiC14 ~ (SIC14) 2 in 
the gaseous phase is 1.4 kcal • tool-1 which exceeds the enthalpy of van der Waals 
intermolecular interaction (0.5 kcal - tool -1) 3t65. Association of SiC14 molecules in 
the liquid phase is also evidenced from the cryoscopic studies 317.31s) 

In crystals of dimethylsilylamine (at --120 °C) and 1-methylsilatrane, the silicon 
atom is penta-coordinated 154.156); whereas in the gas phase the structure of the silicon 
coordination polyhedron is close to tetrahedral 319). Intermolecular non-bonded 
Si ... D interactions are observed only in crystals of disiloxane and isocyanatosilane 
32o.3zi~. The interactions are strong enough to affect the mutual orientation of the 
molecules, but too weak to change their geometry. 

The nature of the solvent as well as its aggregate state considerably affects inter- 
molecular interactions in silicon coordination compounds. Thus, in the IR spectra 
of crystalline complexes of OPPh 3 and OP(NMe2) 3 with silicon tetrachloride, the 
P = O  bond stretching vibration frequency, v(PO), is by 45 cm -1 lower than that of  
the free bases 322); in the spectra of their diluted solutions (both in polar and non- 
polar solvents), however, the frequency is the same 323"3z4k In crystals of (aroyl- 
oxymethyl)trifluorosilanes and in their solutions (with low ~ of the solvent) there is 
an intramolecular Si~-O=C interaction. In pyridine solution, however, it strongly 
weakens and is completely absent in the gaseous phase (the frequency v(CO) 
decreases by 60cm-1) 325-32sl Adduct formation of trialkoxysilanes (RO)3SiH 
(R = CH3, C2H5, C3H7) with 18 solvents was evaluated from the very large 
(>  40 cm-1) change in Si--H IR stretching mode 329) The integrated intensities of  
v(SiH) bands indicate that the interaction of triethylsilane with electron-donating 
solvents is of the donor:acceptor type 330). 

Measurements of the 15N and 23Si chemical shifts (see Sect. 4.5.5) and IR ab- 
sorptions 331) of silatranes and 2.3-dioxa-6-aza-2-silacyclooctanes in various aggregate 
states have shown that the extent of Si,--N coordination increases in passing from 
the gaseous to the crystalline state as well as with deacreasing the temperature of 
solution their polarity, polarizability and electrophilicity (see Sect. 4.5.5). The tem- 
perature dependence of 29Si chemical shifts of stereochemically nonrigid intra- 
molecular silicon complexes has been explained in terms of the existence of equili- 
brium between tetra- and penta-coordinate forms 263.266,332i or the substituent posi- 
tion exchange in the trigonal bipyramidal stereoisomers 261.264) 

In all silicate minerals formed under crustal conditions silicon is coordinated to 
four oxygen atoms. In high-pressure transformations, silicon commonly increases its 
coordination number. The longer, the Si--O distances in tetrahedral silicates the 
higher the pressure transformations to phases with octahedral silicon. The average 
Si--O bond distance for the pressure transformation is 159 pro. This distance is 
achieved at room temperature at pressures in all measured silicates and may be a 
minimum for tetrahedryl Si--O bonds; 300 kbar is an upper pressure limit for the 
silicon tetrahedron and 80kbar is a lower pressure limit for octahedral silicon. 
Temperature has little effect on Si--O bond distances in either tetrahedra or 
octahedra 333) 

Thus, in cases when weak interactions can affect the molecular geometry, the 
packing of the molecules in the crystal lattice and the solvent effect acquire an 
important role. In solutions a structure may exist which differs from that achieved 
in the gaseous phase under the action of intramolecular forces only. 
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3 Theoretical Concepts of an Increase 
in the Silieon Coordination Number 

Since an interaction between two molecules generally involves charge transfer, it may 
be considered as a donor-acceptor interaction in the widest sense of  the word 334-339). 
The formation of coordination donor-acceptor bonds between acceptors with 
low-lying vacant AOs and donors with accessible electron pairs is typical of the 
majority of elemnts of the periodic system, e.g., the silicon atom can form more 
bonds than appears to be allowed by the octet rule 340-342). An eminent problem 
in the theory of electronic structure involves the role of d orbitals in the ground 
states of  second row elements. 

3.1 Participation of d Orbitals 

The clearly pronounced acceptor ability of  the tetravalent silicon atom, due to which 
its valence shell may contain 10 or even 12 electrons, as well as similar structures of  
compounds of second-row elements containing a penta- and hexa-coordinate central 
atom and of the corresponding compounds of transition metals 1 is usually inter- 
preted on the assumption that the bonding process involves not only s and p AOs 
but vacant 3d AOs localized within the valence shell 55.128). The silicon atom has 
five vacant 3d AOs the participation of which can, in principle, lead to penta- and 
hexa-coordinate states. The trigonal bipyramid and tetragonal pyramid are the most 
symmetric configurations of  a SiX 5 molecule. The formation of five Si- -X bonds 
in a trigonal bipyramid requires, according to the above concepts, the participation of 
3dz AO, and in a square pyramide of 3dx 2_ y2 AO (sp3d-hydridization). In both cases 
two sets of non-equivalent bonds arise. Thus, s~pd ~-~ and s~-Xp2d x hybridizations 
for axial equatorial positions in a trigonal bipyramid occur 343.344 k 

In octahedral silicon complexes, two AO (dz2, dx 2_r2, ez symmetry) participate 
simultaneously in the (r-bonding (sp3d2-hybridization). The dxr, dyz and dxz orbitals 
with t/q symmetry can be used for n-bonding with the appropriate orbitals of the 
substituents s45,346) It was put forward that an additional donor-acceptor inter- 
action which increases the coordination number of the second row Main Group 
element involves continuum of the energetic states lying above the ionization 
potential 347) 

Although the possibility of  participation of vacant 3d AOs in chemical bonding 
in compounds of non-transition elements has been widely studied by quantum 
chemistry 348-351), it is now open to question whether or not they really contribute to 
the formation of chemical bonds or their role is reduced to an additional polarization 
effect. It was doubted that the role of 3d AOs of the Period III  elements (Si, P, S) in 
increasing their coordination number or in (p-d), interaction should be taken 
into account 352-354) It was stated, for instance, that in some states of  the atoms of 
the Period III  elements 3d AOs were so diffuse that they could not participate 

1 It is generally accepted that geometry and the bonding nature in complex compounds of 
transition metals are determined by hybridization of AOs of the central atom, inetuding filled 
3d AOs. 
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noticeably in the bonding. In order describe the physicochemical properties of 
compounds of the Group IV A elements, instead of the concept of (p-d)~ conjugation, 
attention is more and more directed to the ideas of hypervalent bonding, which 
suggests that a good first order representation of the structures of SiF 5 species may be 
constructed without an appreciable contribution from the silicon 3d orbitals. 

3.2 Hypervalent Bonding 

In contrast to 3d orbital approaches, Rundle proposed that of electron-rich 
three-center bonding 355~. The concept of  hypervalent bonding or valence-shell ex- 
pansion, initially designed to explain the nature of bonds in polyhalide ions and rare gas 
fluorides 3s5~ was further developed for other orbital-deficient compounds and is 
given in the most generalized form by Musher 356). When higher row atoms "expand 
their valence by adding ligands, they add them colinearly along the axis of one of the 
(previously unshared) pairs of p electrons", thereby forming a three-center four- 
electron system. Hypervalent bonds in coordinate silicon compounds differ from 
similar bonds of sulfur, phosphorus, and chlorine since the lone electron pair is, 
in this case, supplied by the ligand. 

The bonding in SiF; is electron rich, involving two more electrons than are 
normally accommodated in the valence shell of the central silicon. The formation of 
the axial fragment F - -S i - -F  in SiFt- involves silicon 3pz AO. The bonding molecular 
orbital along the F - -S i - -F  axis is formed by the phase overlap of the central atom Pz 
orbital and a p orbital from each fluorine. From four valence electrons that are 
available, two occupy the bonding three-centre MO and two an approximately 
nonbonding MO. Thus, one may expect that the three-center four-electron axial 
Si--F bond is of a lower order of magnitude than the covalent two-electron bond. 
The experimental data agree well with these assumptions: the axial SiF bonds in 
SiFt- are longer and more polar than the equatorial bonds. 

Hypervalent bonds in compounds of hexacoordinated silicon are formed in a 
similar fashion. Thus, in the anions of the SiFt- and SiF6 2- type there are two 
three-center four-electron bonds: 

+ - -  covalent 

- -  hypervalent 

Hypervalent MOs are formed by mixing of bonding and nonbonding AOs which 
results in a shift of the electron density from the central silicon atom to the 
ligands. This event increases the positive charge on the silicon and negative charge 
on the fluorine atoms. In the formation of a hypervalent bond with the silicon atom 
both similar and different ligands can participate. The following conditions of the 
formation of hypervalent bonds have been stated 355. 356): 
1. These bonds can be formed when ligands are more electronegative than the 
central silicon atom. 
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2. The most electronegative substituents of  those surrounding the silicon atom 
participate in a hypervalent bond or tend to occupy the axial positions in a 
trigonal-bipyramidal molecule. 
3. The Si--X bond length in penta- and hexa-coordinate silicon compounds is longer 
then that in similar tetrahedral molecules. 
4. The concept of hypervalent bt,nding is assumed to decrease the electron density 
on the central silicon atom upon complexation. 

In spite of  some critical remarks 357) the hypervalent model is successfully used for 
interpreting the results of  physiscochemical investigations 35s. 359), for example, for 
silatranes 360,361) For organosilicon complex anions of the SiX~- type both models 
predict (in a good agreement with experimental data) the existence of two types of 
bonds: ordinary covalent with a more pronounced s-character, and weakened with an 
excess electron density. 

The much discussed alternative three-center four-electron and d orbital hydridi- 
zation schemes are not mutually exclusive and do not exclude other models 35~). 
The same trends are found in the molecular orbital theory approach considering the 
relative energy separation of the 3s to 3p atomic orbitals on the central atom 362). 
Most of the theoretical treatments suggest relatively small bonding contributions 
from d orbitals and outer s orbitals. On that basis hypervalent species might exist with 
central atoms from the first row atoms in which low-lying d orbitals are not 
available. The considered electron-rich bonds control the structure of coordinate 
compounds originating from central atom-ligand interactions. On the other hand, 
closed systems of atoms in the form of clusters or cages are associated with direct 
ligand-ligand interactions and different considerations will apply. 

3.3 Hypermetallic Bonding 

A wide variety of  molecules appear to form more bonds than they have electron 
pairs (i.e. the electron-deficient compounds) and seemingly violate the Lewis 
definition of an electron pair bond. These molecules necessitate the involvement 
of  two-electron multi-center bonding with atoms (always a metal) containing more 
tow-energy orbitals. A large number of  MX n molecules comprised of first row 
elements 363-365) including carbon 365-374) fall into this category. In carbide clusters 
such as Fes(CO)15C 375~1, Ru6(CO)17C 376), or  Fe6(CO)16 C2- 377) the interstitial hole 
of the clusters is occupied by a C atom with a coordination number 5 and 6. 
Crystal structures of LisO[C6H3-2,6-(OMe)216 378,379) and Cu4(C6H4-2-CH2NMe2)4 
380) contain three- and four-center two-electron bonded C(aryl) atoms. In any case, 
the "expanded" bonding to carbon is found with the 3-21G basis, which has no d 
functions. Thus, the CLi 5 and CLi 6 molecules exhibit a hypermetalated bonding, 
but not hypervalency in the strict sense. The extra electrons (beyond the usual octet) 
are not associated with carbon but involved with metal-metal bonding 381,382) 
Hypermetalation should be a remarkably general phenomenon that can involve not 
only first 383~ but also second row elements. The models of  electronic structure which 
have proved to be useful for molecules of first row elements are likely to be more 
readily adapted for use with molecules of second row elements. The Si sp 3 (and 
possible sp 2) orbitals are suited for multi-center bonding. 
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4 Structure of Silicon Compounds 
with Coordination Numbers 5 and 6 

In the course of the formation of silicon complexes, the charge density patterns 
reorganize. Although the so-called partial charge of an atom in a molecule can not be 
defined unambiguously, comparisons of the results of quantum chemical calculations 
for reactants and reaction products as well as the consideration of the bond length 
valence angle variations and the N M R  parameters of the five- and six-coordinate 
silicon compounds have proved to be of great qualitative value to chemists. 

4.1 Stereochemistry 

From a geometrical point of view it i~ impossible to place five points in equivalent 
positions on a spherical surface excepting a planar arrangement. There are two 
types of favored structure, the trigonal bipyramid (TBP) with D3h symmetry and the 
square (or tetragonal) pyramid (SPY) with C4v symmetry: 

2 ~ 3 

4 5 1 L 
L2,4 =/__1,5 =150" 

TBP SPY 

Both TBP, which is usually observed for acyclic penta-coordinated main group 
elements, and SPY, detected primarily with transition metals derivatives, have two 
non-equivalent sets of ligand positions. In the former there are three equatorial and 
two axial, and in the latter one apical and four basal substituents. 

The minimum repulsive valence shell interactions I between five identical ligands 
located around the central atom (ten electron silicon shell) corresponds to the TBP 
in which two axial bonds are longer than three equatorial 385.386). The trigonal 
bipyramid is calculated to be about 8 % more stable than the square pyramid, 
and only slight bond-bending of the TBP structure is necessary to attain the SPY 
structure. The presence of two unsaturated five-membered rings in spirocyclic 
derivatives is a general principle in forming a square pyramid for most penta- 
coordinated main group elements including silicon 387). The first examples of the SPY 
structures of penta-coordinate silicon have been obtained only recently by X-ray 
diffraction for a spirobicyclic derivatives 2 161-163) 

1 The repulsive force is proportional to r -n, where n = 8-12 ss4). 
2 Recently, the square pyramidal geometry for anionic germanium 3s8) and tin 389.39o) species have 

been detected by X-ray diffraction. 
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For the TBP molecules of the MX 5_ D type the following achiral isomers are 
possible: 

MX 5 ~ D3h MX3 D2 

D 
/ 

IvIX~ D ~ C3v 

D ~ C2v 

D 

D3 h 

D 

. . . . .  

D ~ Dcs 

The most electronegative substituents are always located in the axial position. In 
this respect there is no difference between compounds of penta-coordinate silicon 
and isoelectronic phosphorus compounds. Thus, in adducts of  the type 
SiCI3X • NMe 3 (X = F, C1) the substituent X is always in the axial position 
(C3v symmetry), but if X = H the molecular symmetry changes to Cs since the 
hydrogen atom is always in the equatorial plane 313). In solution of[(C6Hs)3P]2Pt • SiF4 
the molecules with an equatorial platinum-containing electropositive ligand (C2v 
symmetry) a re  predominant 391). It was believed that the N(CH3)3 ligand always 
occupies an axial site in a trigonal bipyramid due to steric interaction 391,392), 
Ab initio MO calculations on SiF 4 • NH 3 employing complete geometry optimization 
and additional polarization functions on Si and N have shown a trigonal bipyramidal 
geometry with axial N H  3 to be the most stable arrangement and the nitrogen atom to be 
more negatively charged than F 393~ 

In the case of SiX4D 2 complexes, unlike SiX 6 (Oh) and SiXsD (C4v), there are two 
possible isomers: trans (D4~) and cis (D2). 

In octahedral acyclic complexes of the X4Si • 2D type, the D ligands usually 
occupy the trans position though in some cases geometrical factors can cause cis orien- 
tation of the ligands (for instance, F4Si - bipy 3947). A rule has been formulated 134) 
according to which in complexes of  the X4Si . 2D type the D ligands occupy the 
cis position if their special requirements are less than that of X; otherwise, they 
occupy the trans position. The structure of  silicon complexes, however, can be 
affected by the (p-d), bonding in addition to other factors. As quantum- 
chemical calculations have shown 314), for X,,Si. 2 Py with X = F, C1, the cis 
configuration is prefered with X = F provided that the (p-d)~-bonding was taken 
into account; and with X = C1 if only electrostatic interactions were considered. 
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4 . 2  S t e r e o d y n a m i c s  

High conformational mobility of the molecules is a specific feature of penta- 
coordinate species of transition and main group elements including silicon 395-397) 
Thus, at room temperature all fluorine atoms of SiF~ are equivalent on the NMR 
time scale which points to inter- or intramolecular exchange processes. Since in 
19F NMR spectra the 29Si satellites are observed (148 Hz)398), the magnetic 
equivalency of fluorine nuclei cannot be r~alized at the expense of fast inter- 
molecular exchange involving the rupture of Si--F bonds. Among the great number 
of mechanisms proposed for intramolecular rearrangements in penta-coordinate 
complexes 399-401) the Berry pseudorotation postulated in 1960 402) is most widely 
accepted: 

1 2 

2 5 5 . . [  
3 ~ "~"" ' 3 ~ 3 ~ _ . _ J , . . . . . a  3 

5 
5 z~ 

TBP SPY SPY TBP 

For this mechanism to be, realized, it is required that the energies of trigonal 
bipyramide and square pyramide be relatively low. Indeed. due to weak interaction 
between ligands in acyclic coordination compounds, the values of energy barriers for 
such processes do not exceed 6 12 kcal - tool -1 4o3~. In the process of Berry 
rotation, one equatorial position (3) is fixed whereas the two others are exchanged 
with two axial positions. Therefore, for the anions SiX~- and RSiX£ the pseudo- 
rotation barriers must be of similar magnitude since the R substituent as pivotal ligand 
3 does not participate in this process. Berry rotation, with the point of rest on an 
electropositive substituent, corresponds to energetically more favorable apical position 
in the square pyramidal structure 4o4). 

The turnstyle mechanism is another possible way of an intramolecular ligand 
exchange. In the process of a turnstyte motion one of the axial ligands and one of the 
equatorial ligands exchange their places as if rotation about the local axis were of 
second order, the remaining three atoms rotating about the third order axis in the 
opposite direction 399). 

1 & 

3 2 

2 5 

For intramolecular exchange processes in spirocyclic systems this mechanism prevails 
but it is energetically less favorable than the previous one. 

