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3.1 BORON

3.1.1 Beoranes

A new method has been proposed, by which it is possible to
describe uniquely all closed, fully-triangulated boron polyhedra
with 4 to 24 vertices, The system is based on currently
accepted procedures for numbering coordination and boron polyhedra,
with minor extensions and midifications.l

The system for describing closed, fully-triangulated borcn
polyhedra having at least one rotaticnal symmetry axis and one
symmetry plane has been applied to boron polyhedra belonging to

D T angd CS point groups, which have only one of these elements.

r
Eztensions to the numbering procedure were suggested to
accommodate these polyhedral structures.2

Potentlal energy curves have been determined, by ab initio
calculations, for low-lying states of Bt dissociating to B+Els)+H,
B+(3P)+H and B(2P)+H+. Agreement between the experimental and
calculated values of spectroscopic constants for x22+ and A2E
states supports the theoretical predictions about the bound
B'2£+ state. The 322+ and 22H states are predicted to be
repulsive.3

Ab initio MRD-CI calculatlons have been carried cut to near
full-configuration interactlon accuracy for several large AO basis
sets for the potential curves of the BH2 molecule in its xzhl and
AzBl electronic states. The resulting structural data agree
within 0.0023 and 2O of measured bond distances and angles
respectively.4
The geometrical structure and vibrational wavenumbers were

calculated by ab initio m.o. methods for the so-far unknown

diborane (4}, B2H4. The equilibrium geometry was calculated to
have r,(B~B) = 1.6698, r (B-H) = 1.195%, £HBH = 116.6°, with D,y
symmekry. This fits into the known series of Bzx4 (X = F,C1 or Br}

geometries, allowing for the changed electronegativity of X.

The barrier to Internal rotation about the B-B bond was calculated
to be 11.9 kcal.mol I,°

A quadratic vibrational force-field has been calculated for B.H

276

using an S5T04-31G orbital basis.6

Triborane{7} adducts of PH3, PH2M2 and PHMe2 have been prepared
from B4H10 and the appropriate phosphine, The adduct PH3.B3H?
can also be prepared from a displacement reaction of THF.BBH7.
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All were characterised by 31P and llB n.,m.r, spectra.7

A theoretical study hag been made of the lsomerisation of the
hypothetical B4H4. The tetrahedral structure is calculated to
be the most stable. The D2d structure liis at a shallow
minimum,with a barrier of about 34 kJ mol on the pathway to the
Td structure. The D4h structure 1s not at a local minimum, and
can therefore be regarded as a transition state between two
symmetry-egquivalent D2d structgres. The effects of electron
correlation are important, The T4 structure is 137 kJ.rﬂoJ."l
more stable than the D4h form at the 6-~31G level, and by 310 kJ,
mol_1 when a correlation correction is included.8

New difluorophosphine complexes of BQHB have been prepared,

e.9. B4 S‘L’ w?ire ?3— Pi (OMgi, PF, {SMe}, PF2CF3 or PP (- C )
F, P} n.m.r. demonstrated that all
the B PF X extist as two geometrical isomers {except for X = CF ).

g 8

he F spectra are the most sensitive indicators for the presence

Multinuclear {

of 1somers. Rotational isomers were observed in some complexes
19F n.m.r.}, although only for BgHe.PF CF3
was a limiting low-temperature spectrum obtained.

Calculations of the electronic arrangements in B in which

10
polarisation and configuration interacticn are included reveal that

{fram low-temperature

the observed structure {1) 1s more stable than the gauche-bis(borane)

structure (2) by only about 5.8 ka.mo1” L, Addition of electron
correlation would probably ilncrease the stabllity of the observed
atructure, however.lo
B \
H / H
H~—B B—H H H-~ H

/ 3\ H \\ B

B H \ - \ /
~.. '8 H H
H/B\H H/ \ /\H

(2)

Restricted Hartree-Fock-level calculations on B HlO' indeed,
suggest that at that level the form {2) is predicted to be more
stable. Generallsed-molecular-orbital, conflguration-interaction
calculations show that electron correlation is responsible for the
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reversal.ll

There have been two reports of microwave spectroscopic

investigations on B These are not entlrely consistent with

H,..
4710
one another, In the first report, the spectrum was assigned
between 26.5 and 40QGHe. This was consistent with a nearly prolate
rotor of sz symmetry, with the molecular dipole oriented alcng the

c-axis, If the atoms are numbered as in (3}, 1. 845+0.002%;

r(B;-B;) = 1.718:0.002%; r(B,-B,) = 2.806+0.001X; r(B)-H ) =
1.428t0.02g; r{B2—Hu) = 1.425¢0,02%, The dipole moment was 12
calculated to be 0,486i0,002 D from Stark shift measurements.

The second report used a joint analysis of electron diffraction
and microwave spectral data. The basic structure, (3} was
confirmed, but it was suggested that (i) the E-H-B bridges are
unsymmetrical, the HZB"Hp distances being 17 pm, longer than HB—Hu,
and that {ii) the bridging hydrogens are 5.6pm. above the plane
defined by the three boron atoms of each HEB(HB)2 moiety, i.e.
they fall within the fold of the tetraboron framework.13
EHB' ?6H¥0 and-?sHﬁz_, together
5Hl0 ’ B6Hll ' B6H7 and BGHB' have
been analysed by MNDO, Gausslian-80 and self-consistent charge

