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Introduction

Compounds containing one or more B—O——M (M = metal} linkages may be
termed metalloboroxanes. These derivatives constitute a part of a much bigger -

and wider group of compounds called heterometalloxanes contalmng the

M—O—M' lm_kage



Cms

The break—through in, polymer chem1stry w1th the dlscovery of silicones
R, SlO),, -about three decades ago, prompted detailed study of other polymeric.
‘systems which could mthstand higher temperatures than conventional organic - -

_polymers. The systems which have received maximum attention in this direc-
‘tion are polymetallosiloxanes [1—3] with the Si—O—M backbone and trialkyl-
silyl oxides of a variely of main group [4] and transition metals [5] have been
synthesised and investigated as test models. Work has also been extended to
similar Sn—O—M [6] and P—O—M [7—9] systems.

' In view of the high B—O bond.energy and the marked sm:ulantles between
silicon and boron, studies of metalloboroxanes with the B—O—M linkage could
be expected to yield fruitful results, but very little information appears to be
available on this class of compounds in comparison with the metallosiloxanes.
This might be due to the following two practical reasons:

- (i) The search for boroxy polymers, which attracted a great deal of attention
in the late fifties and early sixties, did not yield any products of much practical
value because they were readily hydrolysed.

(ii) Although simple metalloboroxane units are of considerable interest, the
easily oxidisable boron—carbon bond complicates their syntheses, and deriva-
tives having alkyl or aryl groups bonded to boron have to be handled by vacuum
techniques or under an inert atmosphere.

Except for some poorly characterised alkali metal salts of substituted boric
acids and alkylene hydrogen borates, the study of metalloboroxanes was limited
to the syntheses of siloxy derivatives [10] and it is only in recent years that
germanoxy and stannoxy derivatives have been described. A few phosphinoxy
derivatives are also known.

Alkali metal derivatives

In view of the strongly ionic nature of the bond between oxygen and strong-
ly electropositive alkali metals, salts of boric and substituted boric acids with
these elements do not invglve a direct B~O—M linkage. Such derivatives are,

therefore, described only briefly here.
The very weak monobasic acid character exhibited by boric acid may be

- represented as: 7
B(OH); + H, O~ [B(OH),1” + H* (1)

The increa'se‘in its acid strength in presence of certain diols and polyols has
been explained on the basis of the formation of a complex (1), and a number of
such Vtetrahedrai species (I) and their salts have been characterised.

- O,

/ N / \ H*I ) G/ \B-—-:'OH (l)H
\ / \ / ' \O/ [CI; represents egeol]

: OH
: (I) S L . (11)

Alkylene hydrogen borates (II) have also been synthesmed by several
methods [ 10] and agam these tngona.l spec1es are very weak ac;ds A few (such
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as the derivatives of hexylene glycol and butane-2,3-diol) have been converted f
into their alkali metal salts (I1I) either by treating them with the metal directly
(eqn. 2) or by heating them alternatively with the metal hydroxide or methoxide:

o, - : )
VRN 7N\
2G B—OH +2Ng ——> 2G B—ONa + Hp (2)
o o
(m (m)
o o OH
VRN _
G B—OH + NoOH ——» G\/ >a/ Na HZO (3)
o L\o o . °
7~
() L. & \B—ONa
_ v
o o, oH
N NS -MeOH
G B—OH +NaOMe @ —~——» |G 8 Ng —— 4)
A APV 4
o L o OMe

The salts (1II) are readily converted into the tetrahedral species (IV) on exposure
to atmospheric moisture and can be titrated with strong acid in aqueous solution
to methyl orange end point.

The structural aspects of these salts (I1I) have not been much investigated
[10]. The solubility of the salts of hexylene hydrogen borate in various solvents
was determined and appeared to be maximum in benzene. Cryoscopic molecular
weight measurements of these derivatives in benzene showed them to have a
degree of association ranging from 3.5 to 30 and a trimeric structure (V), a linear
polymeric structure (VI), and a cross-linked polymeric structure (VII) have been

suggested [10]:

— -
o o o
/7 [
& N7 N7 \G B—OGO
oL DN/ o 1
o_ ° / c'> Mo,
/B\ tla —0GO
o )
\G/ ? n
(¥) (¥1) (am)

There is negligible information on salts of boronic and borinic acids. Isola-
tion of a sodium salt of n-butylboronic acid and a barium salt of p-carboxy-
phenylboronic acid have been claimed [11]. The latter has been assigned the
following structure (VIII): ,
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; Baz*r» © (v
: Slhcon, germanium and tm denvatlves

Methods of synthesis

Organosiloxy,; -germanoxy and. -stannoxy derivatives of boron have been
- prepared from the following types of boron sources.