Among other rearrangement mechanisms, mention should be made of the so-called 
"'trigonal twist" and low energy inversion transitions between two structures with 
close energy values. 
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Both experimental data and theoretical calculations show that the transition of a 
trigonal bipyramidal into a square pyramidal structure for compounds of penta- 
coordinate silicon does not require high energy consumption. Up to now the 
attempts of  experimental separation of diastereomers of  organosilicon compounds 
with penta-coordinate silicon atom were unsuccessful. For spirocyclic bisacetylaceto- 
nates, XYSi(Acac)2, containing a hexa-coordinate silicon atom, however, geometric 
isomerism has been observed 405-409) 

4.3 Quantum-Chemical Calculations 

As was already mentioned, the silicon coordinate bonds have energies much lower 
than those of normal covalent bonds (>50  kcal • mol-1). Therefore, it is more 
difficult to characterize such bonds (the equilibrium geometry of the complex 
depends greatly on various factors) 41o.411). Three different contributions considered 
in quantum chemical calculations are the effects of electrostatic interaction, charge 
transfer and, to a smaller extent, polarization; these cannot be unambiguosly 
separated. It was assumed that the main component of the donor acceptor bond is 
electrostatic interaction rather than charge transfer 4~ 2,413) 

Some simple rules were supported by empirial evidence, valence shell electron 
pair repulsion model (VSEPR) and MO calculations, both semiempirical and ab 
initio. These rules could explain those features of molecular geometry which have 
been characterized by structural investigations using spectroscopic and diffraction 
techniques. 

Based on a currently popular VSEPR approach 3 the C - - F  bonds in a hypothetical 
CF~- ion (without steric hindrances) must be about 16~  longer than in the 
tetrahedrat CF4. At the same time, for the anion SiF62- to be stable, an increase 
in the Si--F bond lengths must be as small as 11 ~o 416). Thus the existence of the 
silicon atom with an expanded coordination sphere is much facilitated due to its 
greater size. The repulsion of non-bonded atoms in this latter case does not result in 
additional hindrances to the increase of  the number of atoms to five or six. 

The VSEPR model works at its best in rationalizing ground state stereochemistry 
but does not attempt to indicate a more precise electron distribution. The molecular 
orbital theory based on 3s and 3p orbitals only is also compatible with a relative 
weakening of the axial bonds. Use of a simple Hfickel MO model, which considers 
only ~ orbitals in the valence shell and totally neglects explicit electron repulsions 
can be invoked to interpret the same experimental results. It was demonstrated that the 
electron-rich three-center bonding model could explain the trends observed in five- 
coordinate species 417). Various MO models of  electronic structure have been 
proposed to predict the shapes and other properties of non-transition element 

3 In particular, for the siloxane molecules the increase of Si--O--Si bond angles can be explained in 
terms of the VSEPR method or "one angle non-bonded radii" by the increasing of the repulsive 
interactions between the shortened Si--O bonds. Recent semi-empirical (CNDO/2) 414) and non- 
empirical 41s) calculations taking into account neither (p -- d).-interactions nor additional repulsion 
of non-bonded atoms attribute the anomalously high oxygen bond angle to a more pronounced 
ionic character of the Si--O bond than based on the difference in electronegativity between Si 
and O. 
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complexes 4t8-422). However, the VSEPR approach still provides excellent rules with 
which to quickly view molecular shapes. 

Many quantum chemical calculations were performed for organosilicon compounds 
in order to study intermediate products of biomolecular SN2 substitution reac- 
tions 393,404,423-436) In some cases the calculated energy values correspond to the 
experimental data obtained in the gas phase 437) 

There is no experimental observation of an SiH~ ion, but quantumchemical 
calculations have shown that Sill;- should be more stable with respect to 
Sill 4 + H -  (for D3h ) by 17-20 kcal " mo1-1 and unstable with respect to 
SiHf + H 2 4o4,423,424). Electron correlation has a pronounced effect on this energy, 
accounting for roughly 6 kcal . tool -1 424) For the FSiH 3 + F -  and SiF 4 + F -  
systems and the complexes FSiH3F- and SiFt- the energy difference is 50 42a) and 
230 kcal. tool -1 425) respectively. The acceptor ability of the penta-coordinate 
silicon atom is less pronounced than that of tetrahedral atoms. As follows from 
calculations, the energy of the reactions SiF;- + F - - ~  SiF 2- and 2 SiF5 ~ Si2F2o 
is 80 and 120 k c a l - t o o l  -1, respectively 425). For the anion H4SiX-, where 
X = H, NH 2, OH, or F (ab initio calculations using the STO 4LGTO basis set), 
the energy of the complex is less than the sum of the energies of the unbounded 
components; whereas for the corresponding carbon analogues H4CX- the situation 
is quite opposite 426). For a neutral complex H4Si • NH a, a negative value of the 
complex formation energy was obtained 427~. 

An increase in the coordination number of the silicon atom results in lengthening 
of all bonds (Table 2). In the penta-coordinate SiH~- and FESiH ~ anions the axial 
Si--H and Si--F bonds are by 10% and 6%, respectively, longer than similar 
bonds in Sill 4 and SiH3F. In the hexa-coordinate HOSiF 2- anion the equatorial 
SiF bond (197.0 pm) is longer than axial (192.5 pm) and the axial Si--O bond 
(188.4ppm) is much longer than similar bonds in the tetrahedral molecule of 
silanols. The lengthening of silicon bonds with an increase of the coordination 
number from four to five and then to six is accompanied with an enhancement of an 
additional negative charge on the ligands (Table 3). The concentration of electron 
density on the axial fragments of a trigonal bipyramid is enhanced and favors the 
predominant axial arrangement of the most electronegative substituents 441) 

Table 2. Calculated Bond Distances (pm) for Tetra-, Penta-, and Hexacoordinate Silicon Compounds 

X y SiX3 Y [SiX3Y2]-" Dah [SIX6] 2 Method Ref, 

eq ax 

H H 147.7 (148.0 a) 153 162 ab-initio 423~ 
154 159 42~) 
162 164 CNDO/2 404) 

H F 146.7 (147.4") (H) 152 (H) 168 (F) ab-initio 423~ 

159.4 (I 59.4 ") (F) 

F F 187.5 (156") 189.0 190.0 193.0 b CNDO/2 ,~2s) 

Experimental [55,438-440]; b See Table 5. 
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Table 3. Calculated Mulliken Charges on the Atoms of Simple Silicon Complexes 

Molecular Central Atom Ligand 

Si eq ax 

CNDO/2 425} 
SiF 4 1.214 
SiFt (D3h) 2.028 
SiFt- (Oh) 2.940 
SiFsOH 2- (C4~) 2,928 

Ab initio ~23~ 
Sill 4 0.63 
SiH~ (D3h) 0.84 
SiH3F 1.10 

SiH3F ~" (D3h) 1.26 

Ab-initio 428) 
SiF 4 1.434 
NH 3 

SiF 4 • NH 3 (C3v) 1.470 

SiF 4 " 2 NH a (D4~) 1.463 

--0.304 
--0,399 --0.415 

--0.490 
--0.502 (F) 0.482 (F) 

--0.16 
--0.29 --0.49 

--0. t 5 (H) 
0.67 (F) 

--0,26 (H) 0.74 (F) 

0.358 
--0.509 (N) 

0.169 (H) 
--0.397 (F) --0.385 (F) 

-o.531 (N) 
0.205 (H) 

--0.463 (F) --0.533 (N) 
0.243 (H) 

Fo r  the SiF 4 • NH3 adduct  formation the electron density transferred from NH3 
to SiF4 originated on the H atoms and the N in the complex is more negatively 
charged than either N in N H  3 or F in SiF 4 N H  3 428). Viewing Table 3 one 
finds that  in all cases the Si a tom becomes more positive in complexes. The hydrogen 
and fluorine a toms bonded to silicon acquire addi t ional  negative charges. Upon  
forming the SiH~- and F2SiH 3 complexes the Mulliken populat ion analysis of  wave- 
functions gives a decrease o f  charges on the silicon a tom by 0.21 and 0.16 e, 
respectively 4. These results have been called the "spil lover effect" o f  negative charge 
at the acceptor  a tom 446~ 

The role of  3d AOs in the formation of  silane and difluorosilane adducts has been 
examined. It has been shown that,  a l though these orbitals do not play an 
essential role, their par t ic ipat ion considerably increases the stability of  SiH~- and 
F2SiH~'. This is especially pronounced in the case o f  fluorosilane complexes. 
Part icipation o f  3d AOs decreases the energy o f  the system with penta-coordinate  
silicon stronger than that  of  the system with te t ra-coordinate  silicon. 

The factors determing the arrangement  of  n-donor  or  n-acceptor substituents in 
molecules or  penta-coordinate  silicon compounds  are not  yet sufficiently studied. 

4 Similar results were calculated for the corresponding carbon compounds by the SCF molecular 
orbital method in the Gaussian approximation. It was found that the electron density on the 
carbon atom in CH~ and F2CH 3- is by 0.32 and 0.12 e lower than that in CH 4 and FCH 3 442-445) 
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For ~-acceptors the axial position in trigonal bipyramidal complexes is prefered 
(with neglect of 3d AOs) and for K-donors the equatorial one. Introduction of 
3d AOs into calculations complicates the development of certain conclusions since a 
need arises to take into account such factors as (p-d)-interaction, additional 
stabilization of axial and equatorial bonds, and so on. It is widely believed that 
~-interaction is more effective in axial than in equatorial position, although there are 
data available which point to the reverse. 

In order study the Berry rotation process the energies of square pyramidal and 
trigonal bipyramidal structures have been calculated. A small difference in the 
energies confirms that the Berry rotation proceeds readily. For SiH~-, for example, 
the difference in the energies of trigonal bipyramid and square pyramid ranges from 
1.5 to 3.2 kcal • mol -~ 4o4.4245 The effect of  subsequent substitution of more 
electronegative ligands for hydrogen atoms in SiH~- on the Berry rotation barrier 
value was considered (neglecting the steric effects and re-interaction)404). Intro- 
duction of 3d AOs into the basis does not drastically affect the final data but 
decreases the barrier between the ground state and the transition complex. 

4.4 X-Ray and Electronography Data 

The most reliable data on the specific intra- and intermolecular interactions are 
provided by X-ray diffraction. Since the energy of a donor-acceptor bond exceeds 
that of van der Waals interaction, interatomic distances less than the sum of van der 
Waals radii forming this bond may serve as a criterion of complex formation. 
Such a criterion is the most convincing evidence for the presence or absence of the 
interaction between atoms. These interactions (along with the van der Waals ones) 
change the geometry and lattice packing of molecules in a distinct manner. 
Therefore, structural elucidation methods are extremely important for studying the 
nature of chemical bonds in complexes. 

In many silicon systems the molecular structure shows that a molecule defined by 
several short internuclear distances (bonds) around the central atom often contains 
several other central atom-ligand distances that are much longer than normal bonded 
contact but shorter than the sum of the relevant van der Waals radii. The van der 
Waals radii reported by different authors do not agree well (Table 1). They are, 
according to Pouling, identical to the anionic radii of these atoms. The data obtained 
by Glidewell allow an estimate of  the minimal intramolecular contacts of not 
interacting M . . .  M' atoms in the MXM'  fragment (one-angle radius). The 
value of 210 pm for silicon as van der Waals radius (estimated from the density 
of pure silicon and of liquid Sill4 by Bondi 2os)) is taken to further discussion. It 
should be noted that the van der Waals radii are usually determined within a 
limited accuracy and depend on the state of hybridization. 

An analysis of intra- and intermolecular contacts indicates that the silicon atom 
enters into coordinate interaction with not only the atoms of the second (N, O and F) 
and third (P, S and C1), but also the fourth (Se) period (see below). The S i g N  
and S iLO bonds in crystals are longer than normal covalent bonds (176 and 
168 pm, respectively) but much shorter than the sum of van der Waals radii of the 
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silicon and nitrogen (365 pro) or oxygen (360 pm) 4 atoms. The greatest known 
intermolecular  S i . . .  N and S i . . .  O interactions which order  the crystal lattice and 
affect only slightly the intramolecular  geometry are 366 pm 207) and 346 pm 447), 
respectively (Sect. 4.4.5). These values are close to the sum of  van der  Waals  radiP.  
The shortest  coordinat ion Si,--N and S i l O  bonds  are found in (FaSiNPMe3) 2 
(185.7 pm)449) and (CH3)2SiCICH2NRC(O)CH 3 (191.8 pm)43o.451). 

Table 4. Bond Distances (pm) for Octahedral Silicon (Neutral Complexes) 

Compounds Positions Ref. 

ax eq 

trans-C14Si "2 PM% 226 (2 P) 220 (2 C1) 45z) 
230 (2 C1) 

trans-F4Si • 2 Py 193 (2 N) 164 (4 F) 4s3) 
cis-F4Si • Bipy 165.4 (F) 162.9 (F) 394) 

t65.9 (F) 163.2 (F) 

~ N  197.2 (N) 
Me 198,2 (N) 

L ~  SiCIMe2 

PcSi(OSiM%)2b 

(Me 3SiO) 2MeSiO(PcSiO) 3SiMe(OSiMe3) z 
(PcSiO), polymer c 

188.8 (C) 200.7 (N) 
236.7 (Si) 202.9 (N) 

227.4 (C1) 
239.2 (C1) 

176.3 (O) 
176.6 (O) 

201.4 (N) 
201.6 (N) 
219.9 (C1) 
221.7 (CI') a 
194 (C) 
183 (c ' ) .  

167.8 (O) 191.5 (N) 
168.0 (O) 191.8 (N) 

192.2 (N) 
192.4 (N) 

45,*) 

455) 

4561 

166.2 (20) 457) 
165.9 (20) 45s) 
166.5 (20) 459~ 

Correspond to second chiral isomeric form with the same SiO and SiN bond length ; b PC = phthalo- 
cyanine; c From X-ray powder photographs 

5 Minimum non-covalent contacts for nitrogen and oxygen atoms are usually greater than the van der 
Waals radius 448). 
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Non-covalent  interaction o f  silicon with an electron-donor a tom can result in an 
intramolecular  coordinat ion with the formation of  a 3-, 4-, 5-, or  6-membered ring 
structure. The geometry of  the central silicon a tom with an expanded valence shell is 
determined by a compromise  between rehybridizat ion o f  the a tom due to  coordinate  
interaction Si,--D and opt imum non-valence (steric) interaction of  l igands in the 

Table 5. Bond Distances (pm) for Silicon Compounds of Higher Coordination Number (Ionic 
Complexes)" 

Compounds Position % (TBP-SPY) b Ref. 

ax eq 

Anionic Pentacoordinate 

ESiFs]e[PhCH2N Me 3 ]  e 

F e 

[ I.. l o 

L 
F e 

I- • ! F--~i'~phl [NMe~ 
L F J 

I / 0  
'h--Si~. [NMe~] ~' 

166(F) 
172 (F) 

164.6 (2 F) 

166.8 (F) 
167.0 (F) 

168.8 (2 F) 

178.7 (O) 
179.2 (O) 

178.2 (O) 
180.6 (O) 

179.4 (2 O) 

168 (F) 
171 (F) 
172 (F) 
160.2 (2 F) 
157.9 (F) 

t59.7 (F) 
160.6 (F) 
187.1 (C) 

164.8 (F) 
189.3 (2 C) 

163.1 (F) 
168.9 (C) 
188.3 (C) 

t63.2 (F) 
187.3 (C) 
188.9 (C) 

170.0 (2 O) 
188.8 (C) 

28.7 

25.4 

29.5 

460) 

46t) 

462) 

461) 

463) 

464) 
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Table 5. (Continued) 

Compounds Position % (TBP-SPY) b Ref. 

ax eq 

°x4. 

,~, o . . ~  
o-~]~ ~-~ 

- - e  

0 

I "~o 

[NMe~] ~c 

IN Et ~] ®c 

175.1 (O) 169.8 (O) 33.2 
182.0 (O) 171.0 (O) 

188.8 (C) 

174.9 (O) 171.1 (O) 53.3 
176.9 (O) 173.5 (O) 

187.6 (C) 

173.4 (O) 172.2 (O) 58.7 
177.2 (O) 174.2 (O) 

187.5 (C) 

168.9 (O) 168.3 (O) 52.3 
173.4 (O) 168.4 (O) 

164.8 (F) 

170.7 (O) 168.8 (O) 69.1 
173.2 (O) 169.2 (O) 

164.2 (F) 

173.8 (O) 169.9 (O) 52.8 
174.1 (O) 170.1 (O) 

159.9 (F) 

173.6 (O) 170.4 (O) 68.7 
174.2 (O) t70.6 (O) 

160.7 (F) 

163) 

465) 

163) 

466) 

161) 
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Table 5. (Continued) 

Compounds Position 

ax eq 

% (TBP-SPY) b Ref. 

I o jO 
t73,8 (O) 
175.5 (O) 

1685 (O) 
171.7 (O) 
188.3 (C) 

72.1 162t 

- C I  

C [ ~  cl 

o /~ r  / ~( 

Ph ~ l i < i  

C I ~ c  Ct[ 

CI 

0 

[NEt&] e 
175.3 ((3) 
175.9 (O) 

t74.6 (O) 
175.7 (O) 
t85.4 (C) 

89,8 ~62) 

[HNCsHs] m 
173.4 (O) 
175,9 (O) 

173,3 (O) 
175.0 (O) 
187.1 (C) 

97,6 163) 
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Table 5. (Continued) 

Compounds Position Ref. 

ax eq 

Anionic Hexacoordinate 

0 

 <w__A.oK I\o  / 

_ 

B,P o,31% [,.,]" 
SiP207 a 

[ S i F 6 ] 2  - X 2 + 

X = 2 K  

2K 'FK 
2 Na 

B a  

2 [NH4] • FNH 4 
N 2 H  6 

Co(N-vizh e 
Co(NH3)sCt 

Fe(H20) 6 
Co(H20) 6 

Ni(H20) 6 
Zn(H20) 6 
Cu(HzO) 4 

2 CuSC(NH2) 2 

2 [HNCsHs]e 176.5 (2 O) 177.5 (20z) 
181.3 (2 O1) 

177.1 (O) 176.2 (O) 
177.6 (O) 176.5 (O) 

176.6 (O) 
178.8 (O) 

173.6 (O) 175.9 (O) 
175.2 (O) 177.9 (O) 

178,4 (O) 
178.6 (O) 

176 (6 F) 
168.3 (6 F) 
170 (6 F) 
180 (6 F) 
t65 (6 F) 
1695 (6 F) 

171 (6 F) 
171 (6 F) 

166.8 (2F) 168.5 (2F) 
168.6 (2 F) 

167.1 (2 F) 168,2 (2 F) 
168.3 (2 F) 

169,9 (2F) 166.7 (4F) 
163,9 (2 F) 166.1 (F) 

167.7 (F) 
167.9 (2 F) 

170.6 (6 F) 
164.3 (6 F) 

167.4 (2 F) 167.8 (5 F) 

167.1 (2F) 168.3 (4 F) 
167.1 (2 F) 168.0 (4 F) 
166.9 (2 F) 168.7 (2 F) 

169.9 (2 F) 
165 (F) 164 (F) 
166 (F) 167 (2 F) 

168 (F) 

467) 

468} 

469) 

153) 

470) 

471) 

472) 

152) 

473) 

474} 

475) 

476) 

477) 

478) 

479) 

480) 

480) 

481) 

481) 

481) 

482.483) 

484, 485 ) 
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Table 5, (Continued) 

Compounds Position 

ax eq 

Ref. 