The bonding and structures of B
with the protonated species B

calculations. For BGHlo' the known structure is more stable than

other isomers for which metalloborane analogues are known. The

bonding in BSH10+ could be described as a BSH8+———H2 complex, but

B6H11+ prefers a structure with 6 B-Ht and 5 E—Hb—B bonds. The
. 2- . -

protonation of BGHG gives face-capped BGH? . In BGHB the B6

octahedral skeleton is entirely disrupted, and the molecule is
predicted to be highly unstable.14

The action of diflucroborane, HBF as an H/D exchange catalyst

2!’
has been studied for pentaborane (9). The suggested intermediate

is (4} - similar to that proposed for the difluoroborane-borazine
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exchange reaction.l5

A theoretical study of the probable fluxional behaviour of
pentaborane{ll} supports C1 gymme try for the molecular structure,
with a low barrier for the Cl--cs-c1 process.16

Proton competition reactions show that the relative Brgnsted
acidities of substituted hexaborane(10)} Jderivatives are in the
»2-CH_.B_H KH reacts with the

s10 3%y

2-substituted compounds to form the conjugate bases 2—XBSH8_

{where X = Br or Me), Diethylmagnesium reacts with 2—MeB§H9 (
a 1:2 molar ratlo in THF} to produce (THF}ZMg(Z—-HeBGHa)z.1

segquence Z-BzBGH9>B

at

~Ha F H

H H
(B,Hg)B ::B/ \B/ \B<
\“%D" \\‘F H’/’ “HHHT,ff’ .
NS
@ B<I/\B
B
H=" | ™ H
L

(5)

The formation of BGHIO'PHE3 has been confirmed; it is stable

below -20°C in THF or dichloromethane soluticons. It reacts with
further trimethylphosphine to give B_H 2PMe .. Triphenylphosphine

67107 3
alsc gives a 1l:1 adduct. 11B and "H n.m.r. spectra suggest that
the 1:1 adducts possess a structure derived from that of BSHB-'

. _ 18
The structure of BSHIO'PHEB is (5), with L = PMe3.

Hexaborane (10} forms complexes with the following Lewis acids:
BC13, B2C14, BBIB' BIB' AlMeB, AlEtB, A{i—Bu)a. With BMe3, BEt3
and BF3 no complex formation cccurs, The BX3 adducts {where X =
Br or I} undergo halogen exchande with the BGHIO to produce XBGH9

and I2BGH8' Excess BGH10 with BI3 gives up to 40% yields of

ng. Finally, gaseous chlorine and KBGH9 react to form ClBGHg.19

B
13
Several groups of workers have reported new synthetlc routes to

4‘ with acids

3.0Et2, BCls, 51014, or alkyl halides. This produces

B11H14 ; which is then oxidised by N32Cr207, KMnO4, H202

HZOZ/FeSO4 to give Bloﬂld' The optimum procedure is to treat

NaBH4 with BF3.OEt2 in diglyme at 105°% { step 1). In step 2,

decaborane (14) ., In one, the first step is to treat BH
such as BF

or
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water is added to the cooled reaction mixture, and the diglyme
removed by distillation of the H20/diqume azeoctrope. The final
step 18 to treat the resulting aqueous solutlon of BllHld- wilth
H202 in the presence of Fesoé, H2504 and hexane or cyclchexane.
The organic phase is separated, dried and the solvent distilled
off. Crystalline BlOHl4 separates on cooling the concentrated
20
solution.
A practical scheme has been devised for converting B5H9 into
B10H14' This f;rst involves the formation of BQH14 from BSHB’
HaH and NMe , Cl 4in THF at room temperature. This can then be

converted to B, _H according to eguation {1}, Syntheses giving

10714
good yields of B,H or B_.H.. were reported, analogous to (1).21
4710 5711

R.T.;6h
NMe | (B H + BCl ‘ B, H,, + [BMe,] [HBC1l,] +
[Nitte,] (BoH,; 4) 3 oo Pidfie [WMe ] [HBCL,

at 90°%,

H, + sclid BH residue .ol

2

Decaborane {14} can also be prepared by opening the Bloﬁloz- cage

in a strongly acidic medium, such as pure HZSO4. The reacticn

is carried cut in the presence of an inert solvent which dissolves

Bio¥ige ng best ylelds {28%) were achieved when zinc dust was
alsc added.

Boron-1ll/proton two+dimensional n.m.r., with heteronuclear
decoupling in both frequency dimensions, has been used to study

310Hl4' The chemical shift correlaticn map shows clearly how

resonances from the various boron and hydrogen sites are related.

It shows, in partlcular, the association of bridging protons with
p5¢7,8,00 4 56,9 23

Tetradecaborane {20} can be obtained, although in poor yield (<2%)
by the route shown in (2). The product is crystalline, yellow

K B _H + B_H ff229 KR, H _EEL+ B. H + H, + KCl {2)
6 3 8712 14721 14720 2 Tt

and thermochromic. The crystals belong to the space group
P212121‘ The molecule consists of two BBle—like fragments.
These are fused together in cis-fashion, and the resulting
molectlar symmetry is close to CZV'24

Irradiation of crystalline B in the keam of a 3MeV van der

1014
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Graaf generator, followed by chromatographic separation, produced
The llB n,m,r,

several iscmers of the conjuncto~borane, (510H13)2'
data on the known 2,2'-, 2,6"-, 6,6'- and 1,5"'~isomers of {BlOHls)2
were assigned, The three new ilsomers were 1,2'-, 2,5'—(B10H13) v

together with 5,5'=- or its meso-diastereolsomer 5,7'-(B )

It has proved to be possible to 1sclate and identify

1of13)2-

triacontaborane {38), BygHag - formed as a minor component in

syntheses of Biof4e It can be formulated as BlOH13_310H12-310H13'
the first bis-geonjuncto-borane., Mass spectral data were

discussed.26

3.1.2 Borane anions and Metallo-derivatives

A survey has been published of the bonding modes established for
metal-borchydride complexes. It was suggested that an ionic

radius of 1.6 0.1% can be assigned to BH4 when it forms a
hidentate bridge to the metal atom, but 1.36 0.06% when forming a
tridentate br:l.dge.z7

4
1solated 1in RbI can ke explalined in terms of summation bands of
28

Previously unreported bands in the Infrared spectrum of BH

internal and external wvibrational modes.
T-Butoxyl radicals abstract hydrogen rapidly from BH4- or BHBCN-,

to give -BH3‘ or .BHZCN— respectively. These were characterised
29

by e.s.r, spectroscopy.