A. From boron halides

Boron halides react with trialkylsilanols in the presence of pyridine [12] or
directly with sodium trialkylsilanolates [13] :

'BX, + 3R, SiOH + 3Cs H; N~ (R, SiO),; B + 3Cs Hs NHX (5)

BX; + 3R;SiONa -~ (R;3SiO); B + 3NaX (6)

The latter type of reaction, which gives better yields, has been utilized to pre-
pare B,B’,B"-tris(triphenylsiloxy)-N,N',N" -trialkylborazines [14] :

‘(CIBNR)3 + 3Ph; SiONa + (Ph; SiOBNR); + 3NaCl ,
R = H, Me and Ph - ()

Alkoxysilanes have been used in place of silanols in reaction (5) and the -
course of the reaction has been found to be governed by the nature of the al-
koxy and alkyl groups present on silicon [15] e. g -

BCl; + Si(OBu), - (BuO);SiCl + BuORBCl, ) (8)

" BCI; + 3Cl, SiOBu-s > (Cl; Si0); B + 3s-BuCl ' (9)

The cleavage of the Si—O—Si linkage in (Me3 Si), O [16] and (R, SiO);
[17, 18] has also been studied. The resulting siloxydihaloborane undergoes
decomposition in the former but disproportionates in the latter case to give silyl
borate. However, Wiberg and Kriierke [16] were able to isolate (Et35i0),BBr
by the reaction of (Et; Si), O and BBr; :

BX; + (Me;8i); O > (Me; SiOBX, + Me; SiX)

9Me, SiX + (OBX) (10)

, o ' ! '
-3BX; +(R.Si0); > (3R2 Si—O_—-BXz )
(RZXSIO);.,B + 2BX; - S i (11)

’2(Et3 Si)2 o + BBr3 (Et, SiO), BBr + 2Et, SiBr - T (12)
Dlsﬂoxane ( t-I3S1)20 is also cleaved by boron halides [ 19]. '
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B. From boric acid (and oxide) . ‘ ' :

Boric acid reacts with a variety of compounds contammg the M—X bond
(X = H, Cl, OH and OR). Monofunctional starting materials, R; MX, yieid simple
tns(tnalky]metal) borates whereas di- and tri-functional compounds (e.g.,
R, MX, and RMX; ) give polymers.

(a) Reactions with organometal hydrides. Trialkylsilanes have been repor-
ted to react with boric acid at 100—130° in the presence of a catalyst (e.g.,
colloidal nickel or nickel, platinum or palladium halide) (20—24]:

H, BO, + 3R, SiH - (R,Si0); B + 8H, (13)

An initial attack at the silicon atom by boroxy oxygen followed by elimination
of hydrogen has been suggested as a plausibie mechanism [10].

Tris(triethylgermyl) borate was similarly prepared from tnethylgermane
using copper powder as catalyst [25] :

H, BO; + 3Et; GeH ~> (Et;GeO); B + 3H, 14)

{b) Reactions with organometal halides. Trialkylchlorosilanes react with
boric acid with elimination of hydrogen chloride and formation of siloxyboranes.
Yields are poor [26] but can be increased by a longer reflux time [27]:

H;BO; + 3R;SiCl > (R;Si0); B + 3HC1 (15)

Bis(triethylsiloxy)phenylborane was similarly prepared from phenylboronic acid
and triethylbromosilane [28]:

PhB(OH), + 2Et, SiBr ~ PhB(OSiEt, ), + 2HBr (16)

Dialkyldichlorosilanes [26, 29] on the other hand, yield polymeric mate-
rials (eqn. 17) which have been formulated as (IX) [24, 3071 and (X) [291]:

2H3;B0O,; + 3R, SiCl, ~ [B; (OSiR, ); ] + 6HCl a7
—ESiMez—O —?—OSiMez—-o—? ——03; /OSiMeg-—O\
le) fe) SiMe, —O0—B /B—-O
éiMez l OSiMex,—0O n
|
(IX) - (0:¢)

Reaction of hexylene hydrogen borate with tributylchlorogermane has been
shown to occur in the presence of triethylamine as hydrogen chloride acceptor
[311:

MeyC—O ' Me,C—-0,
HaC  B—OH + CiGeBug + Et;N ——»  H,C  B—OGeBus + EtsNHCI  (18)
MeHC—O : : MeHC—~O

(¢) Reactions with organometal hydroxides and oxides. Azeotroplc removal
of water from a mixture of boric acid or boric oxide and trialkylsilanol or tri-
alkyltin hydroxide vields the correspondmg tris(trialkylmetal) borate:
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b,H3B03+3R3M0H—>(R3M0)3B+3H20~ e e (19)
. M=si [12 22, 23] and Sn [32, 03]

'tThe method has been extended to the synthe51s of b1s(tr1methylsiloxy )alkyl-
boranes [34] : v

; RB(OI-I)2 + 2uIe3 SiOH —~ RB(OSlMe3 )2 + 2H2 - R (20)

) BIS (tnalkylmetal) omdes have been used in place of the correspondmg hydrox-
ides:

_2H3 BO; + 3(R3 M); O - 2(R; M0)3 B +3H,0 ' (21)

‘M = Ge [31] and Sn [32, 33, 35—37]