Cationic Hexacoordinate 

~ N ~ ~  [ / O H  2~ 

~ O H  2 1 ° 
195,3 (2 N) 200.5 (2 N) 

164.3 (2 O) 
486) 

"The silicon atom in the crystal of cationic complex [Ph3Si(bipy)] + • I- is pentacoordinated but the 
bond lengths are not determined 487~; b Geometrical distortion from the TBP to the SPY configuration 
expresses from the sum of dihedral angle method described in Refs. 488,489); , Two crystatlo- 
graphically independent forms; d See the text; " viz = vinylimidazole 

coordination sphere. The most favorable conditions arise when the central atom Si 
and the ligand D enter into a five-membered ring (Sect. 2.1). 

4.4.1 Neutral Hexa-coordinate Complexes 

The question of the intermolecular association in silicon halide has a certain 
interest. Although the infrared spectra of silicon chloride and fluoride adducts have 
been reported and interpreted in terms of five- and six-coordinate silicon- 
atoms 138-x43), only the latter adducts have been examined by X-ray diffraction 
(Table 4). All are based on an octahedral arrangement and involve nitrogen 
and phosphorus (only one example) atoms attached to silicon. No authenticated 
penta-coordinate silicon adduct has yet been determined by X-ray diffraction. 

The remarkable complexing ability of phthalocyanines (Pc) has permitted the 
synthesis of neutral silicon complexes with coordination number 6. Based on a X-ray 
crystal structure study of PcSi(OSiMe3) v the central silicon atom is approximately 
octahedral. The essential planarity of the ring indicates that the silicon atom is 
small enough to fit into the ring without distorting it. X-Ray diffractometric 
analyses of [PcSiO], polymers 459), the model trimer 4-57) and an earlier (far more 
qualitative) study 45s) indicate parallel arrangement of metallomacrocycles with inter- 
planar spacing (Si--Si distance) of 333 pm (Table 4), and also that the Si--O--Si  
fragments are linear and perpendicular to the PcSi ring planes. 

4.4.2 Ionic Complexes 

X-Ray parameters indicate that the charge of the central silicon atom affects 
greatly the length of its bonds (Table 5). In discrete anionic forms the charges 
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on the Si atom are strongly delocalized over the ligands and, therefore, they have the 
longest Si--O covalent bonds among penta- and hexa-coordinate silicon compounds. 
In the cis-[(HO)2Si • bipy2] 2+ cation (where no charges are delocalized) the Si--O 
bonds (164.3 pm) are exceptionally short for octahedral complexes and close to 
those observed in silanols (164 pm). The length of a less polar Si--C bond depends, 
to a much lesser extent, on the charge value of the central silicon atom. 

Among anionic penta-coordinate silicon derivatives the acyclic silicates are not 
significantly distorted from a trigonal bipyramid. The structure of pyridinium 
bis(2,3-naphthalenediolato)phenylsilicate is nearly an ideal square (exactly the rectan- 
gular, RP) pyramid. Other five-coordinate anionic species have structures distributed 
between the two representative geometrics. The distortions from idealized symmetries 
closely follow the Berry exchange coordinate 402). This was illustrated by plotting 
the axial (1.5) and equatorial angles (2.4) at silicon vs. a measure of distortion 

5 

coordinate, for instance, the dihedral angle formed between normals to the TBP 
faces 124 and 245 that have the common equatorial edge 24 262). 

Excluding ring oxygen atoms that are hydrogen bonded, the difference in bond 
lengths between the axial and equatorial sets decreases and approaches zero as the RP 
is approached. From the least-squares equations obtained for the axial and 
equatorial Si--O bond lengths for penta-coordinate anionic cyclic silicates vs. the 
distortion coordinate (the dihedral angle) the Si--O bond lengths for the ideal TBP 
have been calculated to be 178 (axial) and 168 pm (equatorial), and for the RP 
the basal Si--O bond length to be 173 pm. Changes in Si--O bonds for five- 
coordinate silicon compounds may imply (with less accuracy) a greater ease of 
structural distortion from the TBP to the RP 263) 

The approach to the rectangular pyramid for spirobicyclic species is consistent 
with the presence of two unsaturated five-membered rings containing four highly 
electronegative identical oxygens. The fact that the solid state structures of penta- 
coordinate silicon compounds fall between the TBP and SPY structures indicates 
that the energy difference between those two geometries is relatively small. These 
same features were observed with penta-coordinate phosphoranes 490~ 

The most accurate parameter values (corrected for thermal motion) of the symmetric 
[SiF6] 2- • X 2 + structures are not exactly regular octahedra (Oh). There is a considerable 
tetragonal distortion (D4h) with four Si--F bonds much longer (shorter) than the other 
two (Table 5). The distortion can be attributed to the cationic environments 
of  the F atoms 476,4vs). An increase in the cation size reduces the density of the 
cation charge, thus decreasing the distortion of SiF 2-. Apart from the lattice 
effect, the Jahn-Teller pseudo-effect is also reported as a possible source for tetragonal 
distortion ofoctahedral complexes in terms ofligand-field theory 491-494). Considering 
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the d orbitals are filled, a non-linear molecular has a degenerate state; then there is at 
least one vibrational coordinate along which a distortion can occur so as to 
remove the degeneracy. Thus in an octahedral arrangement the two ligands on the z 
axis can move towards the silicon, and simultaneously the four ligands in the 
xy plane move away, so that the dzz orbital becomes of higher energy than the 
dxz_y2 orbital. This distortion continues until the energy gained is just balanced by the 
energy required to compress two bonds and stretch the other four. Similarly, one can 
expect the opposite distortion of four short and two long bonds to occur. There is 
no way of predicting whether a specific system is the more likely, but the 4-long 
2-short arrangement seems to take place in octahedral silicon complexes. 

Although silicon fairly readily enters into octahedral coordination with fluorine, 
there is only a limited number of examples in which it is octahedrally coordinated by 
oxygen. In some phases of silicon dishosphate, SiP207, the PO 4 tetrahedra are 
cornerlinked in pairs to form PzO7 groups. Each PO 4 tetrahedron shares three 
corners with three different giG 6 octahedra forming a three-dimensional framework 
of  PzO7 groups and SiO 6 octahedra 469'495). Isolated SiQ. octahedra are found in 
(NH4)zSiP4013 468) and thaumasite, Ca3[Si(OH)6](SO4)(CO3) • 12 HzO 496). Octa- 
hedral coordination is also favored by high pressure, the high pressure form of SiO2 
stishovite with futile structure 497~ being one example 333) 

There are some data indicating the possible existence of anionic silicon complexes 
with coordination number 7 and 8 164-166). The assumption of hepta-coordination 
of silicon in the molecule of empirical formula (NH4)3SiF 7 164~, first proposed by 
Marignac 49s), was later rejected. X-Ray analysis shows that crystals of the above 
tentative composition do not contain SiFT 3- ions but rather a double salt, 
(NH4)2SiF 6 • NI-LF 4v5). Similarly, the structure of K3SiF7 consists of an array of 
K +, SiF 2- and F -  ions 471) 

4.4.3 Intramolecular Complexes Formed by Five-Membered Ring Closure 

As crystal structure analysis shows, unlike some anionic complexes with square 
pyramid geometry, a trigonal bipyramidal arrangement is usually found for penta- 
coordinate silicon in neutral Lewis acid-base adducts. There are no structural data of 
extra-coordinate silicon complexes containing a six-membered ring. This can be 
explained by the preference of five- over six-membered chelating rings. The five- 
membered kings connect axial-equatorial sites with the donor-acceptor ring com- 
ponent in an axial position. It is to be expected that the more favorable linear 
arrangement of tree-center X--Si~-D bonding and minimizing of five-membered 
ring strain, which is achieved by an axial-equatorial rather than an equatorial- 
equatorial sites, will be the dominating factor in the stereochemistry observed. 

Intramolecular complexes of penta-coordinate silicon formed by only one five- 
membered ring are listed in Table 6. For identical substituents, the axial bound 
distances are longer than the equatorial ones and both are pronouncedly elongated 
in comparison with distances in tetravalent silicon compounds. A change in the co- 
valent bond lengths upon the formation of the cycle points to the tendency to 
acquire an aromatic character. 

In eight-membered heterocycles containing atoms of silicon and donor (D) in 
positions 1 and 5, a coordinate bond S i ~ D  can be formed to yield two condensed five- 
membered rings. Such diptych structures (largely with transannular interaction 
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Table 6. Bond Distances (pm) for Pentacoordinate Silicon at the Expense of the Formation of Five- 
Membered Chelate Ring (Neutral Complexes) 

Compounds Positions Ref. 

ax eq 

Me 

M e .  ~ NCH2SiCIMe 2 

Cl 

.C6H~-X 

Jl 
F 

Me3Si.. Cr(CO) 5 
".si--o 

Me3Sillf¢ I 
SiMe 3 

FfS l i - - " \  
F 

X = 4-Br 

H 
4-F 

2-CI 

4-CI 

X 3 = C[2CH 3 

CI3 

F3 

I 
Me3Si'~N"~ S 

S~, ~ .  i ~.N/SiMe3 

I 

191.8 (0) 
234.8 (CI) 

194 (O) 
169 (F) 

201 (O) 
202.9 (O) 
160.2 (F) 

204.0 (O) 
162.0 (F) 

208 (O) 
156 (F) 

292 (O) 
236.1 (Si) 

197.4 (N) 
162.1 (F) 

201.8 (N) 
221.3 (Cl) 

198.4 (N) 
215.0 (CI) 

196.9 (N) 
162.1 (F) 

371.8 (S) 
185.3 (c) 

371.9 (S) 
186.9 (C) 

188.8 (CH 2) 
185.3 (Me) 
185.5 (Me) 

181 (C) 
168 (F) 
169 (F) 

186.9 (C) 
158.5 (F) 
158.2 (F) 
181.0 (c) 
157.5 (F) 
158.1 (F) 
184 (C) 
159 (F) 
162 (F) 

174.2 (O) 
236.3 (Si) 
236.6 (Si) 

170.1 (N) 
160.3 (2 F) 

214.4 (C1) 
292 (C) 

173.7 (N) 
209.4 (2 C1) 

173.2 (N) 
159.0 (2 F) 

181.3 (N) 
185.3 (c) 
184.7 (C) 

181.7 (N) ~ 
184.9 (C) 
186.0 (C) 

450.451) 

499-502) 

503) 

504) 

505--507) 

508) 

a Two crystallographically independent molecules 
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Table 7. Bond Distances (pm) for Pentacoordinate Silicon at the Expense of Transannutar Interaction 

Compounds Positions Ref. 

ax eq 

R ~'Si(OCH2CH2)2NR" 
RR'Si R "  

6CHzCH20~i H 200.4 (N) 

O'C(CF3}2C(CF3)2OSi CH s 203.2 (N) 

()C(CHs)2CHzC(CH3): O--1Si CH3 224.7 (N) 

d5 
CH 3 226.3 (N) 

~ ~i CH 3 229.7 (N) 

0 

(C6H)fii H 230.1 (N) 

(C6H5)2Si CH 3 268 (N) 

(C6H5)2Si C6H s 308 (N) 

(C6H5)2Si C(CH3) s 316 (N) 

(CH3)2Si C6H 5 319 (N) 

C6HsN(CH2CHzO)zS C6H 5 328 (N) 

(CH3)2Si[(o-C6H4)CH2]2~ C(CH3) 3 295.1 (N) 

(CH3)2 Si[(o-C6 H4)CH2S -]2 343.8 (S) 

171.0 (0) 

173.1 (0) 

167.1 (0) 

190.1 ((2) 

169.8 (O) 

190.1 (C) 

188 (C) 

187 (C) 

195 (C) 

185 (C) 

188.4 (CH3) 

187.2 (CH3) 

166.5 (O) 
166.7 (O) 
168.3 (O) 
163.2 (O) 
164.0 (O) 
169.0 (O) 
164.3 (O) 
165.1 (O) 
165.5 (0) 

164.6 (O) 
165.8 (O) 
188.1 (CH2) 

163.6 (O) 
164.3 (O) 
185.1 (C) 

t64.4 (O) 
t65.9 (O) 
188.6 (C) 
162 (O) 
164 (O) 
185 (C) 
t63 (O) 
165 (O) 
186 (C) 
163 (O) 
166 (O) 
195 (C) 
163 (O) 
163 (O) 
183 ((2) 

186,2 (CH 3) 
188.5 (c) 
189.3 (C) 

185,6 (CH 3) 
188.0 (C) 
189.0 (C) 

509) 

510 -512)  

513}. 

514) 

515) 

516) 

517) 

517) 

517) 

517) 

510) 

518) 

519} 
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S i g N )  are given in Table 7. As one should expect the shortest S i g N  bond 
lengths have been observed in spirocyclic molecules in which a stimulated decrease 
of the silicon bond angles by an additional five-membered ring favors the expansion 
of its coordination sphere. The silicon axial bond length is significantly longer 
than the equatorial distance as expected for trigonal bipyramidal coordination. 

Using these heterocyclic compounds one can follow the effect of different 
factors on intramolecular interaction. A rise in the bulk of the substituent near the 
nitrogen atom weakens the Si~-N interaction. Thus, when R = R'  = C6H 5, a 
change of R"  from H to CH 3 and then to C(CH3) 3 increases the interatomic 
Si*--N distance (230, 268 and 316 pm, respectively). Conjugation of a nitrogen 
long electron pair with a phenyl group (R" = C6H5) also considerably decreases 
the S i g N  distance. With an increase in the S i . . .  N distance in these compounds 
the conformation of  the eight-membered ring passes from "boat-boat"  to "chair- 
chair" and the silicon atom becomes tetrahedra1517~. 

At present the molecular structures of  about 40 silatranes containing three 
condensed rings with a common Si~-N bond have been determined (Table 8). The 
S i . . .  N distance in these molecules varies within wide range (from 200 to 290 pm) 
but always remains less than the sum of van der Waals radii o f  silicon and 
nitrogen. The length of the S i~  N bond in Si-substituted silatranes XSi(OCH2CH2) 3N 
is related linearly to the Taft inductive constant ~* of the substituent X: 534) 
ISi~N = 220 - -  6.3 C* (r = 0.947) and has a more complicated relationship with its 
electronegativity 54-7, 5,1-8): is i~N = 302.1 ' Z-°'257. 

A change in the Si,---N distance can be characterized by a displacement of the 
silicon (Asi) or nitrogen (dN) atom from the equatorial plane defined by three oxygen 
atoms 534). 

Asi = --114 + 0.62 • lsi~ N 

d N - -  115 + 0.38 • lSi~N 

(r = 0.991) 

(r = 0.978) 

The equations show that a change in lSi,-N is more dependent o n  A s i  than on 
d N values. The longer the S i g N  bond, the more planar the configuration of the NC 3 
grouping and the structure of the XSiO 3 fragments approaches tetrahedral. Changes 
in the equatorial fragment are much weaker and do not correlate with those in the 
axial part. Thus, the degree of the intramolecular interaction in silatranes depends 
greatly on the electronic effects of  substituents at the silicon atom. 

The substitution of a methylene group for an oxygen atom in silatrane framework 
is accompanied with a great lengthening of the S i g N  bond. Whereas in 1-methyl- 
silatrane this value equals 217.5 pm, in 1-methyl-2-carbasilatrane it is 233.6 pm. 
This is due to the fact that the acceptor ability of  the silicon atom and, con- 
consequently, the degree of the transannular Si,--N interaction depends on the 
total electron effect of  the neighboring substituents. Therefore, in 1-ethylsilatrane and 
1-methoxy-2-carbasilatranes, where the sums of electronegativity of substituents at the 
silicon atom are similar, the lengths of  the Si~-N bonds are almost identical 
(221 and 222 pm). 

The real value of the S i , -N  distance is determined by two factors: 
i) the tendency of the Si and N atoms to approach each other due to attractive 
interaction, and 
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Table 8. AxialBond Distances (pm) for Silicon in Silatranes 

Compounds d(Si--N) d(Si--X) Ref. 