4 and H2AIBH4

to try to understand the peculliarities of M—BH4 bonding. The

Ab initlc calculations have been performed on NaBH

results suggest that the preferred ccordination to sodium is
tridentate, to alumiﬁium bidentate. In the hydrogen exchange
mechanism the presence of a Berry pseudorctatiocn step can be
excluded, as the assoclated activation energy is too high.30

4 either

by stirring with LiBr in diethyl ether at 25°C for 48 hours, or
31

Sodium borchydride can be converted efficiently to LiBH

by refluxing with LiBr in THF for 16 hours.

Ligand exchange has been studied for the Bu,NBH,~Bu,NBBT

4 4 4 4
in benzene. It was possible to isclate salts of ions [BH

system

4-nB rn:I i

where n = 1, 2 or 3, although the compound with n = 1 is unstabkle,

and decomposes at 20%, The others are stable to 140°C (n = 2)

or 160°¢C (n = 3}. These bromo-compounds are much more stable

tewards disproportionation than their chloro-analogues.32
Molecular orbital calculations have been performed on (BEBZH8>n'

for n = 1 te 6, as models for the electronlc structure of polymeric



124

beryllivm borohydride. They show that the systems can best be

+ - 33
4 and BH4 .

Non-solvated Mg(BH4)2 can be prepared in yields of greater than

described in terms of an ionic array of BeBH

80% (for purity of >9%%) by the reaction of sodium borchydride with

anhydrous MgCl, in dlethyl ether. An excess of NaBH, 1s reguired,

2 14 4

and refluxing for 20 to 25 hours.,

A single=-crystal neutrcn diffraction study has been performed on
Cu(PPh2Me)3(BH4), which belongs to the space group Pnazl. Only
one hydrogen of the BH bonds to Cu, (6}; this is the first

4
accurate determination of an unsupported metal-~hydrogen—-boron
bridge bond.35
2.697(5) R H 121.7¢43°
(t:i///<:j<:::::
Cu-—=-=e &-5 ------- B H3
2.518 (R
(6)
1 11 91
H, B and Zr n.m.r, spectra were recorded for Zr(BH4)4.
The llB-—decoupled 912r spectrum gave a 17-line spectrum, with the
coupling constant ng 11 = ld9H=. The data can be interpreted
Zr-""B
in terms of a rapid Intramolecular exchange of bridging and
36

terminal hydrogen atoms.

The kinetics of thermal decompceition of U(BH4)4 have been
studied in the gas-phase. The process was monltored by changes
in the infrared spectrum with temperature. The decomposition was
first order in the range 130-1700(2Ir but second order between 100°C
and 120°%. %7

The electronic structures of the ferraboranes Fez(CO)GBzH6 and
l,2—[Fe(CO)3]233H? have been studied by U,V,-photoelectron
spectrescopy and U,V.-visible absorption spectroscopy. The
results were analysed with the help of guantum—mechanical
calculations using extended Huckel and Fenske-Hall methods. The
experiments showed significantly different charges in the iron
atoms in the B3H7 camplex, which the calculations suggested are
reguired by the cage geometry. Thus, in close analcgy with Bng,
it seems that the sguare-pyramidal cage geometry requires greater

valence-orbital participation in bonding for iron in an apical
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position campared tc a basal position.38

Non-solvated NaB.H, can be made by the interaction of Bu,NB,H, with
NaBPh4 in isopropyl alcchel , extracting the product with diathyl
ether. The NaB,Hg decomposes to NaBH
and H, at about 100°%c, 3%

The c¢rystal structure has heen determined for (OC}GFEZB3H7: the

4 and a mixture of BSHQ, BZHG

crystals are monoclinlc and kelong to the space group P21/c.

The molecular structure is a di~iron analogue of pentaborane{9).
The B;H, fragment is bonded to Fez{CO)s via 2 Fe-H-B bridges (to
cne iren} and through multicentre Fe-B bonding (to the other ireon},
The overall symmetry is close to Cs’ and each boron has a single
terminal hydrogen., It is thus derived fram BSH9 by the

replacement of one apical and one basal BH groups by Fe(CD}3 units.