Claims in a Patent [36] to have prepared mono- and b1s-(tnalky stannyl) borates,
" R3 SnOB(OH), and (R; SnO), BOH, could not be substantiated [37].
- Boric oxide has also been frequently used [20, 23, 26, 38] in place of
boric acid in reactions of type (19) and (21) and organometal metaborates
could be synthesized by taking boric oxide and organometal oxide in the ap-

rpropnate molar ratio:
3B,0; + 3(R3M), 0~ 2(OBOMR;); M= Sn [331, Ge [39] (22)

The method has been extended to the reactions of hexylene glycol pyroborate
with bis(trialkylmetal) oxides:

Me2C—0\‘ O—CMep MeZCIZ—O
HoC /’B-—O—B\ CHe +.(BugMRLO —= 2 H2(I? B—OMBu; (23)
MeHC—O O—CHMe MeHC—O
(Z1)

M = Ge [31] and Sn [37]

More simply an equimolar mixture of glycol and boric acid can be used in place
of the pyroborate and a large variety of derivatives of type (XI) have been pre-
pared by this method:

_ OH ' o)
2H3BO3 + 2G .+ (RgM)0 —= 26 /BOMR:., + 5H0. (24)
: ' CSOH : o

M = Ge [31] and Sn [37]

Qualltatlvely, it has been observed that reactions of type (19) to (24) occur
more readily when M= Sn than when M = Ge or Si. Thus, bis(trialkyltin) oxide
- and frialkyltin hydroxide react with boric acid easily in refluxing benzene [39]
. (Me3SnOH a stable sublimable. dimer, is an exception and reacts at a rather
“slow rate), whereas bls(tnmethylsﬂyl) oxide reacts with boric oxide in an auto-
clave at 350° to g1ve tns(tnmethylsﬂyl) borate in only 20% yleld [26] The
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pyroborate of hexylene glycol could be recovered unchanged after reﬂuxmg it
‘with an excess of bis(frimethylsilyl) oxide for 12 h [62]. :
An interesting polymeric borosiloxane (XI) has been prepaxed from an
equimolar mixture of boric acid and tetramethyldisiloxane-1,3-diol [40]:

H; BO; + (HOSiMe;, ), O »-F—0—B—0—SiMe, —O—SiMes}+ - (25)

O ,
l (XI1)

Low molecular weight dimethylpolysiloxanes were heated with boric acid
at 150—200° [41]. The resulting products were highly polymerised and showed
the properties of a “bouncing putty”. Similarly, borosiloxane polymers with
interesting water-proofing properties have been prepared from boric acid and
the dichlorodisiloxane (XIII) [42].

CI—(SiR, O)z—SiR, Cl

(X11I)

The product obtained by azeotropic removal of water from a mixture of
dibutyltin oxide and boric acid was claimed to be dibutyltin borate [43, 44],
but a recent reinvestigation [45] indicated that the product does not contain
any B—0O—8n linkage, and in all probability it is 2 mixture of dibutyltin oxide
and boric oxide.

Azeotropic dehydration of a mixture of boric acid, dibutylgermanium
oxide and a glycol (e.g., hexylene glycol or pinacol) gave germanoxyboranes
(XIV) and (XV) as shown below [46] :

OH /o
2H3BO3 + 26 + 2BusGeO G B—O—GeBu,y| O + SHO (26)
OH o 2
(XT)
OH (o)
' / N\
2HB0; + 26G + BupGeO — = BuyGe O—B\ G| + 5H0 27
\OH : o/ v
2
(XN)

The products (XIV) and (XV) are monomeric liquids which disproportionate
into dibutylgermanium oxide and alkylene pyroborate during attempted distil-
lation. On the other hand, a mixture of dibutylgermanium oxide and alkylene
pyroborate, on being kept at 120—140° for 3—4 h, rearranges to give (XIV) and

(XV):

o

G B—0—B G + 2BuGed  ~—— (X¥) (28)
N’ N B



’”‘(:‘:/_._\B—O—B/ + Bu,_Geo —-(X!) @
-\ \/ o B

Reactlons (26) and (2'7) w1th dialkyltin oxide in place of dlbutylgerma:mum

: ox1de have been also reported and interestingly the diboroxy tetraalkyldistannox-

ane (XVI), a dlalkyltm analogue of (XIV ), was obtained as the final product in
each case: ,

OoH

S -5H,0
2H80; + 2G + 2R,SnO -
' OH /o\‘ _
- |G /B—O—SnRz o (30)
(o) (o)
77N\ /7 ~ © 2
G B—O0—8 G + 2R,SnO
_ OH
‘ -10H0
4H3BO3 + 4 G + 2R,SnO
lo : O, ) Q
OH 7\ J/ ~N
. : , o (XVI) +G\ /B-—O—B\ /G (31
o O :
NC 7N © °
26 B—0—8B G + 2RoSNO
W N\