N(CH2CH20)sSiX 
X = PtCI[P(C6Hs)(CH3)2] 2 289 229.2 294..295) 

CH 3 217.5 187,0 ~20) 
CH 3 (gas) 245.3 185.3 297) 
CH2CH2Si(CHa)2OC4H3 a 223 521) 
CH2CH 3 221 188 522) 
CHzCH2CH2CI 218 188 523~ 
CH2OCOC6H 5 212.2 195.4 
CH2C1 212.0 191 524) 
CHzP+(C6Hs)3 ' I 207,5 b 525) 

212.3 ~ 
CH2N+(CH3)3 " I-  208,3 525) 
CH2S+(CH3)2 ' I 204.6 193.0 526) 
C6H 5 cz 219,3 188.2 527) 
C6H5--[3 215.6 190.8 528~ 
C6H 5 --')' 213,2 189.4 529) 
C6H 4 NO2--3 211,6 190.4 53o) 
0C4H3 c 215 5al) 
0C4H2 a 211 52t) 
OC6H4--C1 3 207,9 169.0 532) 
SC4H3 ~ 213.5 521) 
F 204.2 162.2 533~ 
C1 202.3 215 534~ 

N(CHzCH20)2(CHzCH2CHz)SiX ~ 
X = OCH s 222 167 5351 

CH 3 233.6 187.7 53~) 
N(CH2CH20)z(CHzCOO)SiX" 

X = C6H4--F--4 212.9 188.5 5371 
C 6H 4 - C F  3 -  3 210.6 188.4 5a7) 

N(CH2CH20)(CH2COO)zSiCH3 f 215 184 538) 
N(o-C6H40)3SiC6 H 5 234.4 185.3 539) 

N(CH2C HzO)(CH2CHCHsO)2SiCH_~C1 212 188 540) 
N(CH2CHCHsO)aSiX 54L 5,~2) 

x = F 215 
H 214.6 
CHzCI 212.2 

N(CH2CH20)2[CH(CH2CHs)CHzO]SiH 2t6 s,~3) 
N(CHzCHzO)2(CH2CH2CH20)SiCH2Clg 225 189 5~) 
N(CHzCHCH30)2(CH2CH2CH20)SiC6H 5 242 ~5) 
N(CH2CHzO)2 [CHzCH2OSi( CHs)2]SiCH 3 276.8 186.8 546) 

OC4H 3 = 2-furyl, SCeH 3 = 2-thienyl; b Two crystallographically independent molecules; 
3-furyl; d 2-carba: e 3-on: f 3,7-dion; ~ 3-homo 

ii) the  t endency  o f  the s i la t rane skele ton as a whole  to  re ta in  an  equ i l ib r ium 

conf igura t ion .  
Therefore ,  i n t r o d u c t i o n  o f  add i t iona l  uni ts  in to  the  f r a m e w o r k  immedia te ly  

affects  the S i g N  b o n d  length  (225 p m  in 1 - ch lo rome thy lhomos i l a t r ane  and  

212 p m  in 1-chloromethyls i la t rane) ,  Since in these molecu les  the d i sp lacemen t s  o f  

sil icon a t o m s  f rom the  plane o f  three  oxygen a t o m s  (Asi) are a lmos t  the  same 
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(16.3 and 16.7 pm, respectively) the difference between the bond lengths may be 
due to the fact that intramolecular interaction is more favorable for a five-membered 
+ i ,I, 1 

SiOCH2CH2N ring than for a six-membered SiOCHzCHzCHzN ring. 

Substitution of a carbonyl group for a methylene group in five-membered rings is 
accompanied, as a rule, with a rise in the ring strength and coplanarity ~gk This is 
typical for the structure of  atrane rings as well. The carbonyl-containing heterocyclic 
ring SiOC(O)CH2N in silatrane-3-ones is essentially planar, and the Si- -O bond is by 
7 pm longer and the C - - O  bond is by 21 pm shorter than in silatrane. At the same time 
the S i g N  distance decreases no more than 3 pm. 6 

The crystalline structure of 3,710-methylsubstituted silatranes containing asymme- 
tric carbon atoms is a mixture of diastereomers 552-555~ whose composition cannot 
be refined by X-ray structural analysis 540,54z) The presence of the C-methyl 
group in the silatrane framework shortens the neighboring C - - C  bond from 154 pm 
to 143 pm; the length of the Si~-N bond, however, remains unchanged. 

X-Ray diffraction analysis was used for studying the spatial structure of other 
metalloatranes and their analogs (intracomplex of triethanolamine derivatives) 
containing heteroatoms Na 556,557), Sr 558), Ba 559), B 560-563) A1 564), Ge 565,566) 
Sn 567-569), p 570,571), Zn 572) S o  573)V 574), 

4.4.4 Intramele ular Complexes Formed by Four- or Three-Membered Ring Closure 

The strain in feur- and three-membered rings (contrary to five-membered systems) 
hinders the silicon and donor atoms to approach each other when they occupy the 
13 or ~ position in a linear chain. The observed distortions of tetrahedral silicon 
environment, however, and intraatomic distances shorter than the sums of van der 
Waals radii point to the possibility of intramolecular Si,--D coordination in these 
systems (Table 9). 

Thus, in the molecule of  2,2,4,4-tetramethyl-3-benzoyl-6-phenyl-2,4-disila-l,3,5- 
oxadiazine the coordination polyhedron of one of the silicon atoms is a distorted 
trigonal bipyramid. Both oxygen atoms are in the axial position (the O - - S i - - O  
angle is 161°), and the Si . . .  O coordination distance (261 pm) is much less than 
the sum of the Si and O van der Waals radii (360 pm). 

Based on vibrational spectroscopy and conductometry 6oz) data, the acetoxysilanes 
exhibit intramolecular S i l O =  C interaction. In the gas phase the configuration of 
H3SiOCOR molecules (R = H, CH3, CF3) is close to the cis form (with respect to the 
O - - C  bond). The deviation of the Si--O and C = O  bonds from the planar 
cis configuration does not exceed 21 °. The Si . . .  O = C  distance varies from 
280 to 290 ppm, considerably shorter than the sum of van der Waals radii. 
The distinctly shorter C . . .  Si contact in silyl formate (261 pm) than that 
observed in methoxysilane (266 pm 603)) again suggests an interaction attracting the 
silicon atom to the carbonyl group. In molecules of isostructural organic compounds, 
i.e., CH3OCOR (R = H, CH3) 604, 605) with a smaller positive charge on the carbon 
atom interacting with oxygen, the C . . .  0 = C distances are also less than the sum 

6 Similar features are revealed in the molecules of 1.phenylgermatraneone 55O)and boratranetrione 551) 
as well. 
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Table 9. Intramolecular Contacts and Important Bond Lengths (pro) for Silicon at the Expense of 
Four- or Three-Membered Ring 

Compounds Intramolecular Covalent Ref. 
Contact Bond 

Four-Membered Ring 

O~,,,,P h 

Me..,.. ~ 
~Si / ~"Si Me 2 

Me~" 1 I 

Ph 

HsSiOCOH 
HsSiOCOCH s 

H3SiOCOCF 3 
H3SiOCSCH a 

Si(OCOCH3) 4 
M%SiOCONHPh 
M%SiOCONHSiMe 3 

Me3SiNHCONH(C6Ht 1) 
t-BuMe2SiON(O) = CPh 
t-BuMe2SiON(O) = CPh2 

gas a 
gas ~ 
crystal ~ 

g a s  a 

crystaP 

Three-Membered Ring ~ 

CIMeSi(ON = CMe2)z 
Si(ON = CMe2)4 
PhSi(ON = C Me2)3 

M%SiOOSiMe3 
Ph3SiOOGePh3 a 
(PhCH2)Me2SiOOSiMe2(CH2Ph) 
(M%SiOO)3 
Me3SiCH2N(CHz) 3CH2 
H~SiN3 - I I gas ~ 
H3SiNSO gas a 
(H3Si)2N 2 gas ~ 
CICH2SiCI 3 gas a 

C12C HSiC13 g a s  a 

CI 3 CSiCI 3 gas" 

O 

Mes2Si . / /  % S i M e s ~  

~ o  ~ 

261.3 (O) 

286.5 (O) 
279.5 (O) 
283.2 (O) 
285 (O) 
314.3 (S) 
318.5 (S) 
292.7 (4 O) 
293 (O) 
290.7 (NSi • • • OSj) 
298.1 (OSi " "  O=C)  
299 (O) 
283.2 (O) 
28o.o (o) 

250 (2 N) 
250.4 (4 N) 
251.0 (N) 
251.2 (N) 
255.6 (N) 
253.8 (O) 
249.1 (O) 
249.1 (O) 
251.3 (2 O) 
286.4 (N) 
26%4 (N) 
297.4 (S) 
269.7 (N) 
300.8 (el) 

302.4 (CI) 

300.7 (CI) 

231 (Si) 

167.0(O) 
177.4 (N) 
185.8 (C) 
186.4(C) 

169.5(O) 
168.5 (O) 
169.6 (O) 
169.8 (O) 
171.7 (O) 
169.9 ((3) 
162.5 (4 C 
170.7 (O) 
175.1 (N) 
168.5 (O) 
173 (N) 
171.6 (O) 
170.9 (O) 

165 (2 O) 
165.6 (4 O) 
164.7 (O) 
164.5 (O) 
164.0 (O) 
168.1 (O) 
174.2 (O) 
168.7 (O) 
167.4 (2 O) 
188.2 (CN) 
171.9 (N) 
176.2 (N) 
173.1 (N) 
202.8 (3 CI) 
185.1 (c)  
202.4 (3 CI) 
191.0 (C) 
201.1 (3 C1) 
193.1 (C) 

166 (O) 
172 (O) 

575) 

576) 

447} 

4.¢7) 

1751 

577) 

577) 

578) 

579) 

580) 

81) 

582) 

582) 

583) 

584) 

585) 

586) 

587) 

588) 

589,590) 

591) 

592) 

5931 

594} 

595) 

596) 

597) 

598} 
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Table 9. (Continued) 

Compounds Intramolecular Covalent Ref. 
Contact Bond 

(LiSiMe3)6 e 265 (2 Li) 188.5 (C) 599~ 
277 (Li) 189.5 (2 C) 

Li2Hg(SiMe2 Ph)4 f 290-300 (Li) 6oo) 
1-Br-tJ-Me3SiBsH7 f 232 (2 B) 187 (3 C) 6o~ 

a Electron diffraction determinations; b Intermolecular contacts in Table 11 ; ~ Silicon-transition-metal 
compounds in Table 10; d Averaged two-bond contacts between oxygen and silicon or germanium; 
* Mes = 2,4,6-trimethylphenyl; f See the text 

of van der Waais radii (300 pm). This has been viewed to indicate a positive 
(probably electrostatic) attraction between these groups 6o4) The silicon atom in 
crystalline Si(OCOCH3) 4 is tetrahedrally coordinated. The Si--O bond length 
is 162.5 pm while the second oxygen atom of the same acetate is 292.7 pm 
apart from the silicon atom 57s). The observed S i . . .  D (D = O, S) intramolecular 
three-bond distances are longer than the sum of hard-sphere radii suggested by 
Bartel1606) and Glidewel1416) for two-bond contacts between Si and D. 

On the basis of  N M R  6o7-610), dipole moment 61o, 611), NQR 612-614), IR 615,616), 
and basicity data 617, 61s) of  organosilicon compounds containing S i - - C - - X  (X = F, 
C1, O, S, N) or S i - - M - - X  (M # C) groups, it was demonstrated that a number 
of  anomalous physicochemical properties exist as compared to carbon analogs 
(or-effect). This is due to the fact that the interaction of Si and X atoms follows 
not only the inductive and resonance mechanisms but can also occur through 
space 614,617,619). In the latter case the silicon atom can interact either directly with X 
atom or with the C - - X  bond and the X atom with the Si--C'bond. The importance of  
electrostatic contribution to geminal interaction was stressed in some cases 620~ 
The Qt-effect grows with increasing the electronegativity of  the atom of the Group IVA 
element, i.e., in the order Si < Ge < Sn, which is opposite to the ability of  
these elements to undergo (p-d)~ conjugation 345,346). 

Doublets in the Sill stretching region of H2SiHCH2C1 and R2SiHCHC12 species 
were assigned by Egorochkin et al. to "free" and intramolecularly bonded silicon 621) 
Enthalpy of  geminal interaction in the molecule of dimethyl(chloromethyl)silane, 
for example, is rather low ( <  1 kcal • mo1-1) and the interaction can be disturbed by 
even low-basic solvents 621). The asymmetry parameters of  the electric field gradient 
at C1 in C1CH2SiCI (CH3) 3_. were very small indicating interaction of chlorine with 
silicon 622). As follows from the electron diffraction data 595--597), the intramolecular 
C 1 . . .  Si contact in the gaseous phase C1CH 3_ nSiC1 a (n = 1-3) is close to the sum 
of the non-bonded radii 300 pm 4~6~ (the van der Waals value = 390 pm). 

However, typical bond splitting for the Sill stretching vibration in the IR and 
Raman spectra of  (XCH2)R2SiH (X = CI, Br, I) were attributed to rotational 
isomers 623-625) Gas-phase basicities 6z6), Fourier analysis of  potential curves 624,627) 
and analysis of orbital correlation diagrams 6zs) of internal rotation around the 
C - - X  bond in a series of  silyl alcohols and amines, R3SiCH2X (X = NH2, OH), 
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was used to study by CNDO/2 calculations of the character of intramotecular 
interactions in relations to the mechanism of~-effect. In some cases the experimental 
results gave no indication for geminal S i . . .  X interaction 629,630). 

The s-effect is clearly pronounced in molecules of acetoximoxysilanes 
R4-nSi[ON=C(CH3)2]n. The Si . . .  N distance is 250 pm with n = 2 and 4 which 
is much less than the sum of van der Waals radii of silicon and nitrogen (365 pm). 
With n = 3 (R = C6H5), two interatomic Si . . .  N distances are 250 pm and the 
third is 256 pm. Consequently, for compounds with n = 3 and 4 the existence of seven- 
and eight-coordinate silicon atom is possible. Thus, another four atoms can be placed 
in the coordination sphere of a silicon atom in addition to four covalently bonded 
substituents. 

An electron diffraction investigation of bis(trimethylsilyl)peroxide 586) and X-ray 
studies of bis(dimethylbenzylsilyl)peroxide 588~ and triphenylsilyl(triphenylgermyl)- 
peroxide 587) showed the trans conformation for the peroxy ring. In organosilicon 
peroxides the expansion of the coordination sphere of the silicon atom in the 
S i - -O--O group is performed due to electrostatic interaction of the silicon atom 
with a remote oxygen atom. In a cyclic (Me2SiOO) 3 molecule the O--Si - -C 
angles (102.4 ° ) are contracted because of an interaction between each silicon atom 
and two non-adjacent oxygen atoms. 

The increase in thermal stability of (Me3SiO)nMe3_nSiOOCMe 3 as n increases 
was attributed to increasing intramolecular Si*-O coordination 631~. These two-bond 
contacts are also remarkably similar to non-bonded distances in other silicon 
compounds: for example~ Si . . .  C is 275.5 pm (in H3SiNMe~6327), 280.9 pm 
(in H3SiNCNSiH 3 592)) and 283,3 pm (in H3SiNCO 633)) compared with the hard- 
sphere sum of 280 pm z06) 

A large number of ring systems of the above type where X = NR 634-639~ S 6907 
CH 2 641,~27, SiR2 64-37 suggest the presence of  a silicon-silicon bond. In tetra- 
mesitylcyclodisiloxane (X = O), however, the Si--O--Si angle is very small (86 °) 
giving the S i . . .  Si distance of 23I pm which is shorter not only than those found 
for the cited four-membered rings (260-270 pm), but also somewhat shorter than the 
normal Si--Si single-bond length of 234 pro. The molecular structure was described 
as penta-coordination about the silicon with distorted TBP geometry. Each silicon 
occupies an equatorial position with respect to the other and the oxygens axial 
ones for both Si atoms 598). A CNDO calculation for R = H, Me and X = O, 
NH has shown significant Si--Si bond indices of 0.3 (X = O) to 0.6 (X = NH), as 
well as a N . . .  N bonding interaction in comparison with O . . .  O to a considerable 
extent more important 64.4.) 

In some cases five close contacts for a Si atom can be attributed to extra-coordi- 
nated species due to the closure of a formally three-membered ring. Crystal structure 
data show the participation of silicon in an electron-deficient structure. It is found 
that each Me3Si group in hexameric trimethylsilyllithium (LiSiMe3)6 is located 
centrally above a triangular face on the six-membered lithium ring (chair 
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form) forming three lithium--silicon bonds. The two average Li--Si  distances 
are 265 and 277 pm. The bonding is suggested to consist o f  fourcentered 
electron-deficient Si--Li  bonds 599'645) The fact is that there is no L i - -S i - -L i  
bridge bonding in the complexed dimer (LiSiMea)2(Me2NCH2CH2NMe2)3 
and the silicon atom is tetra-coordinated 646). In the structure o f  lithium tetrakis- 
(dimethylphenylsilyl)mercurate(II), LiEHg(SiMe2Phh, two silicon atom interact 
with two lithium cations, whereas the others only interact with a single lithium 
cation 600, 647). 

The silicon atom in 1-bromo-la-trimethylsilylpentaborane (Table 9) is penta-coor- 
dinated. Structural parameters, however, point to a tetrahedral configuration o f  the 
fragment (Si(CHa)3, i.e., to sp 3 hybridization o f  Si atom. The B2--Si fragment can be 
described in terms of  three-center two-electron bonds involving quasitetrahedral 
silicon orbitals and orbitals o f  each boron atom 6ol) 

Close contact between a hydride ligand an silicon atom is consistently observed 
in rl-cyclopentadienyl transition-metal complexes, containing a HMSiR 3 fragment 
(Table 10); these species play an important rote in hydrosilylation and related 
reactions. Though X-ray structure determinations of  hydrogen positions have a low 
degree o f  accuracy, an interpretation of  strong deviation of  the substituents at 
silicon from a tetrahedral arrangement suggests not only different steric in- 
fluences 654,657,658,662.663) but also the S i . . .  H attractive interaction 648,664). The 

coordination polyhedron at silicon can best be described as a distorted trigonal 
bipyramid with the hydrogen atom in the apical position. Platinum, manganese and 
iron hydrides seem to be limiting cases, the former showing a short silicon- 
hydrogen distance (170-180 pm close to the sigma bond 150 pm), the latter 

Table 10. Intramolecular Si H Distances in Molecules of Silicon-Metal Compounds 

Compounds d(Si--H), pm Ref. 

{Qa-SiMe2)PtH[P(C 6 H 11)3]}2 172 648) 
Ph3SiMnH(CO)2(CP) ~ 176 649) 
CI3SiMnH(CO)2(MeCp) ~ 179 650) 
CI 2 PhSiMnH(CO)2(CP) 179 651 ) 
FPh2SiMnH(CO)2(MeCp) 180.2 65z) 
Ph2HSiMnH(CO)2(MeCp) 180 653) 
Ph3SiReH(CO)2(Cp) 219 654) 
[(bt'SiEt2 )ReH2(CO)3] 2 b 655) 
[(la-SiPh2)ReH(CO)4] 2 C 156) 
(II-SiEt2)2Re2H2(CO) 7 b 657) 
(F2 MeSi)2FeH(CO)(Cp) 206 65s) 
(C13Si)2 FeH(CO)(Cp)  210 659) 
(Me 2PhSi)2 Fe H(CO)(Cp) 210 651) 
cos-Ph3SiFeH(CO)4 273 657) 

I 
Me 2SiOSiMe 2IrH(CO)(PPh3)2 b 660.661) 

a Cp = (rlS-C~Hs); b NO distinction between terminal hydride ligand with or without weak inter- 
actions with the silicon atom is established; c Location of the hydrogen atom is uncertain. Close contact 
between the hydride ligand and the silicon atom has been postulated from the evidence of bond lengths 
and angles involving the silicon and metal atoms 
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showing weak (or no) interaction between silicon and hydrogen. The covalent 
Mn--Si  bond is considerably longer than the Re--Si distance when the sizes of the 
metal atoms are taken into account. Various valence bond representations 
assume an incipient three-center two-electron bond in the M--H- -S i  triangle 665.666) 

Thus, the silicon atom can be involved in electron-deficient bonds typicyl of 
bridge systems. 