The valence-bond descripticn of the bonding is shown in (1).40

/H\B /H\ CF

B B B co
H/ e \H — g \5'1:’ \H B{—’——
e s “~pe” \B/ N/ c VYV
S~ I N A0 é’
H H CpCo‘\ 7 CoCp
{7 B
H
€8}

Crystals of 1,2,3—u3-carbony1-1,2,3-tr1—(n—cyclopentadienyl-
cobalta) hexaborane (6), u3-C0-1,2,3—(n5—C555}3Co3BBH3, are monoclinlc,
belpnging to the space group C2/c {an]. The molecular structure,
(8), confirms that proposed from spectroscepic results.41

Extended-Hiickel m,0. calculation on the model camplexes
[BH, (coLy) J**
ligand, have established the electronic factors responsible for
the breakdown of the polyhedral skeletal elec¢tronic pair theory
when applied to BH,[Co(n-CoBg)], and B H, [Ni{n-CcH)],. 1In
addition, the obsexrvation that these last two complexes possess
D2d structures based on the dodecahedron can be rationalised in
terms of the different electronic needs for stabilising the
flattened metal tetrahedral structure in B4H4[Co(n-C5H5)]4 and the
elongated metal tetrahedral structure in 94H4[N1(nC5H5}4].4

It has been shown that sollid KOH can be used, below —40°C,

to abstract a proton from BSHQ’ equation (3). The resultant

and Bdﬁq(C0L3)4, where L is a two—-electron o-donor
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[=]
B.H, + 2KOH({s) —~-30Cs5 xm H_ + KOH.H.O(E) eea (3}
58y p— sHg 2

KBSH8 is stable in the presence of KOH, and undergoes all the
typlical reactions of this compound.43
Self-conslstent charge calculations on Fe(CO)3 derivatives of
hexaborane {10) rationallse the ochserved formation of only
4-[BSH9Fe(CO)3]. The HOMO of this is directly ccmparable to that
of BGHLO' Calculations on [C2B3HTFe(CO}3] and cbservations on
(CSH5}C0 canplexes were used to suggest possible reasons for the
stability of known compounds. The predicted most likely structure
for [CQBHSFE(CD)3] had the Fe atom and the BH unit adjacent on the
kasal plane.

9Be n.m.r. data have heen presented for a series of beryllaboranes,
Bsﬁloﬂex, where X=BH4,Br,Cl or BeBSHl :45

The stereochemical rigidity of BTH? ; compared by the fluxional
behaviour of ML? molecules, can be explained by the non-accessibility
of the capped octahedrazl gecmeitry for the former.46

gig—[PtClz(PMezPh)z] reacts with excess of [B9H14]" to form
4,4-bis (dimethylphenylphosphine)-arachno-4=-platinanonaborane,
[4,4-(?Me29h)2-4—PtBBH12]. This forms monoclinic crystals {spacs
group €2/c}, and the molecular structure shows that the B8 unit is
bonded in trihapto-fashion to the platinum, The fourteen-vertex
bis(dimethylphenylphosphine}bis—n=-(2-4~n~nido~hexaboranyl)diplatin-
um (PE=Pt): [Ptz(Bsﬁgjz(PMezPh)z], was also formed in moderate yield
from the BSH14_ reaction. The [4,4—{PMe2Ph}2—4-PtB8H12] reacts
with further gig—[?tClz(PMezPhizj to produce the wvery stable
diplatinum compound 6,6,9,9-tetakis {dimethylphenylphosphline) -
arachno-6,9%-diplatinadecaborane, £8,6,9,9-(Pﬂe2Ph)4-6,9-Pt238H10].

This is an arachno-diplatinadecaborane with a bis{trihapto) Bazgnﬁg.
It is topologilcally simllar to, but not identical with, BlOH14 .
The crystal structure of 2-(ns—cyclopentadienyl)*2-cobaltadeca—
borane {14}, 2—(n5—C5H5)-2-CoBQHl3, has been determined. It is
orthorhombic, space group Pbcn(Dziq). The molecule possesses
an effective plane of symmetry passing through Co, Bi4), Bi6}, B{9),
C{2), and bisecting the line between C({1) and C{3}. The average
Co-B beond length to B(l)}, B{(3), B{5) and B{7) is 2.051(10)2, while
Co-B{(6) is significantly shorter, at 1.967(5)R. 48
Kthcl4 reacts with PPh3(=L} in the presence of annz—, where
n=10 or 12, X=Cl or Br, to give [L3PtCl]2ann.49
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Deprotonation of B,.H,, by H,N,N',N'-tetramethylnaphthalene-
1l,8-diamine, focllowed by treatment with cis—[PtClz(PMezPh)z] gives
a better synthesis of [(PHezPh}ziPtBIOle)]. Analogous reactions
applied to 2,2"'-, 2,6'- and 1,5'-isomers of (B10H13)2 gave varlous
isomeric platina-henicosaborane clusters: [(PMeZPh)Z(PtsloHll-BIOHl3)].
Modification of the reaction stoichiometry for 2,2'—(BIOH13)2
allowed the isolation of cisoid- and transoid-diplatinadocosa-
boranes, [{ (PMe,Ph), (PtBy H,;)},]. The crystal structure of
[(PMe,Ph), (PtB, H ,)] showed the presence of a PtB%O cluster in

which the tetrahapto BlOH12 1s twisted by about 20~ with respect
to the Pth plane. A similar twist is found in the
(nqﬂaggﬂll—ﬁloﬁlai analogue, but only by about 8%, 1H, llB; 31?
and 1 Pt n.m.r. data were also discussed.so

The fluorc-substituted borane derivatives K2B12H5F7.2H20,
K2B12H4F3.2H20 and K2B12H2F10.2H20 are all prepared, for the first
time, by direct fluorination of K2312H12 with HF. All were
characterised by infrared and X-ray diffraction.51

Solubility has been studied at 25°C in the K2512H12—K5r-H20

system. The conly compound formed is the mixed salt K2B12H12.KBr.52

3.1.3 CcCarba- and other Non-metal Heteroboranes
Ab initio m,o, calculations (using STO-3G basis sets] have been
performed on the polymer systems {HBX)n, where X=Be, BH, CH2, NH

or O. The conduection band has m-symmetry in each case, and the
band gap increases in the crder: x=Be<BH<NH<O<CH2. Estimates of
the energy of polymerisation suggest that HBNH is particularly
stabllised by polymerisation, The electron distribution in
{HBBeSn shows a o-electron drift towards the boron atoms; in the
other four systems the net electron transfer is away from boron.
The aromatic-solvent-induced 1H n.m.r. shifts cbserved for a
serles of closo-carbaboranes, C,B_H 27 where n=3 to 10, can ke

2 n 2n+ £
correlated with PRDDO-MO calculations of hydrogen charges.