Evidence for the dimeric nature of the products (XVI) was obtained from
molecular weight determinations and PMR spectra and a ladder like structure

has been suggested [45].
(d) Reactions with organometal alkoxides. The reaction between boric acid

and tetraalkyl s1hcate occurs via transfer of alkoxy groups from silicon to boron
[48]:

4H, BO, + 3Si(OR), 4B(OR)3 +8Si0; +6H0 - ' - (32)

Ethexyirimethylsilane, in a similar reaction, gave mainly the eth Jl borate [26].
‘However, other alkoxytrialkylsilanes have been shown to yield silyl borates
[26, 49,- 50]. p-Toh_lenesulphonic acid has been used as a catalyst [49]:

H, Boa' +3R,SiOR' » (R58i0); B+ 3R'OH ' - (33)

o Polvmenc borosiloxanes have been obtained by the condensation of boric
‘acid w1th dlalkyldla.koxysﬂanes in 1/2 and 2/3 molar ratios [51] and with alkyl-
trialkoxysiianes in équimolar ratio [26, 50] . Similar reactions with 1, 1-dimethoxy-
:;sﬂacyclopentane and 1 1-d1methoxy 3,4-benzosilacyclopentane a]so gave poly-
.menc products.- [52]. S

-7 . Adrianov and coworkers [53, 54] have extended the above type of reactlons
- to phenylboromc acid and have synthemsed a variety of cyclic borosﬂoxanes (e g.,

' XVII—XX) by 1ts condensatlon ‘with dxalkoxysﬂanes and sﬂoxanes K
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:  ROSI_ - . . OSi . S ,
PhB(OH), + >___. PhE - >+ 2ROH (34)
' ROSI \05': ' o
Ph
R R
Ph—B—0—SiZ Ngi—0—b—0
I\RI Rl/ .
_R
O—Si—O o0~B—0—si
/N, ' SR’
R R Ph
(V1) (X7m)
. R R'
R\S. R R~ \/
_~ l—O-—Su\R, RI/T—O—St—O .
o o o) sil
| i
R | ]
B—O~Si B—0-—Si—O
l \RI
Ph Pn R R
(XIX) (XX)

Abel and Singh [12] have reported the cleavage of trimethylethoxysilane
with boric oxide:

In the reactions of boric acid or oxide with alkylalkoxysilanes, an initial
nucleophilic attack on silicon has been postulated. It appears from reaction 36
that the reactivity of the Si—OR group towards boric acid is less than that of
the Si—Cl group [27]:

H,; BO; + 3Me, Si(OEt)Cl > [Me, (EtO)Si}s B + 3HCI (36)

Condensations of hexylene hydrogen borate with tributylgermanium
ethoxide and tributyltin ethoxide have been reported recently

MEZC_'O Me2C—-O
HoG  B—OH + EtOMBy, ——>  HC B—O—MBuy + BtOH (37).
MeHC—O MeHC—O '

M = Ge [31] and Sn [37]

(e) Reactions with organometal acetates. The reactions of acetoxysilanes
with boric acid have been shown to yield tns(tnalkylsﬂyl) borates by Voronkov
et al. [64]:

H; BO, + 3R;SiOAc~ B(OSIR, )a + 3AcOH o ’(38)'

C. From orthoboric esters
Like boric acid, orthoborates also react with organometal hahdes, hydrox—
“ides and ca.rboxylates with the formation of the B—O——M linkage. ‘
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R ﬁlbumxybofahe and tnethvylchlroro-sﬂane‘ reacted together in the presence

- of fernc chlonde giving tns(tnethylsxlyl) borate in 10% yield [26] :

(Bu0)3 B + 3Et; SiCl > (Et3 5i0); B + 3BuCl : . - (39)

- 'The corresponding reactions with tnalkylsﬂanol gave better yields of sﬂylborabe

- [12, 26, 55} :

(BuO): B + 3R; SiOH > (R3 Si0); B + 3BuOH (40)
The mixed borate (XXI) has been similarly prepared by taking the reagents in
the appropriate ratio [55] :

(Et0)3 B+ 2Et; SiOH — (Et;., SiO), BOEL + 2EtOH i (41)
' : (XXT)

The derivative (XXI) reacted further with dialkyldiacetoxy silane to yield a
product formulated as (XXII) [55]:

2(XXI) + R, Si(OAc); > R, SiJOB(OSiE{;), ], + 2EtOAc (42)
(XXII)
Dialkyldiacetoxysilanes have been treated directly with trialkylborates-
giving low molecular weight borosiloxane polymers {86, 57]: '

B(OR'); + R, Si(OAc);, > Acf—O—SiR, —(‘)B‘—];OR' + AcOR' (43)

OR'’
A similar method has been claimed in the patent literature for the syn-
thesis of mixed stannylalkylborates [58] :
B(OR); + nBus$10Ac ~» (Bu; Sn0O),B(OR)s—, + AcOR (a4)
n=1and2

A recent investigation, however, shows that ‘the reactivity of tributyltin acetate
towards alkyl borates is of a very low order and the reactions are incomplete

even in refluxing toluene.