4.4.5 Intermolecular Association of Silicon Compounds 

Intermolecular coordinate interactions involving an expansion of the silicon coordina- 
tion number were revealed by X-ray diffraction mainly for monosubstituted silanes 
of the H3SiX type, in whose molecules the central Si atom is sterically accessible. 
Since all the compounds of this type are gases or volatile liquids, their association was 
observed only at low temperatures, There are only few exceptions (Table 11). 

The crystal and molecular structure for the N-(trifluorosilyl)trimethylphosphi- 
nimine dimer demonstrates that the molecule is dimeric with a planar four- 
membered (SIN)2 ring containing trigonal bipyramidal pentacoordinate silicons and 
trigonal nitrogens. The axial Si--F (166.8 pm) and Si--N (t85.7 pm) bond 
distances are significantly longer than the equatorial bond length 160.6 (2F) and 
173.6 pm (N). The non-bonded Si . .. Si distance is 276 pm 449) 

In the solid dimethylaminosilane molecules, species are grouped into cyclic 
pentamers [H3SiN(CH3)z] s with alternating silicon and nitrogen atoms. The nitrogen 
atoms occupy the corners of  a regular pentagon; the silicon atoms are located 
symmetrically between the adjacent nitrogen atoms and have a trigonal bipyramidal 
structure. The mean Si--N distances 197.6 pm are greater by 26 pm than that found for 
the isolated molecule in the gas phase (171.2 pm 319~). 

Table 11. Shortest lntermolecular Contact Distances (pm) in Crystals 
of Associated Silicon Compounds 

Compounds d(Si _. D) Ref. 

FsSiNP(CH3) s dimer 185.7 (N) 4~9~ 
H3SiX 

X = N(CH3) 2 pentamer 198 (N) ,54~ 
197.6 (N) 156} 

CN 280 667~ 
NCO 330.3 (O) 321) 

331.1 (N) 
286.5 (O) 
272.1 (O) 
346.4 (O) 
338.2 (S) 
3115 (O) 
355 (s) 
356 (s) 
358 (Se) 
362 (Se) 
366 (N) 
348 (N) 

OCOH 
OCOCH 3 

OCSCH 3 
OSiH 3 
SSiH s 

SeSiH 3 

(CHASiC~ 
(CH3)2Si(CN) 2 

576) 

577~ 

320) 

668) 

668) 

207,669) 

669,670) 
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Silyl cyanide H3SiCN forms a linear . . .  S i - - C - - N . . .  Si chain 671.672) with an 
unusually short N . . .  Si distance of 280 pm 667) Crystalline (CH3)3SiCN shows the 
molecules to be aligned head-to-tail with an intermolecular N . . .  Si contact of  
366 pm 2o71. In (CH3)zSi(CN) 2 the N . . .  Si interaction is stronger (353 pm), and 
the molecular shape is somewhat distorted from tetrahedral (C--Si - -C = 120°). 
There are also very weak N . . .  Si interaction 397 pm 669.6711 

There are significant differences between the intramolecular geometries of silyl 
and methyl acetates in the solid phase. The molecular parameters for silyl acetate 
corresponds closely with the carboxyl geometry for a COOH grdup in the crystal 
structures of carboxylic acids673"674k This emphasizes the parallels between the 
O- -S i l l  3 . . . O interaction and the O - H . . .  O hydrogen bonds 4471 

In the crystal lattice of disiloxane, HaSiOSiH3, the intermolecular Si . . . O 
contact is 312 pm which is by 50 pm less than the sum of van der Waals radii of 
silicon and oxygen. This interaction is strong enough to effect alignment of  the 
molecules but too weak to affect the intramolecular geometry to any significant 
extent. In crystalline hexamethyldisiloxane there are no short intermolecular contacts. 
Methylation at the Si atom reduces its ability to participate in donor-acceptor 
interactions 32°). In the series H3Si--X--SiH 3 (X = O, S, Se), intermolecular 
contact for Si and X atoms is less than the sum of van der Waals radii by 
35-50 pm. With X = O, only one silicon atom interacts with the oxygen atom of the 
neighboring molecule; if X = S or Se, the association is performed via interaction 
of both silicon atoms with the X atom of the neighboring molecules. The coordina- 
tion number of the oxygen is 3 and that of sulfur and selenium 4 668). 

4.4.6 A General Change Pattern of  Structural Parameters 
with Increasing the Silicon Coordination Number 

An analysis of  the experimental data on the structure of silicon extra-coordinate 
compounds allows one to follow certain trends in the change of molecular 
parameters as compared with similar tetrahedral molecules. When the silicon atom 
passes from tetrahedral to the penta- and then hexa-coordinate state, its bond angles 
and bond lengths vary drastically. In all penta- and hexa-coordinate silicon com- 
pounds, the silicon atom occupies the center of  a trigonal or, correspondingly, 
hexagonal bipyramid whose structure can be more or less distorted. A sharp 
difference in equatorial bond angles between penta- and hexa-coordinate silicon 
atom attracts attention. In the first case they are equal or close to 120 ° which 
makes the central atom sterically accessible. In the second case they are equal or close 
to 90 ° and this, along with an insufficient atomic radius of silicon impairs a further 
increase in the silicon coordination number. The silicon bond angles formed by an 
axial or equatorial substituent and by two axial substituents are identical (90 ° and 
180 °, respectively) for penta- and hexa-coordination. 

Along with the change in silicon bond angles, the expansion of silicon coordination 
sphere is often accompanied with a distortion of bond angles of the atoms 
attached to silicon. Silatranyl groups with strong electron-donating effect produce 
deformations that are consistently larger than the error of  structure determinations. 
For the benzene ring bonded to silicon, the ipso C--C(Si) - -C angle ~ increases 
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and ortho angles 13 decrease with a decrease in the Si,--N bond distances in 
+ [ 4 I 

silatranes. For ~x-C6HsSi(OCH2CH2)3N (219 pro) and C6HsSi(OCrH4)3N 

(234 pm) these angles are 115.9 ° and 118.0 ° for ~ and 121.8 ° and 120.8 ° for I~, 
respectively. In tetrahedral molecules of CrHsSi(OR)3 and in the absence of  
coordinate interaction the mean angles are 120 ° 675~. The angular deformation 
changes indicate 676.67v~ that the electronegativity of the silatranyl group decreases 
with strengthening the coordination Si,--N bond. 

With increasing coordination number of the silicon atom, not only bond angles 
but other structural parameters of the molecules change. The Si--X bonds 
(X= F, C1, O, N, C, etc.) both in ionic and neutral complexes of penta- and 
hexa-coordinate silicon are always longer than the corresponding silicon bonds in 
compounds with normal coordination. For example, the Si--F bonds in SiFt are 
longer than in SiF 4 (170 and 156 pro, respectively). The axial Si--Ct bonds in 
1-chlorosilatrane (215 pm) and in (MezC1SiCH2)2NCOMe (234.8 pm) and equatorial 
bonds in trans-C14Si • 2P(CHa) 3 (220 and 230 pro) are much longer than in 
molecules of the type Ra_nSiC1 n with n = 1-4 (202 pm 596~). When the silicon 
valence sphere expands, the lengthening of the Si--C(sp 3) bonds is less than that 
of the Si--C(sp 2) bonds. Thus, in 1-methylsilatrane and 1-methyl-2-carbasilatrane 
the axial Si--C(sp 3) bonds are by 3 and 2 pro, respectively, longer than in molecules 
of CH3Si(OCH3) 3 6781 and (CH3)zSi(OCH3) 2 679). At the same time, the lengthening 
of the Si--C(sp 2) bond in 1-phenylsilatrane, as compared to a similar tetrahedral 
bond in C6HsSi(OR) 3 is 5 pm 675~ 

In molecules of 1-chloromethylhomosilatrane and 1-chloromethylsilatrane the 
length of the Si--C bond is 189 and 191 pm, and of the Si,--N bond 225 and 
212 pro, respectively. This means that strengthening of the interaction between silicon 
and nitrogen atoms (i.e., shortening of the S i g N  bond) results in the lengthening of 
the axial covalent Si--C bond. The difference between the lengths of axial and 
equatorial Si--C bonds in molecules of (C6Hs)zSi(OCH2CHz)2NR increases with 
strengthening of transannular Si,--N interaction (Table 7). Thus, the stronger the 
Si,--N interaction in compounds of penta-coordinate silicon, the longer the covalent 
X--Si bonds. This is more pronounced in the axial X--Si,--D fragment than in the 
equatorial one. 

Such a relationship between bond lengths points to the enhanced ionic character 
of the covalent X--Si bond on complexation. Bong longthening means increase in 
bond polarity, i.e., increase in net negative charge at the more electronegative 
atom X and increase in net positive charge at the less electronegative atom Si. 
The conventional view is that the polarity of a S i ~ D  bond is in the sense 
S i - - - D  +, but there is now sufficient experimental 68°) as well as calculated 
evidence (Sect. 4.3), that the gain in negative charge at the acceptor atom is 
passed on the other parts in the acceptor unit, including possibly a portion of the 
negative charge that originally resided at the acceptor atom in the free acceptor 
unit. 

Attractive interactions may be viewed as incipient valence shell expansion and 
as the stages of bimolecular nucleophilic displacement reactions 6811. Crystallographic 
data for the reaction pathways first described for cadmium complexes by Burgi 
682~ reveal a correlation between the two X--Si and Si,--N distances in the linear 
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X--Si~-N fragment. Use of the Pouling relationship between bond distance 
increment and bond number Ad = - -C x log n and the Burgi assumption between 
the bond number and the out-of-plane displacement of the Si atom or valent 
angles about silicon 683-686) in penta-coordinate species including silatranes, a 
value o fC  = 111 pm 321) and 117 pm 687) was obtained. On the basis of experimental 
data and results of quantum chemical calculations, Burgi has estimated 688) the 
constants C = 36-46 pm (for SiH4/SiH~-), 43 pm (SiFJSiF~-) and 60 pm 
(R3NSiH3/(R3N)2SiH3), significantly smaller than 80 pm (for germanium)689,690), 
120 (tin) and 166 pm (lead)689) This reflects a smaller tendency to increase the 
silicon coordination number above four as compared to tin and lead. Besides, 
this confirmed the concepts of the structure of a transition state during numerous 
bimolecular nucteophilic reactions and inter- and intramotecular rearrangements of 
organosilicon compounds. 

4.5 NMR-Spectroscopy Data 

While complete X-ray analysis will establish the structure in the solid state, it is 
useful to have NMR data on the solution state that illustrate the increase of the 
coordination number of silicon. It would seem that NMR spectroscopy of nuclei 
participating directly in donor-acceptor interaction is especially important in 
investigating silicon compounds with an expanded coordination sphere. This requires 
the use of z9Si NMR spectroscopy since the electron shell of the silicon atom, 
the bond angles and lenghts are strongly affected upon complexation. Valuable 
information could also be obtained with by 14N, 15N, 170, 19F NMR data 
since these elements act as donors. Chemical shifts of nuclei other than hydrogen are 
determined by various factors and not yet understood well anough to provide easily 
applied correlations of other physical properties of the molecules. 

4.5.1 1H,NMR Data 

It is known that proton chemical shifts are largely determined by electronic 
effects 691) The coordinate S i ~ D  interaction, weakening the covalent silicon bonds 
(increasing their ionic character), enhances the electron density on the atoms of a 
hydrocarbon substituent which results, as a rule, in an increase of proton shielding. 
This is usually accompanied by a deshielding of protons of the donor fragment 692) 
This chemical shift contribution, however, is often insignificant and masked by other 
effects, in particular, when the silicon atom has a n-donor substituent. 

greater shielding of protons of the substituent X in silatranes XSi(OCH2CH2)3N 

as compared with that in model tetrahedral molecules (Table 12) was attributed to the 
influence of the intramolecular S i g N  bond (i.e., to the transfer of electron density 
to a silicon atom and then to the substituent X)697-706) On strengthening of the 
S i g N  interaction, the 51H(X) value should be decrease, for example, in the order 

/ O C H 2 C H 2 C H 2 \  "~ I 
CH3Si(OCH2CH3)3 >CH3Si  ~" N > CHsSi(OCH2CH2)3N and the 

~ ( O C H 2 C H 2 ) 2 ~  
coordination shift A81H decrease in the order silatrane > homosilatrane > carba- 
silatrane, based on the X-ray diffraction data (Table 8). In practice, however, this is 
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Table 12. ~H Chemical Shifts (ppm) for Si-Substituent of Silatranes 
in CDCI 3 693.- 696) 

Compounds 8 A8 a 

,7 ] 
XSi[OCH 2CH2)3N 

X = H 3.94 --0.35 ~ 
CH 3 --0.07 --0.20 
C1CH 2 2.66 --0.15 
C12CH 5.15 --0.10 
CH 2 =CH trans 5.73 --0.38 

cis 5.78 --0.22 
gem 5.96 0.07 

CIzC =CH 5,96 0.1 t 
C6H 5 ortho 7.72 0.07 

.OCHzCHzCH,-,. 
C H s S i ~ ~ 2 N  --0.08 --0.21 b 

. /CH,CH2CH2~ 
CH aSi.Q. ~ .N 

"%IOCH 2CH2)2// 
--0.12 --0,18 ¢ 

CHaSi(NHCH2CHz)3N 0.37 --0.38 a 

Coordination shifts are the difference between the model tetra- 
coordinate molecule, A8 = 8 -  8m; b Relative XSi(OCHzCH3)3; 

Relative (CHa)zSi(OCHzCHa)z; a Relative CHsSi[N(CHs)2] 3 

not  the case. The shielding o f  methyl protons in 1-methylhomosilatrane (--0.08 ppm) 
is even higher than in 1-methylsilatrane ( - -0 .07 ppm) and the A81H values for 
l -methyl-2-carbasi la trane and 1-methylsilatrane are a lmost  identical. Besides, the 
order  of  change in A81H(X) in the series of  1-substituted silatrane is not related to the 
electronegativity o f  X and changes even when the solvent is replaced 696) Con-  
sequently, the chemical shifts in SiCH protons in silatranes are determined by 
several factors including, possibly, an anisotropic  contr ibut ion o f  both a bicyclic 

structure and the solvent. 
On the other hand, the shielding of  si latrane skeleton pro tons  is l inearly related 

to the electronic effects (Sx, 8~) of  substi tuent X at the silicon a tom (CHCt3, 
r = 0.989) 696,: 

8OCH2 + 3.829 + 0.465% + 0.261g~ 
8CH2N = 2.866 + 0.493~t + 0 .342~  

The value of  8OCH2--SCH2 N remains constant  over a wide range of  changes in 
chemical shifts. Formal ly ,  this means that  the Si~-N bond transmits the effect of  the 
substi tuent X more effectively than each S i - - O  bond 7. There is a linear relationship 

707~ Similar trends are observed in germatranes . 
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between the shielding of the CH2N protons and the length of the Si~-N bond 696) 
i.e., 8CHEN = --1.21 I(Si,--N) + 5.46 (r = 0.96). 

A detailed analysis "of the 1H NMR spectra of silatranes with general formula 

XSi(OCH2CH2)2(YCH2)N was carried out 2s7). The nonequivalency of methylene pro- 

tons in atran-3-one (Y = OCO) and 2-carbatrane (Y = CHzCH2) frameworks as well 
as changes of their I H chemical shifts relative to the model symmetric molecules 
(Y = OCH2) provided information concerning intraannular nonbonded interactions. 
Interactions of the following atom groups occur in each eight-membered ring of 
atranes: 

C) 
This intramotecular hydrogen-hydrogen interaction of methylene group in atranes is 
implied by NMR data and is similar to that described for 1-azabicyclo[3.3.3.]undecane 
("manxine')  290, 7os). It is the reason that determines the pronounced physico-chemical 
features of medium-ring bicyclic compounds. 

4, 
The 1 H and 19 F NM R data for C-substituted silatranes, XSi(OCH 2 C H2) 2( OCH RC H 2 )1~, 

where R = CH 3 or CF3, revealed a C3-symmetry of theses molecules, i.e., any of 
three eight-membered rings in atrane exhibits a boat-chair (BC) conformation 
552,553,709). As reported recently 71o) chair-chair (CC) and boat-boat (BB) conforma- 
tions are detected for the unsubstituted eight-membered ring from the ~H NMR 
spectra of atran-3-ones. 

/ \ -  / \  \ 
CC BB 

The CC conformation has also been suggested for 1,3-dioxa-6-aza-2-silacylooctanes, 
XPhSi(OCHzCH2)2NR when different substituents at the silicon atom (X ¢ Ph) 
are involved 266) These conclusions are based, however, on an erroneous suggestion 
about the equivalence of vicinal 1H 1H spin-spin coupling constants in OCH2CH2N 
fragments of the investigated compounds. 

A change in the chemical shifts of HSi proton of triethoxysilane in different 
solvents and a decrease of coupling constants 1Jsm from 289.4 Hz in CCI 4 to 
285.0 Hz in DMSO 711~ indicates that solvation of a HSi(OCHzCH3) a molecule is 

D 

I s,,,0R 
RO ~ Si~.. 

I' oR 
H 
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accompanied by the formation of  a complex with the solvent 329.711) The donor atom 
of the solvent and the H--Si bond are arranged axially in the complex. 
On the other hand, an increase in Usl H by 23 Hz upon complexation of 1,1,2,2-tetra- 
fluoroethylsilane with triethylamine suggests a possible formation of a structure with 
an enhanced s-character of the H--Si bond, i.e., with an equatorial arrangement of 
hydrogen atoms 712). 

N(CH3)3 
1 1  -H 

H ~ Si~,. 

CF2CHF2 

The 1Jsitt value of Sill4 is slightly (0.5 Hz) changed upon addition of varying amounts 
of pyridine, due to a weak coordinative interaction of silicon atom 74o~ 

It was assumed that the silicon atom is tetrahedral in N,N-bis(chloromethyl- 
dimethylsilyl)acetamide 713). In the NMR spectrum of this compound enriched with 
15N, however, the coupling constant with protons is observed only for the one 
NCH2 group. This points to a rigid orientation of  the protons of another NCH2 
group since its hydrogen atoms are fixed due to the formation of a five-membered 
ring vfith a penta-coordinate silicon atom: 

CtSi(CH3)2CH2~N,/C~2 

Si ......... CH 3 

H3c/C% / ~CH3 

Such a structure is confirmed by five-bond coupling between the SiCH z protons of the 
ring and the CCH 3 protons. This corresponds to a trans orientation of these groups 
relative to the N--C bond 115,451,714) In the crystalline state of this molecule the 
silicon atom is also penta-coordinated 4so). 