53

Rl

I
/,f”c\:*-3___n

R—BI 7

N

T §
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lOB, 11B and 130 n.m,r, parameters have been determined for the

closo-pentaalkyl-1,5-dicarbapentaboranes {5}, (3}, where R = Et,
R'=Me or Et; R=nPr, R'=Et. The chemical shifts show that neither
the structure nor the electron distribution is significantly
affected by alkyl Substitution.55

(n5—C5H5)5e01 reacts with KBSH8 in pentane at -40% to give good
yields of [h—(ns—csHs)Be]BSHB. The c¢rystal structure of this was
determined, showing that the structure is like that of B5H9, with

one bridge hydrogen replaced by (ns—CSHS}Be.56

llB n.m.r., data have been reported for 4—CBBH
4-SBBH12 and 4,6-CZB7H13, with detailed assignments proposed.
The nature of the heteroatom bonding was discussed, in relation to
57

147 4NBgHy 3,

these and to STO-3G and CHNDO/2 density matrix properties.
Lithiation of 1,2—0238HlO takes place preferentially at the
six~coordinate eguatorial {C{2}} site, rather than the five-
coordinate aplcal {C(l))} site, in the approximate ratio 20:1.
These data suggest that the relative acldities of C(1l}) and C{2} in

this isomer are in the opposite order to that found in 1,6~C238H10.

H H
AT >
H;—\——/ BH/
VN YaRN
HB‘ZZZEE::B__::::::LBH
H

(10}

The aza-nido~bcrane, G—NB9H12, {10) can be prepared from BlOH14

by treatment with sodium nitrite in THF (giving NaB,.H, NO.),
followed by degradation with concentrated sulphuric acid.
Hydrolysis of the new compound produces grachno-4-NBH, ., while
addition of Lewis acids gives arachno-Q-L-G—NBgﬁlz, where L =

Me,5, MeCN or PPh3).59

G—NMea—E-CBgﬂll and sodium in liquid ammonia react to form
G-CBBle“. The latter was a starting material for the preparation
of 4-CB8H14, 9-L-6—CBQH13 {whare L = Mezs,MeCN or PPh3), _

CB,H .

1—(ns-csﬂsy-l,z—recagnlo" and 2,3—(n5—c5H5)2—2,3,1—cO2 oMo

The 4-CBBH14 could be dehydrogenated at 623K to give the

carbaborane 4—(7—)CB8H12. Base degradation of G—NMeB—G-CBQHll in

58
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methanol gave 3,4-u-NMe3CH—B5Hlo. N.m,r. data and {for the
transition metal complexes) X-ray diffraction were used to
characterise these compounds.so

controlled degradation of Me B,H, by alr in 95% methanol

o

produced He4C4B7H9. Electropgi;ig gromination of the latter gave

ll-BrMe4CdBTH8. X-ray diffraction shpws this last compound to

have an open-cage structure, with a bridging -CHMe- group across the

ocpen face. The last twe compounds can both best be described as

ll-vertex arachno-cages. Some of their reactions were described.61
Twelve C-SH and eight B-SH carbakorane thiecls have been prepared

and characterised, e.q. HS,X—l,z-Czsloﬂlo {with 1-HS, ¥ = H, %=-Hal,

12-Hal, 2-Me; 9-HS, X = 12-Hal or l-Me; 12-HS, X = 1-Me),

ﬂs,x-l,'f—czaloﬂlo {with 1-HS, X = H or 9-Hal; 9-HS3, X = 10-Hal),

1-HS-1,2—CzBlggll. The B-SH compounds were prepared as in

equation {4).

melt

i-Me-1,2-C. B, .H + 5 + AlCcl, ——» 1-Me-9-H5-1,2-C_B, H
2710711 3 125°C,5h 2710710

or 1—Me-12-BS-1,2-CzBloﬂlo oo (4D

Condensation reactions between aromatic amines and 1,7-diformyl-
1,7-dicarbadodecaborane{l2), OHC—C\(D C-CHO, have been studied.
/

B1ot10
A variety of products were formed, such as (1ll), where X = =8- or

X
G[\CH (C.B, H,.)
2710710

/

N
H 2

(11)

~c(=0)0-.%3

Several meeco-tetracarbaboranylporphyrins have been prepared, with
mesp-substituents 1-CH2-1,2—02510811 or 1-CH2-2-CH3-1,2-02510H10.
The —Czaloﬂlone cages of the latter were degraded by piperidine to
produce [—cngHloHe]- moieties, giving a water-soluble meso-tetra-—
carbollylporphyrin.

