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Borazines, which have the general formula (RBNR’)J, can be formulated a 
either cyclic triamines (I) or as cyclic n-systems (II) similar to that found in 

(I) (II) 

benzene. In formulation II, there are two possibilities for the arrangement of 
the internal dative B-N bonds. The results of a variety of physical-chemical 
experiments [l] suggest that the basic borazine structure is essentially planar 
moreover, the B-N bond distance measured in, for example, H3B3N3(CH3)3 
(1.42 a) [23 is shorter than that expected for a B-N single bond (1.59 a) 
[3] as would be expected from II. However, chemical evidence indicates that 
the nitrogen sites in the borazine ring retain some basic character. Thus, N- 
trimethylborazine reacts with hydrogen chloride to form an adduct, H3B3NX- 
(CH,), - 3 HCl, the empirical formula of which suggests that the ring nitrogen 
atoms have been protonated [4,5]. 

Two fundamental types of metal derivatives would be expected of borazin 
formulated as a sr-system (II) - complexes incorporating the ring, as in the 
case of arenetricarbonyl chromium(O) compounds 16-81 or the bisarenechra 
mium(0) derivatives [9] and metal-substituted a-derivatives. 



186 

B. RING COMPLEXES 

Ring complexes would be expected from either of the extreme formula- 
tions of the borazine ring (I or II) on the basis of chemical analogy. Thus, 
arene-type behavior of the borazine nucleus would be expected to yield com- 
pounds analogous to arene metal carbonyls or the bisarene metal compounds. 
However, the aminoid character of the ring nitrogen atoms finds its analogy 
in the complex (III) formed between symmetrical hexahydrotriazine and the 
Cr(C03)3 moiety in which the former acts as a tridentate o-bonded ligand. Th 
general confi~ration of the triamine Iigand in III might be expected to be 
similar to that of an N-bonded borazine. 

Although several half-sandwich compounds of the type (R3B3N3R>)ML3 
have been prepared, there are no substantiated reports in the open literature 

_ concerning.the preparation of the corresponding full-sandwich compounds, 
(R3B3N3R&M. Attempts to prepare half-sandwich borazine-containing com- 
pounds by the interaction of metal carbonyls with a borazine in an appropri- 
ate refluxing solvent - viz., the process by which arene metal carbonyls can 
be prepared, have not been successful [lo]. However, reaction (I) can be ef- 
fected photolyticahy fll,lS] . 

CJZ(CO)~ + R3B3N3Rj + (R,B,N,Rb)Cr(CO), + 3 CO (1) 

If the Cr(CO), moiety also carries easily displaced ligands, e.g. Cr(C0)3L3 
(L=CH,CN, C,H,CN, x CaH4CN) the reaction with borazines progresses 
smoothly [12,13,15,17]. 

(CH,CN),Cr(CO), + R,B,N,R: + R3B3N3R\Cr(C0)3 + 3 CH&N (2) 

The displacement of dioxane from a binuclear complex has also been reporter 

U41- 

(CO)~~(~ox~e)~~(CO~~ + 2 R3B3N3R; + 2 R,B,NJ%C~(CO)S 

+ 3 Dioxane (3) 

In general only hexaalkyl-substituted borazines have been attached to a metal 
tricarbonyl moiety; the compounds formed and some important characteris- 
tics appear in Table 1. 

The borazine nucleus appears to be rather easily displaced from the half- 
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Spectroscopic data suggest that the carbonyl product of reaction (6) has a 
meridional configuration. 

A kinetic study of reaction (4) indicates a second order reaction which sug- 
gests that the rate determining step involves attack of a phosphite molecule 
on the half-sandwich compound. The data do not permit a distinction be- 
tween attack on the complexed borazine ring or attack on the metal. 