The IH NMR spectra of anionic and neutral phenyl-substituted penta-coordinate 
silicon complexes exhibited two distinct sets of aromatic multiplets arising from 
ortho-protons at low field and meta and para protons at high field. Thus, in the series 
RSi[(o-C6H4)C(CF3)20]~- the multiplet separation is 0.73 (R = C H  3) and 0.66 ppm 
(H) relative to 0.35 ppm in Si[(o-C6H4)C(CF3)20] 2 238,239). For 1-phenylsilatrane 
and PhSi[o-C6H4)O]~- the relevant values are 0.48 (Table 12) and 0.40 ppm 7151 
whereas for phenyltrimethoxysilane only 0.23 ppm. An increase in the magnitude 
of the multiplet separation when passing from tetravalent silicon compounds to its 
derivatives with a higher valency is consistent with a decrease in electronegativity of 
the central Si atom 716). The enhanced deshielding of the ortho-protons of aryl 
systems may reflect a spectral feature of penta-coordinate silicon species. 

The methyl and ring proton resonances of cationic acetylacetonato complexes 
of silicon are shifted downfield relative to the resonance of neutral silicon 
diketonates, whereas the resonances of the anionic complexes are shifted up- 
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field 4o5,406,717~. For [Si(acac)3l(HClz) the c n  3 and CH proton resonances are shifted 
by 0.28 and 0.86 ppm, respectively, as compared to the enol form of free acetylacetone. 
The low-field shifts can be explained in terms of either benzenoid resonance 718) or the 
positive charge on the ion without the necessity of invoking ring currents in the 
chelated six-membered rings 7191. The latter assumption is confirmed by calculation 
of the contribution to the shifts from the electric field 72°). The 1H N M R  
spectral data of  cis and trans configurations in octahedral silicon complexes involving 
unsymmetrical 13-diketonates and isomerization process have been summarized 72~. 
722) 

The 1H chemical shifts of phthalocyanine and porphyrine complexes with hexa- 
coordinate silicon 723-729) as well as theoretical calculations of the contribution to 
1H magnetic shielding 73°'731) show a high degree of aromatic nature of the 
macrocycle; compounds of this type can even be used as diamagnetic shift 
r e a g e n t s  732). 

4- I 
In compounds (CH3)2XSiCH2NCH3(CH2),NR 2 (X = C1, Br; R = CH3, C2H5; 

n = 2, 3) the shielding of s-protons of  the NR 2 group is by ~ 1 ppm less than 
in model compounds when a lone electron pair of nitrogen is non-bonded 116). A rise 
in the ~H chemical shift for the donor fragment is observed for other silicon complexes 
as well 733-735) In complexes containing an unsaturated ligand, however, the 
resonance of the protons is able to shift to low fields 736). An anomalous high-field 
shift of the 1H signals of Si substituents may be caused by the intramolecular S i ~ D  
interaction due to anisotropy of the acceptor fragment 262). 

c~ 
N "fcH3 

,__@ 

Intramolecular interactions are sometimes responsible for different NMR spectra 
of  chemically equivalent atoms or groups. The magnetic non-equivalency of two 
aryl groups in the 1H (and lsC) N M R  spectra of  2,2-di(2-furyl)-l,3-dioxa-6-aza-2- 
silacyclooctane at --60 ° points to their equatorial and axial arrangement in silicon 
trigonal bipyramidal environment 263). In the molecule of (Me3Si)3SiOC(C4H30) 
[= Cr(CO)5 ] the non-equivalence of trimethylsilyl groups means that there is an intra- 
molecular interaction of the furyl ring oxygen with the silicon atom 503). The absence 
of nitrogen inversion in silicon oxymates X4_,Si(ON = CMe2)" upon intramolecular 
Si ... N interaction may result in non-equivalence of methyl groups in the NMR 
spectra 7371. In stannyl derivatives of this type, however, the tin atom is penta- 
coordinated due to an intermolecular Sn~-O coordination and the methyl groups 
NMe 2 are equivalent 738) In the 1H NMR spectrum of HsSiOCON(CH3) 2 the 
methyl groups are magnetically equivalent even at --40 °C. In a similar compound, 
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H3SiOCSN(CH3) 2 the free rotation barrier differs only slightly from that of  
H3SiOCON(CH3) 2 and no magnetic equivalence is observed even at + 60 °C. There- 
fore, an intramolecular interaction between the silicon atom and the carbonyl oxygen 
in the first compound has been suggested 7a9). The fact that no broadened signals 
of the CH2N moiety are observed in the ~H N M R  spectra of (CHa)aSiCH2NC 
(unlike alkylisonitrils) was related to a poorer symmetry of the nitrogen atom due to 
intramolecular Si ... N interaction 740) 

The 1H (and ~3C) N M R  spectra of compounds with a chiral silicon atom point 
unambiguously to intramolecular coordinate interaction. For example, in molecules 
of  the type (CH3)2NCH2(o-CtH4)SiXYR the nitrogen atom undergoes a slow in- 
version and methyl groups are non-equivalent at low temperatures. Since at low 
temperatures the singtet signal in the ~H N M R  spectra corresponds to a free ligand, 
the hindered rotation about the C- -C  and C - - N  bonds is ruled out. Intramolecular 
S i g n  interaction is responsible for non-equivalence of N(CH3)2 methyl groups in 
the ~H and 13C NMR spectra. The formation of the intramolecular S i g N  bond 
induced diastereotopy of the two Me groups s v4~). 

,,,CH3 
H N s 

X ¥ 

Activation parameters at coalescence temperature show that the coordinate inter- 
action in these compounds is not a function of the electronegativity of X but is 
controlled by the ability of the nitrogen atom to stretch the Si--X bond. The 
tendency of the silicon atom to increase its valency decreases in the order: 
X = OCOR, Br, C1 > SR; F > OR, H 74~). This sequence corresponds directly to 
the rate of racemization of halosilanes and to the substitution of R3SiX with inversion 
of configuration 129). Although no intramotecular coordination was observed in 
solutions of acetoxysilanes (CHa)nSi(OCOR)4_ n by the 29Si NMR method 747) 
the shape of the tH N M R  spectra of  these compounds with chiral silicon atom 
points to S i~O interaction 74s) 

~H N M R  spectra have also been studied for other silicon compounds containing 
an expanded coordination sphere 749-773) 

4.5.2 13C-NMR Data 

Among the silicon compounds with an expanded coordination sphere, the silatranes 
are best studied by ~aC N M R  spectroscopy. Independently of sp a-, sp 2-, or sp- 
hybridization, the 13C chemical shift of the carbon atom attached to penta- 

a Similar non-equivalence is apparent in the ~H NMR spectra of isostructural germanium 7421 and 
tin compounds 743-746~ 
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Table 13. 13C Chemical Shifts (ppm) for Si-Substituent of Silatranes in CDCI 3 693 695. 774-77s) 

Compounds 8 A8 a 

+ I 
XSi(OCH 2CHz)3N 

X = CH s --0.72 7.0 b 

CHz=CH ~ 140.61 10.4 
[3 129.60 -- 6.5 

(CHs)sSiCH = CH ct 150.23 10.5 
[3 147.73 -- 9.6 

C6H 5 ipso 142.42 11,0 
para 127.57 -- 2.8 

(CHa)aSiC - C ct 116.42 12.1 
13 102.90 -- 11.0 

/OCH2CH2CH2\ 
XSi;.~ ( OCH 2CH 2)2 f N 

X = C H  3 - - 1 . 4 8  6.21 b 

C 6 H  5 ipso 14L24 9,29 
para 128.50 -- 2.34 

S CHzCH2CH2 

X = CH 3 2.47 5.25 ° 
C6H 5 ipso 146.24 10.85 

para 128.11 --2.28 

+ I 
CH3Si(NHCH2CH2)3N 2.46 8.82 a 

See the footnotes of Table 12 

coordinate  silicon is always greater than in the case of  tetracovalent  silicon 
compounds (Table 13). If  the s -carbon  a tom of  the substituent is sp- or  sp z- 
hybridized, its coordinated chemical shift is almost  doubled as compared  to that of  the 
sp3-hybridized a tom 7vs). Unfortunately,  different contr ibut ions to the 13C shielding 
(even in the case o f  organic derivatives o f  tetracovalent silicon) cannot  presently be 
considered quanti tat ively 779,7so). A down-field shift o f  the 13C signal of  the C - - M  
bond is also observed when the coordinat ion sphere of  other  IVA G r o u p  elements 
(M = Ge 775), Sn 781)) is expanded. This may be due to an increase in the paramagnet ic  
term of  the shielding constant  under the o-electron density redistr ibution caused by 
the inductive effect. 

The shielding o f  the carbon a toms of  n-polar izable substituent may increase at a 
distance o f  two and more  covalent  bonds  from silicon part ic ipat ing in the coordinate  
interaction. This is observed for vinyl (CI0, phenyl (Cp,r,) and ethynyl (C~) derivatives. 
Such an increment in chemical shitts o f  [3-carbon a toms of  double and triple bonds  in 
silatranes relative to the model  derivatives o f  triethoxysilane has a similar magni tude 
but  opposite sign (Table 13). Thus, intramolecular  interaction in silatranes inverts the 
13C chemical shift values of  unsaturated bonds  likely due to a change in the n- 
electron density o f  these bonds. A considerable deshielding of  carbon at the silicon 
a tom 782-786) as well as smaller coupling constants 1Jcc 786-788) for double and triple 

147 



Stanislav N. Tandura et al. 

bonds as compared  to those of  carbon analogs are most often at t r ibuted to (p- -d)~  
interaction. The contr ibut ions of  cy and n electron densities of  the double bond  to 
the C~ and C~ shielding are different. In first approximat ion,  however, an internal 
chemical shift 8C~ = 8 C  - -  6C~ was proposed 784) as a measure o f  the n-system 
polarization.  Fo r  example, in tr imethylvinylsilane and vinyltriethoxysilane (8C~ 
= 9.1 7841 and --5.9 695) ppm, respectively) polar izat ion of  the n-system is determined 
by electronegativity of  substituents at the silicon a tom 784). 

8+ fi- ,5+ ~- 
(CH3)3S i -CH=CH 2 C H 2 = C H - S i ( O C H 2 C H 3 )  3 

Apparent ly ,  for (trimethylsilylvinyl)triethoxysilane an essential contr ibut ion to the 
ground state can be due to a polari ty in the sense: 

tCH313Si-CH=CH-Si(OCH 2CH3)3. 

F o r  silatrane, however, containing a penta-coordinate  silicon atom, such a resonance 
structure is improbable .  Both the enhanced or-donor (an increase in 8C,) and lowered 
r~-acceptor (a decrease in 8C~) effects of  the silatranyl grouping result an not  only a 
decrease of  double bond "pola r iza t ion"  (8C~) but also in a chang, of  the sign. The 
8C~ values for tr imethylsilylvinylsilatrane and the model  tr iethoxysilane as calculat-  
ed by an additive scheme with the use of  8 C ~  = t 1.0 ppm for 1-vinylsilatrane 695) 

Table 14. Comparison of Inductive and Resonance Constants 
for Tetra- and Pentacoordinate Organositicon Groups ~ 

Groups 81 8~ 

Si(OCHzCH 3)3 --0.23 0.122 

,F- t 
Si{OCH 2CH2)3N --0.56 0.026 

OCHzCHzCH2 
Si / ,  ........ >'N --0.61 0.042 

% ( O C H z C H  2)2//~ 

/OCHCH3CH2 Si ~ - J ~' .N --0.59 0.026 
~ ( O C H  2CH2)2~/~ 

/ CH2CH2CH3 --0.27 0.104 
Si%(OCHzCH3)2 

CH2CH2CH2 Si, / /~/N --0.56 0.016 
-~(OCH2CH2)2 - /  

a Calculated using the correlation equations 8~ = 0.05(SCpar~ 
- -  8C,~ta) and 81 = 0.424(SCmet~ "- 8C c n ) + 0.032(8Cp r~ 

- -  8C ) 775~ for the substituent chemi~a~ shifts in mono- 
.C6H 6 

substituted benzenes. Benzene taken as 129.05 ppm m CDC13 
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are 1.9 and --15.0 ppm, respectively. This agrees well with experimental values of 2.3 
and -- 17.8 ppm 77s~. 

The 13C chemical shifts of meta and para (but not ortho 789~) carbon atoms in 
monosubstituted benzenes correlate well with the inductive and resonance constants 
of the substituents 790-792). Examination of (h and o R constants obtained from 
13C NMR data (Table 14) shows that for the groups containing a penta-coordinate 
silicon atom the o-donor component is enhanced and the n-acceptor one is lowered. 
Similar conclusions have been reached by other measurements 793-796~, e.g., the in- 
duction constant er~ for the silatranylmethyl group is --0.36 ((r R = 0.21) whereas 
for trimethoxysilylmethyl group it is --0.10 (o R = 0.17) 794). Nevertheless, attempts 
to find a direct relationship between these constants and the degree of Si,--N inter- 
action in molecules of silatranes, homosilatranes, and 2-carbasilatranes have failed. 
Thus, in spite of the fact that the interatomic Si , -N distance in silatranes is about 
10 pm shorter than that in 2-carbasilatranes (Table 8), the difference between cq 

4- I 
values for C6HsSi(OCH2CH3) 3 and C6HsSi(OCH2CH2)3N on one hand and 

C6Hs(C3HT)Si(OCH2CH3) 2 and C6HsSi(OCH/CH2)2(CH2CH2CH2)N on the other 

hand is small with 0.33 and 0.29, respectively 9. Besides, the calculated o~ = --0.61 
for the homosilatranyl group, in which the Si~-N distance is about 10 pm larger than 
that in the silatranyl group, exceeds the value of --0.56 for the latter. Therefore, 
no direct relationship between electronic characteristics of the silatranyl group and 
the Si*--N interaction was observed. Only for Si-substituted 2,2-diphenyl-l,3- 
dioxy-6-aza-2-silacyclooctane, containing an intramolecular coordinate Si~-N bond, 
a linear relationship between the calculated para-carbon chemical shift AgCp for a 
coordinate form (the model compound is Ph2Si(OCH2CHa)2) and the displacement 
of silicon from the equatorial plane OOC: g13C = --10.1 + 17.3 ASi (r = 0.999), 
have been reported 263) 

4- t 
For the silatranes of the general formula (CH3)3SiZSi(OCH2CH2)aN ' with 

Z = CH2--CH2, C H = C H ,  C - C ,  and model triethoxysilanes, the absolute value 
of the one-bond 13C--29Si coupling constants of both penta- and tetra-coordinate 
silicon increases with a rise of the bond order: 109.2 and 99.0 Hz (for CH2--CH2), 
126.0 and 117.2 Hz (CH=CH),  and 146.7 and 145.9 Hz (C=-C) 77sk A comparison 
of other carbon--silicon coupling constants for the penta- and tetra-coordinate 
silicon ~ompounds shows that the positive inductive effect of the silatranyl group 
exceeds that of the triethoxysilyl one. Thus, the 1Jsi c values of the trimethylsilyl 
group are always greater in the sitatrane series than in the corresponding tri- 
ethoxysilane derivatives, consistent with dependence of the coupling constants for 
trimethylsilyl compounds MeaSiX on the substituenl electronegativity 798). In the 
(CH3)aSiC=CY series, 1Jslc, depends linearly on the inductive (ol) and resonance 

(o~) and resonance_ (OR) effects of the substituent Y 799) A greater ~Jsic value for 
silatrane with Z = C = C than that for the corresponding derivative of triethoxy- 
silane (80.2 and 74.4 Hz, respectively) and its closeness to 79.0 Hz found for 

9 S i m i l a r  d i f f e r e n c e s  w e r e  o b s e r v e d  in  g e r m a t r a n e s  a n d  2 - c a r b a g e r m a t r a n e s  797). 
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(CH3)aSiC=CSi(CH3) 3 8oo~) shows that the cy-acceptor ability of the silatranyl 
group with respect to the triple bond is lowered and the total electron effect is 
close to that of the Si(CH3) 3 group. 

'3C chemical shifts for the (OCHzCH2)3N moiety for Si-substituted silatranes in 
CDC13 changes over a narrow range of 57.5 _4- 0.5 ppm (CO) and 51.2 + 0.3 ppm 
(CN) 8ol). In general, protonation of tertiary amines 8o2) or complexation with Lewis 
acids 8o3~ induces a diamagnetic shift to 3 ppm for s-carbons. The upfield shift of the 
13C resonance on protonation has been noted for N-methyl piperidine (equatorial 
position) 8041 and for diazabicyclo[2.2.2.]octane sos). Nevertheless, the differences in 
'3C shifts of Si-substituted silatranes and tris(2-trimethylsiloxyethyl)amine (8'3C 
= 61.9 (CO) and 58.8 ppm (CN) 2s6~) are too large to be dependent only on the 
S i , -N bonding. This may be explained by steric 1 A-interactions of  methylene groups 
in the silatrane framework (see Sect. 4.5.1). Upfield shifts are produced by polarization 
of electrons from interacting hydrogens along C - - H  bonds so6.807). 

The 13C NMR spectra of Si(acac)2X 2 indicate the presence of a nonexchanging 
mixture of the cis and trans isomers for X = acetato, and the trans structure for 
X = C1. The latter disproportionates in solution to Si(acac)3Cl and SiC14. 

Coordinative interaction of the type Si , - -O=C produces a tow field shift of the 
'3C resonance of the carbonyl carbon in 1-(trimethylsilyl)-2-propanone 8o8) and in 
(aryloxymethyl)trifluorosilanes XC6H4COOCH2SiF 3 s09) In the latter cases a correla- 
tion between '3C chemical shifts and substituent constants has been established 
(r = 0.974): 813C = 175.3 - -  2.8 • c~ i - -  !.0 • crR. 

The NMR resonance signal of the isocyano carbon in hexa-coordinate silicon 
complex {Si[NCCr(CO)s]6}(NEt4) v 166.3 ppm, shifts to downfield by 19.5 ppm 
relative to [Cr(CN)(CO)5]- 81o). 