l1-Amino-1,2-dicarbadodecaborane anions,'g—RCBlOHIOCNﬂzz- {where
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R = H, Me or Ph) are oxidised by KMnO4 in liquid ammonia to giwve
l,l'-azo-g—carbaboraﬁfs, RC—BlOHIOCN=NCBLOH10R. Oxidation of
HCB10H10CCB10H10CNH2 gave hydrazobls(o-carbaboranel},
HCBloHlOCCBlOHlOCNHNHCBlOHlOCCElOH10CH, in the same solvent. The
azo-derivatives can be reduced to the corresponding hydrazo-compounds
while degradation usilng KOH gave closo,nido- or nido,nido-azacarba-
- — Z- &5
boranes, RCBlOH10CN—NCBgH10CR ’ RCBngoCN—NCBgﬁlocR respectively.
- L -y =
Closo,closo-1,1"-aza-o~carbaboranes, RCBlOHIOCN NCBIOH10CR react
- - t =
with alkyl- or aryl-lithiums to form RCBlOH10CNHNR CN10H10CR' {R
H, Me or Ph; R' = alkyl or aryl}. Further substitution of these
4 " ]
fusing alkyl halides} gave RCBlOHlOCNR NR CBlOHlOCR. All of these
closo,closo-products can be converted into ¢losc,nido ones in the

presence of a base such as piperidine.66

1,2-(0-carbaboranylene}-4,4,6,6-tetramethyl-4,6-disila~5~oxacyclo-
heptane, C8H26B100812, forms monoclinic crystals {space group P21/m).

The seven-membered cyclic substituent to the B

cage 1s in the chair
67 10

conformation,

3.1.4 Metallo—hetercboranes

A generalisation of the Mingos-Wade skeletal electron counting
schemes has been proposed for transition-metal hetercboranes, e.d.
for situations where the transltion-metat faills to conform to the
eighteen-electron rule.68

Nido-cobaltacarbaborane anions [(ns-CSRS}Co{CH3)ZCZB3H4]_, where
R = H or Me, react with HgCl2 in THF t¢ give (unstable}
[(nS-CSRS)Co(Cﬁa)2C233H4.HgC12]-. These lose chloride icon rapidly
to give isclable HgCl=-bridged u-[(ns—csas)CO(CH3)2C233H4]chl.
symmetrisation of the latter produces w,n'-[(n”-CgR.)Co(CH,),C B H, ] Hg.
For R = H the last transformaticn is rapid, but when R = Me 1t takes
several days - and go the mono-metalloborane mercury complex is
characterised bhest for the latter case. 1H and 113 n.,m,x,,
infrared and mass spectra were used to characterise all the species,
while X-ray studies were possible for u-[(ns-CSMes}Co(CH3}26253H4]chl
and i;u'—[EHS-CSHS)CO(CH3)2C2B3H4]2H9:69

Li CSMES ’ CoCl2 and Na Me2CZB4H5 react in cold TEF to give
{mailnly; closo-1,2,3—(nSCSMestoHezczBqug the triple-decker
sandwich complex 1,7,2,3—(n5—C5Me5)2C02Me2C283H3, and the nowvel
camplex (n5—C5Me5}2C03Me4C438H7. The last compound has no known
counterpart. It contains two 1dentical {nS—CSHe5)CoMe2C2B4H3 units

face-coordinated to the third cobalt atom, with a direct B~B bong
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(1.758(5)2) between the twoe ligands. The linked horon atoms have
ne terminal hydrogen atems in the solid-state structure. In
solution,llB and 1H F.T, n.m.r., and infrared spectra, suggest that
the "extra" hydrogon atom tauvtomerises between egquivalent terminal
positions on the (formerly} linked boron atoms con the two ligands,
with cleavage of the B-B bond.TO

Cobalt atoms react with boron hydrides in the presence of
cyclopentadiene and sulphur reagents to form novel cobaltathiaborane
and cobaltadithiaborane complexes. Thus c5H6 with BSH9 and Co
atoms, followed by treatment with elemental sulphur, gives
6,8,?,9-(n-c5H5)2C0252 5 5! whoge structure was assigned
spectroscopically. If cyclchexene sulphlde replaces the sulphur,
the same compound was formed, but also 2,3,6—{n—c }2Co SBSHT'
X-ray diffraction of the latter showed that 1its structure invelved
a tricapped trigonal prism, mlssing one equatorial vertex. It is
the first time that such a structure has been seen for an eight-~
vertex, 2n+4 skeletal electron system. Bﬁﬂlo + CSHG and cobalt
atoms, followed by treatment with cyclohexene sulphide, form
?,6,8-(n—C5H5>CcSZBGH8, with the expected structure for a 9-vertex

2n+é skeletal electron system.?l

--""""'——'

7/\ \ />
QS o
" \

(13)

The structures of 2,7,8,10,11~ and 9,7,8,10,11-(ns-CsHSJCo(CH3)4;
C4BGH6 have been determined by X-ray diffraction. Both contaln
eleven~vertex CoC4B6 cages with icosahedral~fragment {capped
pentagonal antlpriem) geometry, and all four carbon atoms on the
five-membered open face. There are no unusual dilsteortions or
ancmalous features in the skeletal cage structures. These are (12),
2,7,8,10,11- 1somer, and (13}, 2,7,8,10, ll-j.scrrme.r.-'|2

Na[l,3-c, 12] reacts with [RhCL(PR,),], or [RI1C1(PR3)3], where
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R = Ph or p-tolyl, and Na(l,3--Rl2
reacts with [IrCL(PPh,),] to form cIoso—Z,3—312—6,6—(PR3)2—6—H—6,2,3—
Mc§B7H7], where M = Rh; R = Ph or p-tolyl; R = H; M = Iz, R = Ph,