D. From boron triacetate _

The interaction between boron triacetate and alkoxysilanes constitutes
another direct method for the synthesis of low molecular weight borosﬂoxanp

polymers [40] e.g.,
B(OAc)3 + R2 SI(OR )2 > RO—(SiR, OB—03j;—Ac + AcOR’ (45)
0

-+ Andrianov et al. [59] showed that ‘8 O labelled alkoxides always gave
'labeﬂed alkyl acetate The reactions may be represented as below:

(‘8 OMe)3 + Et; Si(OAc); ~¢—O0SiE;0BO—); + Ac“‘OMe (46)
B(OAc)3 + Sl(‘80Me)4 —*-(-—0113—0—51—0-—)- +Ac'® OMe (47

0
Y
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E. Mtscellaneous methods '

The following further reactions have also been shown to produce the
B—0O—M linkage, but these reactions have been applied as yet only to a hmlted
extent.

(Et;N); B + 3Et, SiOH ~ (Et;Si0); B + 3Et, NH - (ref. 12) (48)
H, BO, + 3Et,SiNHPh - (Et3Si0); B+ 8PhNH, = (ref. 60)  (49)
(Me, SiO), B + 3Et, SiOH — (Et, SiO), B + Me, SiOH (ref. 12) (50)
G/O\B—ONG + BugMCl . ——— G/O\B—-O—MBU3 + NaCi (51

(@) o)

M = Ge[31] and Sn[37]

Properties

As pointed out earlier, the study of the B—O—M linkage has been confirmed
mainly to the synthetic aspects. The reactivity of this linkage towards various
reagents is now beginning to be investigated and a number of such reactions are
already known. However, the structural aspects as well as the effect of various
types of groups present on boron and metal on the reactivity of B—O—M linkage
are some of the main problems which have yet to be explored.

A. Thermal stability

Simple trialkyl-silyl and -germyl borates are thermally stable and can be
distilled unchanged. The corresponding stannyl derivatives show slight decompo-
sition during vacuum distillation whereas silyl borates are completely decomposed
into boric oxide and hexaalkyl disiloxane in the presence of ferric chloride:

2(R;8i0); B+ B, 0O; + R3;SiOSiR; (52)

Dialkylhalosiloxydihaloboranes disproportionate rapidly during attempted
vacuum distiliation [17, 18]:

3R, XSi—O—BX, - (R, XSi0); B + 2BX, (53)

The resulting tris(dialkylhalosilyl) borates are again less stable than tris(trialkyl-
silyl) borates and during distillation under atmospheric pressure disproportionate
into boric oxide and sym-tetraalkyldihalodisiloxane:

2(R, XSi0); B~ B,0; + R, XSi—O—SiR, X : (54)

The ease of disproportionation in reactions (53) and (54) appeared to decrease
in the series X = F > Cl > Br. This was correlated with the abihty of the halogen
atom to form a (p = d)m bond with silicon.

B. Hydrolytic stability

Like metal alkoxides, metalloboroxanes are also hydrolysed in the presence
of moisture. The hydrolyitic stability of tris(trimethylsilyl) borate {12] in water
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;'appeai's to be roughly of. fhe same order as that of tn-t-bufylborate [61]. Itr
therefore, appears that in- the former, the effect of decreased (p~>p)m bonding
between: oxygen and boron is ot‘fset by the steric effect of bigger tnmethylsﬂy].

groups. ,
Silyl borates are hyd.rolysed more rapidly in hot water [57] The hyd.rolysm

is also catalysed by acids and bases [13, 26, 56]. Halosiloxyboranes are, under-
standably, hydrolysed much more quickly than other silyl borates [16].

. Germyl as well as stannyl borates are also easﬂy hydrolysed with the ex-
ceptlon of 1,3-diboroxytetraalkyldi-stannoxane and -germoxane derivatives which
require a higher temperature for hydrolysis. Germyl borates, however, appear -
to have in general, more hydrolytic stability than the corresponding stannyl

'borates o
. Reactions with protzc reagents. Reactlons of tris(tributylstannyl) borate with

thiols, phenol and acetic acid.have been studied in benzene. Boric acid is precipi-
tated in each case:

(BusSnO); B + 3HA - 3Bu, SnA + H; BO; (55)

A = SBu, SPh, OPh and OAc

However, no reaction was observed between tris(tributylstannyl) borate and iso-

propyl acetate.
Reactions with hydrogen halides. The M—O—B lmkage is read:ly cleaved

by hydrogen halides, e.g.:

(RaMO)aB + 3HX - 3R;MX + H;BO; M = Si [12] and Sn [33] (56)
Reactions with acyl halides. The ready reactivity of the Sn—O—B linkage

with acetyl chloride has also been demonstrated:

(Bu3 Sn0O); B + 3AcCl > 3Bu; SnCl + B(OAc); ’ (57)