Small downfield shifts of the Cmeta and Cpara resonance for aryltrichlorosilane in 
acetonitrile as compared with those of neat liquid apparently cannot be considered 
as convincing proof of  complexation with the solvent s,,) 

4.5.3 19F-NMR Data 
The 19F N M R  spectra of penta- and hexa-coordinate silicon compounds containing a 
Si--F bonds generally exhibit a singlet due to a fast intramolecular (and often inter- 
molecular) exchange 174,8,2). When passing from SiF 4 to SiFt- and SiFt- ,  the 'gF 
resonance shifts downfield from --  160 to - -  136 and - -  128 ppm (Table 15). Since 
the latter two values are averaged over the values of 8'9F for equatorial and axial 
atoms, the shielding of the fluorine atoms participating in the formation of hyper- 
valent bonds is less than that of covalent bonded by about 35 ppm. For the PhzSiF 3 
anion (in the case of no pseudorotation) the shielding of two axial fluorine nuclei is 
by 36 ppm less that of equatorial 398) 

The 19F resonance of (Ph3P)2Pt" SiF4 is observed at lower field (--137.3 ppm) 
than the signal for SiF 4. A great broadening of the first 19F signal (to 0.6 Hz) and the 
absence of coupling with 31p and 'gsPt nuclei indicate that an intermolecular exchange 
takes place in the solution 39,~. Accordingly, complexation of SiF4 with anions (for 
instance, with BH4-) is accompanied by a downfield shift of the 19F resonance 
(--137.7 ppm sw~) with respect to the SiF4 signal) ° The donor-acceptor Si*--N 

~o Simultaneously the tH signal of BH~ (--0.34 ppm) shifts highfield with respect to a free BHZ 
anion (--0.16 ppm). 
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Table 15. 19F NMR Data for Tetra-, Penta-, and Hexa-coordinate Silicon with Fast Intramolecular 
Rearrangement 

Compounds Solvent (°) 8(CFC13), ppm 1j Hz Ref. SiF~ 

Tetra-coordinate 
S i F  4 

CH3SiF 3 
C1CH2SiF 3 
C6HsSiF 3 
(C6Hs)2SiF3 

Penta-coordinate 
siF; 

S~..) 2 --158.8 172 813) 
160.3 178 814) 

CH 2C12 -- 156.8 398) 
17(~178 a 815) 

CH2C12 139.2 260 398) 
CH2C12 -- 144 267 398) 
CH2C12 --143.0 266 398) 
CH2CI 2 144.1 290 398) 

CHCI 3 
CH2CI 2 

CH3SiF ~- 
C6HsSiF ~- 
(C6Hs)2SiF ~- 
BH4SiF, ~ 
SiF, NO;  

SiFgCN - 
SiF4(OCOCH3) 

CH2CI 2 
CH2C12 
CH2CI 2 
CH2CI 2 

CH2CI 2 

SO 2 
SO 2 
SO 2 (--70) 

F(CH3)(C6 Hs)S~(o-C6H,)C(CF3)z~H2 

[Ph3P]2PtSiF4 (CH3)2CO 
FaSiCH2CH2S(O)CH 3 CH2CI 2 
FsSiCH2OC(O)C6H 5 CH2CI 2 
F 3Si(o-C 6H4)CH 2 N(CH 3)2 

(--60) 

--137.5 s16) 
- -  136.4 460) 
--136.7 140 817) 
- -  136.0 148 398) 
- - 1 1 0 . 9  218 398) 
--118.7 818) 

- -  110 229 398) 
--137.7 819) 

--136.5 150 813) 

--130.1 105 813) 

--120.8 155 813) 
- -  1 3 0 . 6  82o) 

97.6 4-63) 

--137.3 391) 
--  124.7 226.4 821) 

- 136.56 225.0 822) 
- -  128 742) 

Hexa-coordinate 
SiF 2 - H20 --  118.6 108.1 823.824) 

SO 2 --125.0 110 813) 

CH3OH --131.0 109.8 a2s) 
CH2C12 --127.4 818) 

SiFs(NH 3 )- CH2C12 -- 123.6 120 8,7) 
SiF2(Bipy ~ + --  126.9 197 826) 

" The values have been obtained for 25 solvents 

i n t e r a c t i o n  causes  a n  upf ie ld  shif t  o f  the  19F r e s o n a n c e  for  the  f luor ine  s epa ra t ed  f r o m  
si l icon by  one  c a r b o n  a t o m  711) 

O n  inc reas ing  the  c o o r d i n a t i o n  n u m b e r  o f  s i l icon b o n d e d  to t h r ee  a n d  m o r e  

f l uo r ine  a t o m s ,  the  1Jsi F va lue  decreases  regu la r ly  ( T a b l e  15). T h e  ra t io  be tween  

c o u p l i n g  c o n s t a n t s  in  the  spec t ra  o f  S iF , ,  SiFt- ,  a n d  SiF62- (1 .6 :1 .35  : 1) c o r r e s p o n d s  

to a r egu la r  dec rease  o f  s- a n d  p - c h a r a c t e r  o f  the  b o n d i n g  h y b r i d e  s i l icon A O s  in  
molecu les  o f  these  c o m p o u n d s  (1.5 : 1.2: 1). 

In  the  series o f  R S i F  2 -  the  o n e - b o n d  S i - - F  c o n s t a n t  is a m i n i m u m  for  R = F 
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and rises with increasing the electron-donor ability of the substituent R. Nevertheless, 
there is no simple relationship between a change in the strength of the Si--F bond 
and 1Jsi F values 827) One may only state that downfield 19F NMR shifts and 
smaller 1Jsl F values correspond to longer Si--F bonds in fluorosilane complexes. 

A fast exchange of the fluorine atoms in CH3SiF ~ was established by dynamic 
NMR spectroscopy. The equilibrium of the process CH3SiF 4 ~ CH3SiF 3 + F-  
is shifted to the left. A kinetic study of this process has shown two parallel 
mechanisms of the fluorine exchange. One of them prevails within the temperature 
region above --25 °C (the activation energy being 10.2-12.3 kcal • mol--l). The pro- 
cess follows the scheme RSiF~ + HF ~ RSiF 3 + F H F - ,  which is most likely 
due to the presence of catalytic HF impurities. The other mechanism, dominating 
within the temperature region below --25 °C (the activation energy being 0,4-2.0 kcal 
xmol-1), involves an intermolecular exchange with methyltrifluorosilane, which is 

present in the solution, according to 828). 

RSiF B + RSiF e 
[ \ 7  7 1  ° 

L R F F J 

It was, however, impossible to establish a correlation between the effect of any HF 
impurity and bimolecular exchange by NMR spectroscopic data. The activation 
energy of  the exchange reaction between SiF62- and HF as calculated from the shape 
of the a9F resonance line is 8.5 + 1.0 kcal - mo1-1 829~. One should bear in mind that 
HF and other compounds which interact with RSiF2 to form HF, that is HzO, 
CHaOH, etc., favor fluorine exchange. The acceptors Pr2NH, (Me3Si)2NH, etc. 
bond HF in the solution and inhibit this process 817) 

A fast intermolecular exchange of the fluorine atoms proceeds also in solutions of 
mixtures of silicon fluorides with different coordination number of the Si atom. 
If the silicon coordination number in the mixture of fluorosubstituted compounds 
is the same, fluorine exchange proceeds very slowly. In solutions of methyltrifluoro- 
silane no intermolecular fluorine exchange is observed; however, addition of 
diethytamine initiates an exchonge due to the formation of CH3SiF3 • HN(CzHs)2, 
in which silicon is penta-coordinate. When ammonia is added to a solution containing 
SiF~ and SiF6 z-,  the exchange is slowed down due to the formation of [NH 3 • SiF 5]- 
which is characterized by a slow exchange with SiF62- SlS~ 

Careful purification of solutions of fluorosilane and fluorosilicate anions and a 
decrease in concentration and temperature result in a fine structure of agF NMR 
spectra due to a non-equivalent arrangement of ligands (Table 16). For example, in 
the 19F NMR spectra of octahedral complexes of the type RSiF~- a doublet 
(equatorial atoms) and a quintuplet are observed whose mutual arrangement depends 
on the nature of the ligand 834). In fluorine derivatives of penta- or hexa-coordinate 
silicon with slow exchange, the 1Jsiv values (if they can be determined) are greater 
tor the fluorine atoms with chemical shifts in low field. 

Replacement of fluorine in SiF z- by phenyl causes a downfield shift of the 19F 
resonance signals with the quintuplet in low field. For substituted octahedral anionic 
complexes, 1Jsi v decreases in the order cis > trans and both values are larger than that 
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for SiF 2- (Table 16). These changes are in accord with the mutual influence of 
ligands in non-transition element compounds applied to NMR chemical shifts 835~ 
and coupling constants 827.8361. 

Replacement of a fluorine atom in F3Si(o-C6H4)CH2N(CH3) 2 with a methyl 
group in the equatorial plane (CSiF2) shifts the 19F resonance of the axial 
fluorine to low field and that of the equatorial atom to high field 831~. For the adducts 
FsSiD- (D = NH3, HN(C2Hs)2) the shileding of the fluorine nuclei in the trans 
position remains constant with --137 ppm and equal to that for the SiF5 anion. 
For the remaining equatorial fluorine atoms this value decreases, the decrease 
being greater for D = NH 3 (--118.6 ppm) than for D = HN(C2Hs) 2 (--127.5 ppm) 
817k In the series of (aroyloxymethyl)trifluorosilanes the axial Si--F bond is most 
sensitive to the degree of coordinate Si,---O interaction due to the trans-effect 837) 
In hexa-coordinate chelate silicon anions [F4SiDD] 2- the shielding of 19F nuclei in 
the trans-position with respect to bidentate ligand is by ~4.5 ppm less for five- 
membered rings (oxalate) than for six-membered species (matonate), whereas it does 
not change in the cis-position 825) 

The geminal coupling constant 2JFF = 13 HZ for F4Si" bipy is considerably smaller 
as compared with the *alue of 58 Hz for analogous germanium complexes 833k The 
first value is close to 2JFsiF for the SiF2 fragment in tetrahedral organisilicon com- 
pounds 838,839)  

At lower temperatures, the 19F signals of XFMeSi(o-C6H4)CH2NMe 2 shift down- 
field for X = H, O-t-Bu and NEt 2 whereas they shift upfield for X = C1. This has 
been attributed to axial F in the former cases and equatorial in the latter case. 
However, for X ---- OCOC6H 5 a mixture of two penta-coordinate conformers with 
axial and equatorial fluorine arrangements was obtained below the coalescence 
temperature 831). 

If an asymmetric atom is located in the chelate ring plane upon intramolecular 
interaction this gives rise, apart from axial-equatorial non-equivalence, to diastereotopy 
of two equatorial substituents at the silicon stom. This is observed in 

FaSiCH(CH3)NC(O)CHzCH2CH 2 837) and F3SiCH2CH2S(O)R (R = CH3, C2H5, 

C6HsCH2) 821) with asymmetric atoms of carbon and sulfur. According to the 29Si 
chemical shifts and 19F coalescence temperature the Si*--O interaction in the latter 
case weakens in the given sequence. 

Non-equivalence of the CF 3 groups in the 19F NMR spectrum of 
FSi[(o-C6H4)C(CFa)20]2 supports the trigonal bipyramidal structure of silicon 
238.840) The appearance of the 19F--3xP splitting in the NMR spectra of 
(F3SiCH2CH2PMe2)zPdC12 allowed the silicon atom to be penta-coordinated due to 
the Si,--Pd interaction 84~). The 19F chemical shifts of  anionic fluorosilicates 
correspond to the values for isolated ion only at inifinite dilution. The ion-pairs 
interaction between the hexafluorosilicates and various cations have been studied 
842 - 846) 

4.5.4 29Si-NMR Data 

A number of reviews concerning all aspects, of 298i NMR is available 847--849);  they 
include but a brief note about silicon complexes. All experimental data for com- 
pounds in which the coordination number of silicon rises above four display the 
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Table 17. 29Si Chemical Shifts (ppm) of  Some Penta- and Hexa-coordinate Silicon Complexes 

N Compounds Solvent ~ ReL 

Penta-coordinate 

Cationic 

i Ph l e  

1. SiP HCI e 
0 

L\ Ph J 

2. [ (  ~ : ~ ) [ ~ S i P h ] C t  e 

Neutral 

Anionic 

3. EtsNH PhSi 
0 

+f' r- 1 1- 
4. (Mc2N)3S~FSi[(o-C6 H,~)C(CF 3)20]2 ~ 

He xa-coo r dinat e 

Cationic 
5. (Acac)3Si ÷ ZnCI~ 
6. (Acac)3Si + HCI2 

7. sieSbF e 
\ ~ ~0" I~ 

8. [Bipy2SiC12] 2+ 2 CI- 

DMSO --175.8 85o~ 

DMSO --141.3 848) 

See Table 18 

C12 DCCDCI 2 - -  87.0 85o) 

CD3CN 76.6 

DMSO --193.7 88o) 
DMSO --192.4 85o) 
C HC13 - -  194.4 824) 

CD3OD - -  139,4 

CHsOH/(CH3)2CO 
(1:1) 

--161.1 

Neutral 
9. (Acac)2Si(OAc) 2 DMSO --196.8 

10. (Acac)2SiC1CH 3 CHC13 --149.5 

+ ..... -I  
11. CH3Si(OCOCH2)3N a DMSO --135.8 

12. C6HsSi(OCOCH2)3N DMSO --146.5 

Anionic 

13, (Et3NH)2 i DMSO --139.3 

L \ - 0  /3-J 
14, (n-Bu, N+)2[Si(C204)sJ ~ C6F 6 - -  173.3 

4 6 3 , 8 4 0 )  

850)  

826)  

8501 

848)  

710)  

710)  

850) 

824} 

a Intermolecular coordinated by solvent 
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Table 18. 29Si Chemical Shifts (ppm) of Some Neutral Penta-coordinate Silicon Complexes 

Compounds 6 A6 ~ Refl 

[ 69L 851,822) 4. 
XSi(OCH2CH2)3N 

X = H --83.6 24.1 
CH a --64.0 20.6 
CICH 2 --77.2 21.1 
C12CH --83.2 14.8 
CH 2 =CH --81.6 23.2 
C6H s --81.7 23.3 
4-C1C6H40 --98.6 11.9 

/ O C H 2 C H  2CH2~.. 
X S i ~  

( O C H 2 C H 2 ) z ~  N 

X = C H  3 - -61 .5  
CICH2 --85.1 

C H 2 C H 2 C H  2 
XSi-/, "~-N 

"~(OCHzCH2)2//" 

X = CH 3 
C6H 5 

MezCISiCH2NC(O)CH 2CH 25H 2 

Me2CISiCH 2 .NC(O)CH 2CH2CH2CH 2 
! ! 

MeFHSi(o-C6H4)CH2NMe 2 
Me2C1SiCH2 NMeCH2CH2 NMe 2 

Me3SiOC(-~ ) Cr(CO)s 

Me3ClSiO N~ 

17.3 
26.8 

--29.1 24,8 
--45.6 26.0 

-- 9.7 32.6 b 

--34,7 57.6 b 

--36.1 44.7 
-- 4.5 27.8 

776) 

776) 

854) 

854) 

332) 

1167 

1.8 11.7 2037 

--21.0 35.1 8557 

F3 SiCH2OC(O)C6H5 --94.8 23.5 s22) 
FaSiCH2CH2 S(O)CH2 C6H5 --83.6 31.8 8377 

a Coordination shifts are the difference between the model tetracoordinate molecule, A6 = 6 -- 6 ;  
b Relative chtoromethyl derivatives 

29Si signals at much  higher  field as c o m p a r e d  with  mode l  t e t ra -coord ina te  analogs.  
F o r  the pen ta -coord ina te  C H a S i F  4 anion,  the ~29Si value  o f  110.7 p p m  849) is 55.5 p p m  

upfield o f C H 3 S i F  a ; the difference be tween the ~295i for  SiF62- ( - -185.3  824)-184.2 p p m  
823)) and S iF  4 is 72 ppm.  The  295i chemica i  shift for  the 

[F(C6Hs)(CHa)~(o-C6H4)C(CF3)2() ]- an ion  is 9 9 , 4 p p m  less than  that  for  
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,b " I 

(CrHs)(CH3)Si(o-C6H4)C(CF3)20463t. Donor-acceptor interactions during the 

formation of neutral complexes usually cause smaller changes in ~29Si than in the 
case of ionic complexes and do not exceed 70 ppm (Tables 17 and 18). 

Structurally similar cationic (5) and neutral (9) compounds as well as cationic (7) 
and anionic (13) complexes containing a hexa-coordinate silicon atom bonded only 
to oxygen atoms have identical 298i chemical shifts. This may be due to a symmetric 
arrangement of the ligands in a coordination octahedron which effectively quenches 
any charge on the central atom 850). This is not observed in penta-coordinate com- 
plexes. For example, the difference between the 29Si chemical shifts in spectra of 
compounds (2) and (3) is more than 50 ppm. 

Most semiempirical interpretations of silicon chemical shifts are based on the 
variations of the paramagnetic term only 856-858k According to Engelhardt et al. 856~ 
the value of paramagnetic contribution to the 29Si shielding constant is parabolically 
related to the total electron charge on a tetrahedral silicon atom 11. When the 
silicon atom is surrounded by electronegative substituents, i.e., when it has a pronounc- 
ed ability to increase its coordination number, the 29Si resonance is displaced 
upfield with a decrease in the negative charge. This is applicable to penta-coordinate 
silicon compounds only under the assumption that the positive charge on the silicon 
nucleus increases when coordinate interactions take place. The electron changes at the 
acceptor atom itself lead to an increase in positive net charge because the original 
gain in electron density at the acceptor atom may be transferred to other parts of the 
acceptor component 337,860.861}. Recently, it has been shown by X-ray spectroscopy 
that the silicon atom in silatranes has an enhanced positive charge. A linear 
dependence was observed between the 29Si chemical shift and the position of SiK~ 
lines in the X-ray fluorescence spectra: AE (SiK~) - 102 = 29 --  0.36~529Si (r = 0.95) 
6 8 0 }  

According to Ernst et al. 862~ empirical parabolic dependence of 29Si chemical shifts 
on the sum of electronegativities of  substituents R i at the tetra-coordinate central 

silicon atom,~29Si = F I ~  (ZRI- ;~si)l,c°°rdinate interaction (for instance, Si,-N), 

decreasing the electronegativity of silicon by AZsi, increases the shielding of a 
silicon nucleus by A~298i = AFi(4 AZsl). The calculated decrease in electronegativity of 
the silicon atom of l-methylsilatrane under Si,--N interaction in the molecule is 
0.2. This agrees with an enhanced o-donor ability of the silatrane skeleton 
+ l 
Si(OCH2CHz)aN as compared to that of the triethoxysilyl group Si(OCH2CH3) 3. 