R1 = H or Me, When M = Rh, R = Ph, Rl = H, the complex is a catalyst

-1,3-C,B_H,  , where Rl = H or Me,

precurscr for homogeneous hydrogenation of vinyltrimethylsilane

under mild conditions. Na[l-R'-3-R®-1,3-C,B_H ], where rl = r? -

H or Me; R - H, R® = Ph, and [RhHCl(PPh3)21 give unsaturated
complexes |hxger—closo—2-Rl—3—R2-6,6—(PPh3)2—6,2,3—RuC237H?]. The
complex with R1 = R2 = H is the most effective known catalyst for
homogeneous hydrogenation of terminal alkenes. It also undergoces
a number ¢f interesting reactions with attendant polyhedral
rearrangernr:'.nts.-"3

[Co(PEt,) ] reacts with nido-4,5-C,B_H,, and nido-5,6-C,BgH,, to give
closo—[6,6—(Et39}2-1,2,6—CZC0B7H9] and closo—[i,l—(st3p)2~1,2,4-
COCZBBHIO] respectively. Both products were characterised by
single-crystal X-ray diffraction.-M

The arachno-carbaborane, 1,3-C2B7H13 reacts with [Co(PEt3}4 and
with [Rh(n—C3H5)(PEt3)2] to form (respectively} [2-H-2,2-(Et,P),-
1,6,2—C200B?H9] and [2—H-2,2—(Et3P}2—1,6,2—C2RhB7H9]. X-ray
diffraction shows that they crystallise with nearly identical unit
cells, but they are not isostructural.?5

A study has been made of the preferred structure of twelve-vertex,
28-electron, (nido} polyhedral cages, containing two electrons above
the number required for regular closc-icosahedral systems. This
was done by determining the structure cof isomer IIT cof
(nS-C5H5)Co{CH3)4C4B7H7 {the thermodynamically stakble thermal
rearrangement product of this system). This reveals a preference
of the skeletal carbon atoms for low-coordinate wvertices on the
open rim, even though this requires three of the four carbon atoms
to remaln adjacent. The cecbalt cccupies a high—-coordinate
vertex.76

Trans-[Ir(Co)C1(PPh,),] reacts with closo—[Bloﬁlo]z- in methanol
-solution, giving rise to a number of novel structural types.
Single~crystal X-ray diffraction revealed that one of these was the
ten-vertex iso-nido-iridacarbadecaborane, [{ IrC(OH)BBHG(OHe)}(C6H4PPh2)—
(PPhS)]. This has been produced by oxidative insertion of the
metal unit inte the degraded closo-borane cluster.77
om2,3-C,BgH, with [Fe(1,5-CgH,,) (n=CgHg)] in
benzene or other arene solvents gives the complexes
[blcso-l—(ns—arene)—z,4-Mez—1,2,4-FeCZBQH9]. The toluene complex

Reaction of 2,3-Me
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was characterised by X-ray crystallegraphy. The n6—naphtha1ene
complex reacts with L{= CO or P(OMe)a) to produce
{eloso-1,1,1-L,-2,4-Me,-1,2,4-FeC B H 1. '°
[closo~1,3=~{n- (1'12-3-CH2=CHCH2CH2) }~3-H-3-PPh 3-3 R 1,2-Rh02B9H10]
has been prepared, Thls contains a chelating 4-butenyl side-chain
attached to the dicarbollide ligand, the alkenyl group formally
replacing one PPh, of the parent compound [dloso-3-H-3,3-{PPh3)2-
3,1,2-RhcngH10]. If the new complex 1ls exposed to the conditions
used for hydrogenating alkenes or alkynes, the alkenyl ligand is
hydrogenated giving a non-coordinating butyl group. This leaves
a vacant coordination slte at the rhodium - which greatly enhanced
the hydrogenation rate of added alkene. The complex did in fact
act as a very efficlent homogenecus hydrogenation catalyst. b
crystal structure determination showed that the moleculae has clcso-,
twelve-vertex lcosahedral gecmetry. The rhodium is bonded to one
hydrogen, one triphenylphosphine, t-bonded to the carbon-carbon double
bond, and symmetrically bonded to the C283 face cf the Czﬂg 1:i.g'a.nd.'?9
A report has alsc been made of the related species
[closo—l,B—p—2,3—u—{1,2—u—(n2—3,4—CHZCH2C(Me)=CHCH2CH2CH2)}—B—H-B-
PPh3—3,l,2—RhC239H9]. The two butenyl side-chains attached to the
dicarbollide ligand have dimerised in a "head-to-tail" fashion,
The resulting chelating alkene is bound to the rhodium so that the
C=C bond is approximately parallel to the dicarbellide ligand.
The initial rates of some alkene hydrogenations catalysed by this
camplex have been measured.ao
Syntheses, properties and chemical behaviour have been reported
for {C259H11)2Co- derivatives, as anions contalning -5- or ~S5-
bridges, or neutral species with -SR- or -5-SR- bridges (R = H,

113 n.m.r. data

alkyl or aryl), as well as the -S+Me2 group.
suggest that on the n.m.r. timescale there is free rotation at the
{CZBQHll)ZCo-, oscillations at -5,- or -§3=*CH===$-, and rigid
conformations at -5-, —§R—, Me25+- and —S-gR-.81

Ionic compounds containing complex chromium{III} cations and
C2B9H15 decompose at abogi 100°C to form complexes cggtaining a
covalent bond between Cr and the carbaborane unit.