In all the above types of reactions, the more electronegative portion of the

attacking reagent becomes attached to the organotin moiety.
Reactions with organometal halides. Stannyl borates are readily cleaved by

tnﬂkylhalosﬂanes and -germanes:
(Bu3 SnO)_:, B+ 3R; MCl - 3Bu, SnCl + (R3;MO); B M=Siand Ge - (58)

The method kas been utilized in the synthesis of a variety of 2 tnmethylsxloxy—
1,3, 2-d.10xa-borolanes and -bormanes [62]:

/ o\ N | | : °
G B—O—SnBuz + MeySiCt ——= G  B—O—SiMe; + BuSnCl  (59)
o/ _ 7 _ Ny

A bls-boroxy derivative (XXI]I) was also. obtained as a distillable liquid from
“reaction (60), whereas the dibutylgermanium analogue of (XXIII) dlsproportlo-
nates dunng distillation. Con:espondmg dxalkyltm derivatives could not be 1solated
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MesC—0,
2 HC  B—O—SnPhy + MesSiCla ———
MeHC~—O .

Me2C—O

HoC B—O—| SiMe, + 2PhySnCi  (60)
MeHC—O
2
(XX)

The cleavage of the Ge—O—B linkage by trimethylchlorosilane has also been
demonstrated [46]:
(Bu; GeO); B + 3Me; SiCl —» (Me; SiO); B + 3Bu; GeCl (61)
Reactions with orthoborate esters. Exothermic reactions were observed be-
tween tris(tributylstannyl) borate and isopropyl borate:

(Bus SnQ); B + 2(i-PrO); B » 3Bu; SnOB(GPr-i), (62)

2(Bu; Sn0O); B + (i-PrO);B » 3{BusSn0),BOPr-i (63)
The unsymmetrical borates, however, are thermally unstable and disproportion-

ate during distillation.
Reactions of stannyl and germyl borates with diborontriglycollate have also

been studied:
O, O

7\ /
G B—O o—B G + (BusMO)}B —
N N N/

QO

36 B—O—MBuy (64)
O .
M=Ge[31] and sn[37]
Reaction with boric oxide. Stannyl, germyl, and silyl orthoborates react

with boric oxide on heating and are converted into the corresponding meta-

borates:
B, O; + (R3;MO); B~ (R; MOBO), M=8i[12], Ge [39] and Sn [33] (65)

Insertion reactions. Insertion of phenyl isocyanate into Sn—O—B linkages
has been demonstrated. The exothermic reactions have been assumed to occur
via cleavage of the Sn—O bond because it is more polar than the B—O bond:

Ph O

=Sn—0—B_ + PhN=C=0 -~ =Sn—N—C—O0—B_ (66)

C. Spéctral properties
The vibrational spectra of a large number of metalloboroxanes have been
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- 'studied. The v,,(B—O0—M) absorption is the most important diagnostic peak in_
‘such denvatlves and appears in the followmg range: v(B—0—Si), 1833 + 8; '
B-—-O—Ge 1285+ 15; B—0—Sn, 1285 + 15 em™ , the v, (B——O—C) v1brat10n
- appeatrs in the range 1330 + 20 cm‘l and a clear Shlft to lower frequency occurs
_as carbon is replaced successively by higher atomic welght elements.
" . The Raman spectra of a few silyl borates have been reported by Voronkov
et al [64]. o

The PMR spectra of a vanety of silyl [651], germyl [46] and sfannyl [33, 45]
borates have been recorded, and have been found useful in characterising the
products. :

7 Phosph'oru.slderivatives

Trialkyl phosphates form complexes with boron trichloride [66] . These
‘addition complexes slowly evolve alkyl chloride in the temperature range
0—300°, giving a polymeric product with the P—O—B—O lmkage and fmally

boron phosphate

(RO);P=0,BCl, et 3Rl + (PBO; ), (67)
The complexes with triaryl phosphates, on the other hand, are very stable and
do not give aryl halide on heating [67] . This work was extended to derivatives
of diethyl ethylphosphonate. The complex, (EtO), (Et)P=0OBCl;, in this case,
decomposed slowly to give an insoluble polymeric solid, the composition of

which corresponds to (EtPO; BCl),,.
The reaction between boron trichloride and trialkyl phosphites appears to

proceed via chloride—alkoxide interchange [68] even at —70°:
(RO); P + BCl; = (RO),PCl + ROBCI, (68)

The above type of reaction with triphenyl phosphite occurs at room temperature

[69].
Orthoboric esters react with phosphoric acid and boron phosphate is ob-

tained as the final product [70]:

(RO);B + Hs PO4 - (BPO4 ), + 3ROH (69)
Reactlons of boron triacetate with ethyl phosphate and d1ethyl phenyl-

phosphonate have also been studied and polymeric products (XXIV) and (XXV)

have been obtalned [71, 7 2] ]

ool ﬁ
B—0— —-B_—O—'P
T T

L (XXIV) (XXV)
A vl_ist of the compounds studied is given in Table 1.
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TABLE 1 :
LIST OF METALLOBOROXANES
Compound -Boiling Melting Method of References
point point preparation
¢ C/mm) indicated by
’ equation
- number
Derivatives having the B—0—S8i linkcge
[(CH3)3Si013B 1845 23, 38 26, 64
186 5 12
47/5 15 27
48/5 14 26
90 33 49
62-64/6 57 62
[C2 H5 Si(CH3),013B 93-94/6 13 23
[(C2Hs), Si(CH3)01 3B 131-133/6 33, 38 26, 64
138-140/6 13 23
[(C2Hs)3S5i013B 120-130/1 15, 33, 38, 26, 64
39, 40
185/20 5.6,19, 12
40, 48, 50
18317 6 13
145-146/2 40 55
152-154/3 23 38
154-155/4 13 23
172-174/6 i3 22
195/9.5 13 20
{(@-C3H7)2Si(CH3)013B 157-160/1 a3 26
185/3 13 20
f(n-C3H7)2Si(C2 H5 )01 3B 214/3 13 20
{(n-C3H7)35i0] 3B 215-21711 13 20
[(n-C4Hg )2 Si(C2 H5)0O] 3B 235/3 13 20
[(@-CsHj 1 )2 Si(CH3)01 3B 273-274/9 13 20
{(n-C3Hy)38i013B 273-274/3 13 20
[G-CsHj 1 )2Si(C, H5)01 3B 297-298/11 13 20
[(C¢H5)SI(C2H5)20138B 250-255/6 19 23
[(CsHs5)2Si(CH3)01 3B 320-325/3 13,19,38 22, 23, 64
[(CcH5)2Si(C2H5)013B 354-358/8 13 21
[(CH3),Si(C1)O13B 81.5-82/2 11 17
60/0.1 11 15
98-98.5/11 8 15
[(CH3); Si(Br)Ol 3B 11 i8
[(CH3)2Si(F)O13B 11 i8
[(C2Hs )2 SI(C1)O13B 137.5-138/2 11 17
[(C2H35)2Si(Br)O13B 11 17
[(CypHs )2 Si(F)013B 11 18
(C138i0j3B 98-102/12 9 15
[(CH3)2Si(0C2H5)013B o 14 27
[(C6H5 )3Si0] 3B 150 13, 38 22, 23, 64
[(C2Hs)35i012 B(OCH3) 11 16
[(C2Hs)3Si012 B(CH3) 6 13
[(C2Hs5)3Si012 B(CH3) 5 13
[(CH3)3S8i012B(C3H7y) 60/15 20 34
[(CH3)3Si01 2 B(CgHs) 114713 20 34
[(CH3)3Si01 2 B(CF5C2Hg) 172 20 34
[(CH3)38i0]1 2 B(m-CF3CgHy) 118/13 20 34
f{(C2H35)38i0] 2 B(Br) i3 16 )
[(CgHs )B(OC2HsYOSI(CH3)1 20 123-12571 34 54
(C2Hs 0)[(CH3), Si0] 3B(CgHs XOC2Hs ) 116-118/3 34 54
{(C2 H5 0)(Cg H5 )BOSI(CH3)2120 123-125/1-2 34 53
[(CZHS 0)2 BOSiI(CH3)2120 116-118/3 34 53
H2 G B—0—Si(CH3)3 51-53/6 59 62
(CH3)HC—0""
(CH32G"0~p o siCH3)s 64/6 59 - 62
(CH3)2C—O

(continued)



w .Table 1 (contmued)

Boiling - Melting - .

CgHsN =~ NCgHs
NS

OSi(CgHs)3

ICompound ‘Method of..- References =
: . “point:: . " - point ‘Preparation A
: '(°Clmm) ' E indicated by
I equation
B number
‘ Hz.C“»,":)” T
H¢ /B—O—SI(CH3)3 8017 59 62
HyC—0" - .
(CH3)2(|1—0 S :
'_HZC’: o B—O——Sx(CH3 )3 70/6 59 62
- (CH3HC—0O" )
(CH:«x)zC—O\ . .
] H2C Si(CH3), 100/0.3 60 62 -
CH3)H.—0" 2 ' '
[(CH3)3SIOB0]3 . 65 ‘12
[(C2H5)3Si0B0O]1 3 65 12 -
CH \ CH:
B N / 3
06H5 l ’ l CsHs 222-224/3 34 53, 54
,\ /
i
. CgHs
O,
(C2Hs)2S Si(C2 Hs)s 171/3 34 53, 54
N /
Csﬂs
I—_I :
(CgHs )3Si0!'3/ \1|305i(c6H5)3 164-167 7 14
HN. NH
N
: ?/ 7
. OSI(CsHs)3
- ?H3 .
N
LN
(CGH5)3SIO? BOSi(CgHs)3 206 T 14
. _CH3N, NCH3
RN
i
081(06H5)3
e C'GHS :
(CoHs)3SiOB \os«csns )3 234-235 - 7T 14

{continued) '



Table 1 (continued)

208

' M‘etl;ofcf of .