A detailed spectroscopic analysis [ 151 has produced a description of the 
structure of and electronic effects in several half-sandwich compounds. The 
IR spectra of these compounds [15,17] indicate the o-donor and a-acceptor 
character of the borazine ring compared to that of arenes as well as the B-N 
bond order. Half-sandwich compounds containing borazine nuclei exhibit two 
carbonyl stretching frequencies, one (A mode) in the range of 1936-1945 
cm’ and another (E mode) in the range of 1830-1848 cm* [15,173, which 
are similar to the frequencies observed for the correspondingly substituted 
~enechromiumtric~bonyls (e.g. for (CH&C&I(CO)~, the A mode is at 1945 
cm-’ and the E mode at 1848 cm-’ ) suggesting the total electronic effect of 
the two ring systems is the same [Zl], but this conclusion does not in itself ar- 
gue for a similar conformation of the ring as was originally suggested [ 131. The 
most marked change in the spectrum of a complexed borazine ring relative 
to that of the free ligand is the shift to lower frequency of the B-N stretch- 
ing vibration. The B-N frequency in the free ligands, which occurs at about 
1400 cm-‘, shifts by 30-50 cm-’ upon complexation; the shift is not nearly 
as marked as that observed for the cyclic borazanes, R3B3NJR; * 3 HX, where 
the B-N vibration appears near 1260 cm’ [ 41. A shift of the B-N vibration 
to lower energy is interpreted as a reduction in the B-N band order which is 
consistent with a localization of the nitrogen electron pair for the formation 
of a N -+ Cr bond. In effect the nitrogen atom has become 4coordinate, which 
should lead to a puckering of the borazine ring. In N-methyl borazines, the 
N-CH3 rocking mode which occurs near 1106 cm-’ [15,17] is shifted to 
higher frequencies upon complexation; this shift could be the result of two 
effects, If the borazine nucleus is complexed through a N + Cr interaction, a 
change in the electronic env~onment would be expected; the nitrogen hybrid- 
ization would change (sp’ + sp3) and it would acquire a formal positive 
charge. In addition, a change in the steric environment would be expected 
when hexaalkyl-substituted borazines were complexed. The sensitivity of the 
N-CHJ rocking mode to changes in the adjacent boron environments has been 
well documented [ 22]. 

A detailed study f15] of solvent induced chemical shifts (‘H) of B--C& 
and N-CH, substituents for complexed and free borazines indicates that the 
complexed borazine ring is puckered with the B-CH, group elevated above 
the plane of the nitrogen atoms; moreover these data are consistent with a 
fixed (non-rotating) complexed ring system oriented so that the B-CHa ~JYOUPS 
are situated above the carbonyl groups in the Cr(CO), moiety. A study of the 
methyl--methylene splitting in a series of ethyl-substituted borazanes upon 
complexation supports the conclusion from the IR arguments that the nitro- 
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gen atom in complexed borazines has acquired a positive charge; in addition 
the ‘H NMR data indicate that the boron atom undergoes relatively little elec- 
tronic change upon compfexation. The electronic spectrum of the boratine chro- 
mium trkarbonyl compound also supports the suggestion that the borazine 
ring is a significantfy poorer n-acceptor than is an arene ring even though both 
hgands have similar donor characteristics [S]. 

X-ray diffraction data on hexaethylborazine chromium tricarbonyl [23] 
indicates a structure similar to that deduced from the spectroscopic investiga- 
tion described previously. The borazine ring is non-#mar, and is centrosym- 
metrically complexed through the nitrogen atoms; the nitrogen atoms are 
located Pans to the carbonyl groups (Fig. 2). 