The concepts developed for compounds of tetrahedral silicon do not explain many 
experimental peculiarities of 298i NMR spectroscopy in the case of penta-coordina- 
tion. Thus, for example although the interatomic Si ... N distance in 1-chloro- 
methylhomosilatrane is much greater than in 1-chloromethylsilatrane, the shielding 
of silicon in the former is greater ( -85.1 ppm) than in the latter (--77.2 ppm). 
Even in a narrow series of 1-substituted silatranes the coordination shifts ASsi 

it The dependence of 29Si chemical shifts on the silicon charge is approximated for some compounds 
by the fifth-order polynom 859~ 
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Table 19. Coordination Chemical Shifts 8295i (ppm) for Structurally 
Studied Silatranes 

Si-substituent AG lSi~N , pm Ref. 

CH a 2-carba a 24.8 234 776) 
ClCH 2 3-homo ~ 26.8 225 776) 
CH30 2-carba" 20.5 222 776) 
C 2H 5 21.2 221 v76) 
~-C 6H s 23.3 219 695) 
CH a 21.7 217.5 553) 

20.6 695) 
CH 3 3,7-dion a 34.0 215 864) 

17.1 213 863) 

ETCH2 19.2 212 55s) 

22.1 211 a63) 

CH2 S+ (CH3) 2 " I-  23.4 204.6 553) 

a See Table 8 and the Text 

(Table 19) are related neither to Si,--N distances in the solid (which vary over a wide 
range) nor to the chemical shifts of  CH2N protons which properly reflect the degree 
of  Si,--N bonding in solutions s65) 

Thus, 29Si shielding in silatranes is caused not only by the degree of  Si,--N 
interaction. An additional effect for the coordination shift that may be mentioned is 
a sensitivity of  the 29Si chemical shift to O - - S i - - O  bond angles. An empirical 
correlation correlating 31p chemical shifts and bond angles of  phosphate esters is 
k n o w n  866). The importance of  this is supported by a few factors. For  compounds of  
hexa-coordinate silicon there are great differences between 29Si resonance of  five- 
( < O S i O  ~ 86 °) and six-membered ( ~ 9 3  °) chelate rings (Table 17 compounds (1) 
and (2) as well as (5) and (7)). Besides, there is a dependence of  the chemical shift on 
the arrangement of  silicon covalent bonds among non-equivalent positions of  a 
trigonal bipyramide. Molecules of  1-ethylsilatrane (629Si = --67.1 ppm) and 1-meth- 
oxy-2-carbasilatrane (--62.6 ppm), which have almost identical S i g N  distances 
(222 and 221 pm, respectively) and, consequently, close trigonal bipyramidal con- 
figuration, differ only by that the Si - -C bond is axial in the former and equatorial 
in the latter compound. The difference in shielding is 4.5 ppm. 

Molecules of  N-substituted 2,2-diaryl-l,3-dioxa-6-aza-2-silacyclooctanes exist in 
solutions in two equilibrium forms: non-coordinate (without a Si,--N bond) and 
c o o r d i n a t e  263), An increase in the donor  ability of  the substituents at the silicon 
atom and in size of  the substituents at the nitrogen atom shifts the equilibrium to a 
conformation lacking the Si,--N bond. The activation energy of  < 11 kcal • mol-1 for 
this process is much less than that of  similar tin derivatives 8677. A calculated change 
in the 295i chemical shift for a completely coordinated boat-boat shape as compared 
with a model molecule of  diphenyldiethoxysilane depends linearly on the shift of  the 
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silicon atom from the equatorial plane of three adjacent atoms OOC 263)" 
A829Si = --77.7 + 142.0 • ASi (r = 0.99). Consequently, for an ideal trigonal bi- 
pyramid (ASi=O) the silicon shielding due to coordinative Si<--N interaction rises 
by ~ 78 ppm. 

Due to Si*--N interaction in N-(dimethylchlorosilylmethyl)-lactames, 
1 

M%C1SiCH2NC(OI(CH2),CH 2 with n = 1 3, the 29Si shielding is much greater 

than in the corresponding chloromethyl derivatives of tetracovatent silicon (Table 18). 
The intramolecular coordinative Si ~ O interaction increases with the nucleophilicity of 
oxygen in the following order of n: 1 > 3 > 2 868). No interaction was observed, 
however, in the corresponding derivative of  succinimide, which is a pyrrolidone-2 
analog with two C = O  groups located equivalently (~298i = 24,2 ppm, A~29Si 
= 1.3 ppm 854}). 

The shielding of the silicon atom in dimethyl(trifluoroacetoxymethyl)acetoxysilane 
~829Si --4.5 ppm) is by 26.6 ppm greater than in .. 869) -- trimethylacetoxysuane . 
Examination of temperature and concentration dependences of ~29Si in solutions of 
(CH3)2(CH3COO)SiCH2OCOCF 3 points to intramolecular S i l O  coordination 869) 
Methyltris(trifluoroacetoxy)silane forms penta-coordinate ionic complexes with 
RCOOM salts (R = CH 3, CF 3 ; M = Na, NR4) and 2: t and 1 : 1 neutral adducts 
with pyridine and HMPTA, respectively 869.8vo). Titration of chloromethyltrifluoro- 
silane with HMPTA by 29Si N M R  spectroscopy provides evidence for the formation 
of a 1 : 1 complex. In the case of PhCOOCH2SiF 3, 1 : 1 and 1:2 complexes are 
observed, indicating an intramolecular Si*--O interaction in the 1:1 complex 837} 

Introduction of a methyl group into position 3 of  the four-membered ring of 1,1- 
dimethyl-l-silacyclobutane shifts considerably the 29Si resonance highfield; this may 
be due to transannular 1,3-interaction 8vl) The zgsi shielding in a series of 1,1-  

I '1 
dimethylsilacycloalkanes (CH3)2Si(CHa),CO(CHzlm_~CH2 (n, m = 2-6) at first 

decreases with increasing n and m and then, beginning with m + n = 8, rises. This 
was attributed to transannular S i l O  interaction in their molecules 872) 

Thus, the increase in the coordination number of  the silicon atom is accompanied 
by a highfield 29Si chemical shift. An increase in shielding upon complexation is also 
observed for other heavy nuclei of the Group IVA elements, 73Ge 8731, H9Sn 87,~-878) 
207pb 875}. The high sensitivity of the 29Si resonance to a change in the coordination 
number of the silicon atom is a simple and reliable way of establishing intra- and 
intermolecular coordinative interaction in molecules of organosilicon compounds. 

4.5.5 l 'N-,  15N-, 1~O- and 31p-NMR Data 

Nitrogen N M R  spectroscopy would appear to be ideal for the study ofdonor-acceptor 
interaction of nitrogen ligands, but quadrupole broadening for I*N and experimental 
difficulties for ~SN, even with enriched samples, have limited such studies. Tertiary 
amines undergo downfield shifts in polar or acid solvents possibly due to a decrease 
in the electron density caused by hydrogen bonding to the nitrogen lone pair or 
protonation 879-881} Early NMR experiments have shown that the ~*N resonance of 
1-methylsilatrane (814N = --346.2 +_ 3.6 ppm) and 1-hydrosilatrane (--354.7 
+ 4.4 ppm) are at higher field relative to that of  triethylamine and differ greatly 
from boratrane (--325.0 + 2.0 ppm) ss2) Hence, there is an influence of both devia- 
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tion of the N(CH2) 3 valence angles (diamagnetic cyclization shills a8a~) and the 
acceptor atom, the latter being not predictable. Therefore, the analysis of nitrogen 
chemical shifts may lead to contradictory results 884, sas). 

A lower ~4N resonance half-high band width for 1-hydrosilatrane 638 + 68 Hz 
as compared to 2211 + 103 Hz in 1-methylsilatrane shows that a stronger Si,--N 
interaction in the former leads to a smaller electric fields gradient and/or a 
smaller distortion towards the planar nitrogen results in a marked increase in the 
quadrupolar coupling constant. 

The ~SN shifts of Si-substituted silatranes were correlated with the Taft constants 
of X and S i g N  bond distances (pm) 881.887~ 

815N = --358.12 + 3.29~* r = 0.98 

815N = --236.8 --  0.5441sign r = 0.99 

The same relationships were found for R1R2Si(OCHzCH2)2NCH3 885). The 15N 
a n d  29Si NMR data obtained for the silatranones indicate that an increase in the 
number of carbonyl groups in the atrane framework enhances charge transfer by the 
donor-acceptor S i g N  bond 7~o). 

Silicon-nitrogen coupling constants, ~j(29Si--15N), measuring the "s" electron 
density in the Si , -N bond, form a regular trend in reasonable agreement with the 
known order of the donor-acceptor bond strengths (Table 20). 

The dependence on the aggregate state is a specific feature of labile intramolecular 
bond in silatranes and 1,3-dioxa-6-aza-2-silacyclooctanes 889-892). For example, the 
Si , -N bond distances and 15N and 29Si chemical shifts for 1-methylsilatrane vary 
greatly: 

Crystal Solution state Gas 
state 

D20 DMSO CCI 4 C6H12 

815N, ppm ---355.6 --353.5 --356.4 --363.4 --364.8 --370.7 
829Si, ppm - -  70.8 - -  69.1 - -  59.3 
ls~- N, ppm 217.5 245.3 

The empirical relationship 815N = --407.8--0.75829Si (r = 0.99) was found by 
least-square procedure for 1-methylsilatrane in various solvents 889~. The changes in 
~295i linearly reflect smaller changes in 815N for the silatrane. Thus it is clear that the 
chemical shifts of both silicon and nitrogen, i.e., the acceptor and donor nuclei, are 
subjected to joint influences. On strengthening of the S i g N  interaction the lSN 
resonance shifts downfield whereas the 29Si shift is displaced in the opposite direction. 
Other things being equal, the 815N and ~298i range decreases with strengthening of the 
Si~-N bond in silatranes and weakening in silacyclooctanes 89o. 891). 

Solvent effects on silatranes are found to be better described by Koppel-Palm 893.894) 
and Taft-Kamlet 895~ solvent parameters. A good relationship has been established 
for 15N and 295i shifts for 1-methylsilatrane: 

161 



Stanislav N. Tandura et al. 

T a b l e  20. Silicon-Nitrogen Coupling Constants Through Dative Bond 
in Silatranes 71o. sss) 

Compounds Solvent 1J(15N--29Si), Hz 

+ [ 
XSi(OCH2CH2)3N 

X = CH3 

C6H5 
CICH2 

CH30 
C12CH 
Cl 

XSi(OCOCHJ3N 

X = CH 3 
C1CH2 

CDC1 a 0.2 
DMSO 0.70 
DMSO 1.49 
CDCI 3 1.5 
CH3CN 2.4 
DMSO 2.64 
DMSO 1.72 
CH3CN 3.3 
CDC13 1.98 

DMSO 3.37 

DMSO 8.2 
DMSO 10.9 

815N = - - 3 7 2 . 2 5  + 20.74Y + 11.34P + 0.229E 

81SN = --364.7 + 8.1(n* - -  0.208) + 2.9~ 

815N = --364.23 + 7.48(n* - -  0.315) + 2.74~ 

r = 0 . 9 7 6  n =  21889~ 

r = 0.990 n = 16 896j 

r =  0.99 n=21897~  

Three solvent parameters are shown to contribute to these variations: the polarity 
Y, rt*, the polarizability P, 8, and the acidity E, ct. 

The 170 chemical shifts of  equatorial oxygen atoms in silatranes do not differ much 
from those in triethoxysilanes. This suggests that the greater ability of  the silatrane 
groups for complexing with electrophilic reagents as compared to appropriate model 
compounds is due to better steric availability of  cyclic oxygens rather than to a change 
in the electronic density on the latter, In accordance with the trans-effect, the axial 
oxygen shielding in the molecule o f  1-ethoxysilatrane is by 14 ppm lower than in 
tetraethoxysilane 898,899) 

170 N M R  spectroscopy presents a fairly informative method in the case o f  
coordinate S i l o  interaction involving the oxygen atom of  the carbonyl group. 
In the series of  (aroyloxymethyl)trifluorosilanes the 17 O chemical shifts depend linearly 
on the n- and o-withdrawing properties of  substituent X: 817Oco = 277.3 + 28.0 • Cyp 
(r = 0.97). In analogous equations for model molecules XC6H4COOCH2CF 3 the 
coefficient of  the Op constant is considerably lower, i.e., 17.1. With silicon compounds,  
the carbonyl 170 resonance is highfield shifted by 52-65 ppm whereas the ether 170 
resonance is shifted downfield by 18-25 ppm. This as well as the difference in 
Chemical shifts of  carbonyl oxygens in the two series of  compounds 81vO(Si) - 
8~70(C) = --60.6 + t0.9Crp (r = 0.98) results from S i l O  interaction 9°°k This con- 
clusion is also supported by the correlation dependence of  295i and 19F chemical 
shifts on the substituent X electronic effects 8zz) 

In the series considered, the 170 shielding of  the carbonyl group increases in the 
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following order of changing X in the para-position: C1 (283.3 ppm) > F (280.2 ppm) 
> H (274.2 ppm) with decreasing the intramolecular Si,--O distance (Table 6). 

Strengthening the coordination Si~-O = C interaction shifts the 170 resonance to 
highfietd and the 13C resonance to downfield 9°°). In lactame derivatives, 

! I 
Me2CISiCH2NC(O)CHz(CH2),CH2 (n = 1 and 2), the 170 resonance for the five- 

membered ring is more downfield relative to that for the six-membered ring, i.e., 
273 and 256 ppm, respectively, although the S i l O  interaction is stronger in the 
former, according to the 29Si NMR data 837) 

Ph3PO solutions of various halosilanes (e.g., SiCI4, MeSiCI3, Me2SiC12, Me3SiC1 ) 
show significant downfield 31p shifts relative to the free base. The coordination 
shift of  approximately 8-9 ppm indicates bonding interaction between phosphoryl 
oxygen and silicon. An effect of added MeCN on the chemical shift of Ph3PO-- 
Me3SiC1 solutions has been interpreted in terms of a coordination interaction between 
the nitrile group and silicon 323,324) 

4.5.6 Typical NMR Properties of Coordinate Silicon Compounds 

The results of 1H, 13C, 15N, 19F and 29Si NMR spectroscopic investigations provide 
unambiguous evidence for the existence penta- and hexa-coordinate silicon in the 
liquid phase. When the coordination number of silicon is expanded, some NMR 
parameters change in a fairly predictable manner: 
1. An increase of the coordination number of the silicon atom is indicated by a 
highfield shift of the 298i signal. However, there exists no relationship between the 
increasing chemical shifts and the increase in the coordinate interactions of the silicon 
atom. The substituents rather than any simple donor-acceptor inductive effects 
dominate the 298i chemical coordination shift. 
2. In comparison with ligands which have an uncoordinated nitrogen atom, in com- 
pounds with S i g N  coordination the I H signals of the protons adjacent to the nitrogen 
atom are downfield shifted. The differences of the chemical shifts in related compounds 
correlate with increasing the S i g N  interaction. 
3. The enhanced separation of the ortho-proton resonance from the recta- and para- 
signals can be employed as a diagnostic tool to indicate the presence of the penta- 
coordinate state for phenyl-substituted silicon compounds in solution. 
4. Non-equivalence of substituents attached to the silicon atom, usually observed at 
low temperatures, is caused by the difference between equatorial and axial bonds in 
a trigonal-bipyramidal configuration of penta-coordinate silicon. 
5. There exists a correlation between the NMR spectral parameters of the donor 
fragment (or silicon-containing group) and electronic effects of substituents at the 
silicon atom (or at the donor fragment) which cannot be explained in terms of 
transmission through covalent bonds. 
6. Diastereotopic groups or atoms in donor fragment are observed upon intra- 
molecular interaction; they result from slow inversion of the nitrogen atom and 
chirality of the silicon atom. 
7. There exists a considerable dependence ofchemical shifts ofsilicon (or donor atoms) 
on temperature and nucleophilicity of the solvent. 

A reliable evidence for the silicon coordinative interaction is the observation of the 
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both chemical shifts of  more peripheral nuclei (1H, 13C, 19F), as well as the spin-spin 
coupling constants between the silicon and nearly atoms (largely 1H and 19F). 

It is clear that NMR spectroscopy is a suitable analytical tool to ascertain the 
silicon coordination number in the solution state. 

5 Conclusion 

The most important recent developments in the structural chemistry of silicon have 
involved non-tetracoordinate derivatives. In the last 20 years there was an ever in- 
creasing interest to penta- and hexa-coordinate silicon compounds. New classes of 
these compounds were discovered and studied in detail. This progress was stimulated 
by the development of new experimental techniques and theoretical approaches as 
well as the specific biological activity finding for some of silicon compounds with 
expanded coordination sphere. 

Silicon donor-acceptor interactions may be a significant factor in determining the 
minimum energy arrangements in silicon compounds containing oxygen, nitrogen 
and fluorine atoms. The majority of short silicon contacts can reasonably be described 
as attractive interactions. This conclusion is based on a survey of many reported crystal 
structures determined very precisely by neutron diffraction. Comprehensive results 
obtained by X-ray and electron diffraction data for coordinated silicon compounds 
ranging from weak (van der Waals type) through medium to strong interaction in a 
variety of ionic complexes have been tabulated. A meaningful set of  structural 
principles that will aid in the understanding of the penta- and hexa-coordinate silicon 
formation has been discussed. 

Theoretical and experimental studies on penta-coordinate silicon derivatives de- 
monstrate that their existence is determined by a combination of factors: electro- 
negativity of  the substituents and steric interactions between substituents. One should 
also emphasize the role and significance of polydentate ligand (chelate effect), the size 
and number of chelate rings involving the silicon atom, and strain reduction for five- 
membered ring system, wich can stabilize unusual structures, as well as to the role of 
medium effect, This is consistent with the results of N M R  spectroscopic studies, 

The practical application of NMR spectroscopy to different aspects of coordination 
chemistry of silicon has been demonstrated. 
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