- Compound . - Boiling " ‘Melting References ~
T " point point preparation B
¢ C/mm) indicated by
. equation
number -
CgHs : (1}5H5 . . .
CH3—S'i——O—B—(l) 245-246/1-2 34 - 93, 54
o———lls—-—o—§i—CH3
CeHs CsHs
(llzﬂs feHs
czns—sli o B— o 148-149/2-3 ‘34 " 54
S 5 o s CpHs 123-125/1-2 34 53
CgHs C2Hs
CH, cH,
CHs—Si O——Si—CgHs 274-276/2-3 34 53, 54
P 3
CsHs——B——O—?i——CH3
CgHs
?H3 CH3 /CGHS
N
c6x-15—s!i o i c‘) 279-281/1 84 53, 54
o B——CgHs
H3C—Si o Si——O
& 7
cHs CH3 CgHs
Derivatives having the B—O—Ge linkage
[(CH3)3GeO13B 75/6 58 39
[(C4Hg)3GeO13B 193/0.6 21 31
[(C2H5)3Ge0O15B 14 25
B0 0—GeCaEy) 119/0.9 24 31
e >4 -
HZC—O” 47973
H,C—O__ :
| B—0—Ge(CaHo)3 109/0.7 24 31
(CH3)HC—0~
CH3),C—0
(CH3)2¢ ~B—0—Ge(C4Hg)3 115/0.6 24 31
(CH3),C—0O
H,C—O,
Hztl: B—O—Ge(C4Hg)3 124/0.7 24 .31
H,C—O
(CH3)2C—0,
H,C B—O0—Ge(CgHg)3 122/0.6 18, 23,24, 31
& o’ 37,51
(CH 3)H!
<
—@( B—0—Ge(C4Ho)3 142/0.7 24 31
v .
~ o
CH3 )2 C—O- :
(CHs)z¢ /B—O] Ge(C4Hy)z 27,29 . 46
| (.£13)2,C—0 2 : .
[(CH3);¢—0, 1
H2<|: B—O | Ge(CqHog)2 27, 29 46
| (CH3)CH~—O 2 -
[(CH3)2C—0-. . .
OR3GO~y o Gecany), |0 . 26, 28 46
| (CH3)2C—0 . 5 - .

{continued)



| Table 1 (contmued) :

- Compound VBoiling Melting Method of - References
' point point preparation :
¢Ccjmm) indicated by
: equation
number
(CH3)2?—0 .
Hz?. B—O—-Ge(C4H9)2 o 26, 28 46
- l(cHz3EC—O . 2 .
'[(C4H9)3GEOBO] 3 22 39
Denuat:ues hamng the B—O-—Sn linkage
~ [(CH333SnO] 3B 130-132/14 19 33
" [(C2H;5)3Sn0O13B 140-145/0.5 19 33
[(C3E7)35n013B 152-153/0.1 21 32, 33, 35, 36
" [(C4Hgy)3SnOIzB 195-200/0.1 21 32, 33, 35, 36,
v 37
[(i-C4Hg)3Sn0Ol 3B 180-185/0.05 21 33
[(Ce¢H5)3Sn013B 128-130 19 32, 33
HyC—O_
| B—O—Sn(CgH 125-135/0.2 24 37
Hy& . (C3Hg)3 /
. HpC— : :
2] O\B—O—Sn(C4H9 )3 126-121/0.2 24 37
(CH3)HC—0"
(CH3)2C—°
>B—0—Sn(C4 Hg)3 161/0.8 24 37
(CH3)2 U—O
HC—0O )
HyC B—0—Sn(CaHg)3 132/0.5 24 37
H,C—0 :
(CH3); (;—0\
Hz(ll B—O0—Sn(CsHg)3 155/0.5 23,.24,37, 37
(CH3)HC— 51
{CH3)2C—0,
HyC B—0—Sn(CgHs)3 23, 24 62
(CH3)HC—O
0\
@ B—O—Sn(C4Ho)3 143-148/0.1 23 37
o/ '
{(C2H5)3SnOBO] 3 64 33
[(C3H7)3SnOBO] 3 64 33
[(C4Hg)3SnOBO] ;3 22, 64 33
[¢-C4Hg)30BO01 3 64 38
B HzC“O\
—O—Sn(CH3)2 (o] 188-190 31 45
| (cHzymEE—0-" 2
CH —Q
((CH3),C \B—O—Sn(CH;;)z 287.288 30, 31 45
(CH3)2C—O/ 2
[(CH3),C—O__ e
B—O—Sn(C4H9)2 8} 84-86 30, 31 45
[ (CH3);C—0" . i,
[(CH3),C—0O
" HaC B—O—Sn(CH3z)z | O 166-168 30, 31 45
L (CH3)HC—O ' 2
F(CHg)z?—O . 1. . }
"H,C B—O—Sn(CqHg)2| O 56-57 30, 31 45

Lcuspd—o ds
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