The X-ray structural data appear to be consistent with a o-bonded interac- 
tion through the borazine nitrogen atoms. The geometry about the nitrogen 
sites is essentiahy the same as that found in the borazane [BH3N(CK3)3~3 
which was shown to exist in a chair ~onfi~ratio~ 1241; the BNB bond angle 
in *his borazane is 113”, whereas the corresponding angle in the borazine- 
metal complex has an average v&e of 125”. A detailed analysis of the z%rrange- 
ment of atoms around a nitrogen site shows that the c~b~~‘substitue~t is de- 
cidedly out of the plane formed by the BNB ring atoms; in two of the three 
positions, f&e carbon substituent is above the plane of these ring atoms. It can 
be concluded that the nitrogen atoms approach a tetrahedral ~onfi~~tion_ 
The expected Cr.+---N single bond distance in borazine complexes is 2.18 A, the 
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sum of the bond radii for Cr(0) (1.48 A [ 251) and tetrahedral nitrogen (0.70A 
/26 I), and should be compared with the mean observed value of 2.28 A [23]. 
The carbon substituent on the boron atom is virtually coplanar with the ring 
atoms NBN, suggesting sp2 hybridization of that atom. A comparison of the 
expected 0-B single bond distance with the observed distance can be made 
using the usual bond radii arguments. First the single bond distance expected 
for an sp2 boron atom can be estimated as the difference between the B-C 
distance in B(CH& (1.56 A [27]) and the single bond radius of sp3 carbon 
(0.77 a [26]): B(sp2) = 0.73 W). This value, combined with the single bond 
radius for Cr(0) (1.48 K [25]) gives the expected value (2.21 a ) for the single 
bonded distance between these atoms, which is shorter than that observed 
experimentally (2.31 a [23]) and suggests that the observed distance is not a 
bonding interaction. If the borazine ring is a-bonded at the nitrogen sites, a 
decrease in the B-N bond order relative to uncomplexed borazine might be 
expected. Only a slight increase is observed from f-42 a as reported in N-tri- 
methylborazine [Z] to 1.46 a in the complexed borazine [24]_ A much great- 
er increase in the B-N distance is expected if the borazane H,B3N,(CH& is 
taken as a reference for a single bonded B-N distance where the ccrresponding 
value is 1.59 A [ 241. 

C. D-BONDED METAL SUBSTITUENTS 

Theoretically, metal atoms could be substituted on two different sites of 
the borazine nucleus to form either B-(IV) or N-(V) substituted products. 

Cm) (PI 

These two compounds, technically, would be isomers, a situation which could 
not be obtained in arene chemistry. It might be expected that metal substitu- 
ents with filled d orbit& would form the stronger B-substituted derivatives, 
whereas metal substituents with empty d orbitals would form the more stable 
N-substituted products. In both instances enhanced stability would arise from 
the formation of a n-component to the metal-borazine bond. The 7r-compo- 
nent in the first instances involves M --z B donation whereas N + M donation 
is involved in the second case. 

(i) N-w bstitu ted derivatives 
Historically, it has proven to be generally difficult to obtain unsymmetrical- 

ly N-substituted borazine derivatives. N-lithioborazines are the only N-substi- 
tuted derivatives available [28] and they provide the basis for the preparation 
of unsymmetrically N-substituted borazine. N-lithio-B-trimethylborazine, as 
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well as a small amount of N-dilithio-B-trimethylborazine, is prepared in high 
yield when B-trimethylborazine is treated with methyl lithium (eqn. ‘7). The 

(CH3)3B3N3H3 + LiCH3 --f (CH&B3N3H2Li + CH4 (7) 

N-lithio derivatives were not characterized directly, but by the products they 
formed. Attempts to use N-lithioborazines to prepare other metal-borazine 
derivatives (e.g. eqn. 8) were unsuccessful [ZQ]. 

(CH&BxN3H2Li + HgCI,Ht ((CH&B3N3H2]HgC1 + LiCl (81 

The possibility exists that borazines could form N-bonded complexes with 
metal ions in which the borazine nucleus may act as a mono-(VI) or possibly 
a bidentate (VII) ligand. Nitrogen atoms in such complexes would be typical- 
ly 4-coordinate. If borazines acted as tridentate ligands (VIII), we should ex- 
pect the borazine nucleus to achieve a configuration similar to that described 

WI1 cza) mm 

for hexaethylborazine tricarbonyl chromium(O) i23]. 
Although such complexes have not been isolated yet, there are several in- 

dications in the literature that are suggestive. The reactions of silver salts 
(AgX; X = CN, NO*, NO3 1301, ClO, [31]) with B-trichloroborazines pro- 
duee new B-substituted derivaiives (eqn. 9) which are difficult to isolate free 
of silver 1303, 

R3N3B3C13 + AgX + R,N,B,X, + 3 AgCl 

suggesting that perhaps silver ions may be N-complexed. 

(9) 

(ii) B-substituted derivatives 
The fact that borazine rings undergo substitution reactions primarily at the 

boron positions [l] and that stable compounds containing metal moieties 
bound to trivalent borane units [32] strongly suggests that stable B-substi- 
tuted metal derivatives of borazines might be formed. The most obvious route 
to such compounds is the reaction of a B-Cl containing borazke with a metal- 
containing anion (e.g. eqn. (lo), L = Mn(CO),-) 

This reaction was successful for the prepmation of B-silyl (Si(C6Hf)3 1331 j 
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and B-germyl (GeRs; R = H, C6Hs [34]) borazine derivatives. The IR spectrum 
in the B-N region of a series of B-trimetal substituted N-trimethylborazines 
[(R3M)3B3N3(CH3)3, M = Ge, Si, R = H, C,HJindicates that d,-p, interaction 
between the substi~~ent and the boron atom increases in the order (C6H5)3 
Si > (C6H,)3Ge > H3Ge end that all these substituents are better x-donors 
than the corresponding B-H, B--CH3, and B-Cl compounds [ 341. Similar 
results are obtained for the corresponding B-disubstituted, and B-monosubsti- 
tuted derivatives where they are known [34]. 

Attempts to synthesize borazine nuclei carrying metal carbonyl moieties 
o-bonded to the boron sites have been only marginally successful [ 351. Reac- 
tions of the type shown in eqn. (4) using the sodium or the bis(triphenyl- 
phosphine) iminium salts of metal carbonyl anions yielded 2-pentamethyl- 
borazinyltetracarbonyl( triphenylphosphine)manganese( 0) (IX) and Z-penta- 
methylborazinylpentacarbonyl manganese(O) (X); the carbonyl region in the 
IR spectrum of the former compound (IX) indicates that the two dissimilar 

(Ix) L = Ptc$15)3 
(Xl L = co 

substituents attached to the manganese atom are in a cis-arrangement. These 
compounds are relatively unstable thermally, yielding binuclear metal deriva- 
tives (e.g. Mn,CO,,) and polymeric borazines. Both ‘H NMR end ’ 'B NMR 
spectra indicate that the Mn(C0)4P(C,H,), substituent releases more n-elec- 
tron density to the borazine ring than does Mn(CO)S. These results are in 
agreement with the observation that P(C6H5)3 is a poorer r-acid and a better 
o-donor than CO; replacement of a carbonyl group with P(C6H& will result 
in a greater electron density on the metal atom. Thus, the Mn(CO)~P(C~H~)~ 
should be able to release electrons to the boron atom more readily than a 
Mn(CO), substituent. Similar results and interpretations have been obtained 
and offered for the B-Mn interaction in bis(dimethylamino)boronmanganese- 
carbonyls. (Me2N),BMn(C0)4L, L = CO, P(C,H,), [ 361. 

Borazine rings substituted by iron carbonyl moieties are less stable than 
those carrying manganese carbonyl groups but more stable than the corre- 
sponding cob&t compounds 1351. The iron-containing compounds (CH,),- 
N3B3H2Fe(CO)a and (CH,),N,B,Cl,Fe(CO),-nC,H, were shown to exist in 
solution using spectroscopic arguments. The compounds were prepared from 
the reductive reaction of N-trimethylborazine with mercury salts (eqn. 11) 
which had been 

W-&N&H3 + Hg& + Hg + Hz + (CI-UN&H,X (If) 
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used successfully [37] for the preparation of unsymmetrical B-substituted 
borazines; the mercury salts of the corresponding metal carbonylate anions 
were employed. The iron compounds were stable in solution but there was 
no’indication that the corresponding cobalt derivatives were formed. 
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