The thirteen-vertex supra-icosahedral metallacarbaborane,
l,l-(PPhB)2—1—H-—1,2,4-—RhC2310H12 {a hydrogenation catalyst precursor)
has been prepared via routes analogous to those for 10-, 11- and
12z-vertex phosphinorhodacarbaboranes. It was characterised by

n.m.r. and X-ray diffraction. There is no bonding interaction
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between B(3) and B(E} - this is 2 significant departure from the

normally triangulated polyhedral carbaboranes.83

3.1.5 Compounds containing B-C or B-5i Bonds

The He {I) resonance pheotoelectron spectrum has been recorded for
the MeNC.BH3 complex. The data were interpreted using results on
free methyl isocyanide and 4-31G ab initic m,oc. calculatiens on
both Species.a4

Raman and infrared spectra have been recorded for divinylmethyl-
borane, {CHS)B(CH=CH2}2. In the solid-phase there appears to be
a planar heavy-atom skeleton, with Cs symme try . In the fluigd
phases a second isomer is present, in which one or both of the
vinyl groups are twisted slightly out of the BC, plane (Cl
symmetry}. Variable-temperature 13C n,m.r. studies were alsc carried
out, The 13C chemical shift for CB of the vinyl group shows that

there is little wm-electron delocalisation, The low-temperature

13C n.m.r. spectrum shows that there 1s only a low rotational

barrier about the B~C{vinyl} bond.85
Me nSnX4 3

X = Cl or Br) at room temperature to glve a reaction involving

nt where n = 3, 2 or 1, dissclve 1n liguid BX., {where
either X-exchange alone, or the cleavage of a methyl group from the
alkyl tin as well as halogen exchange, as in equation (5}. The

Me.snCl + BBr,——Me_SnBr + MeBBrCl cee {5}

3 3 2 2

products were identified by wvibratiocnal spectra.86

Preparatively useful monoalkyl boranes can be produced by the
reactiocn of BH3.THF with phosphorus ylides, equation (6), where

Rt _ rt rl

o-PPh. + BH..THF R2-¢ ph, _ Mel g2}

~ 1 4 — -(I:-BHz.P 53— R -(':-BHZ Y
2
R H B
2 _ 1 _ 2 _ .1
R® = H, R- = H, Me, n_CSHll' n-C9H19 or Phy R® = R~ = CH3. The

87

products are useful sources of tertiary alechols.

Infrared and Raman spectra were recorded for gasecus and solid
samples of cyclopropyldichlorcborane, together with the Raman
spectrum of the liguid. Only one conformation was found in all
3 physical states, identified as having Cs symmetry, (14}, A
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H. H
e o
H/\ / Ny
s
B‘ “H
VA
c T1

(14)

canplete vibrational assignment was proposed.88

lH, llB and 13C n.m,r. data were reported and assigned for tri-
mesitylborane, five aryl dimesitylboranes, ethenyl, allenyl, phenyl-
ethynyl and allyl dimesitylboranes. The unsaturated ligands
stakllise the systems by m-electron back donation into the vacant
koron p-orbltal, in the order : ary1<<alleny1<a1kenyl<alkynyl.89

The dimesityl boranes, (15}, where R = Me, Et, CHZPh, Ph or
E-MeC6H4, were prepared from (MeS]zBP and {RS)MgBr. when R = alkyl
the compounds are readily hydrolysed in air, but greater stability is
achieved when R = aryl. lH and 13C n.m.r. data are consistent with

significant B=5 n-back-bonding.go

Me
R Me . C CMe
I 3
M B—-S’/ B————B’/
MeBC’/' \\OMe
Mo 2
{15) (16)

Tert-butylaticn of Bz(OME}4 by LiCMe3 proceeds via
[(Me3C}(MeO)B—B(OMe)CCMe3)] to produce {16). Tetra-alkylation of
Bz(OMe)4 can be achieved by iso-propyllithium, and noc intermediates

were detectable. Triethylaluminium reacts with B2(0Me)4 to give

B,Et,, which is only stable below ~30°.%}

The simplest B-B w-bond is found in the radical anion, (17}, where
R = C(CH3)3 or C{CD3}3. The one-electron n-bond was detected by
e,8.r, measurements, It has a very similar structure to the

i1soelectronic C—-C radicatl cation.92



136

(17)

Alkenylpentaboranes hawve been isclated for the first time,
although they had previocusly keen proposed as intermediates in
thermally-induced carbaborane syntheses, BSHQ reacts under mild
conditions with acetylene, propyne or 2-butyne, in the presence of
catalytic amounts of Ir(COJCl(PPhB)2r to give 2-(CHR=CR1)B5H8,
where R and Rl = H or Me. The reaction corraesponds to BH
addition to the alkyne, in a cis-fashion, with the reaction of
propyne occurring in a predominantly anti-Markowmikoff manner.
Thermolysis reactions of the alkenylpentaboranes showed that it was
possible to get high ylelds of carbaboranes (predominantly alkyl
derivatives of 2—CB5H9) by passage through a hot tube (355°C}.93

chl4 reacts with lithium alkyls to form alkylated and
peralkylated derivatives of the tetraberon framework. Examples
included Et34013, Et, B, C1l

274772
by infrared, n.m.r. and mass spectra.

and tBu B,. These were characterised
474
94
Reactions of several boron halldes, methoxides, alkyls and
hydrides with (He3Si)3SiLi.THF have been studied. It was possible
to isolate MeZB—Si(SiMe3)3 and 9—(He351)3Si—9—BBN, where
9-BBN = 9-borabicyclo[3.3.1]borane, together with (Me,Si),SiB(NMe,)

2’
. . . 95
[ﬁMe351)351]2B(NM92) and [(MeBSl)BSisz(OHe).

k]

3,1.6 Aminoboranes and other Compounds containing B~N Bonds

Ab initio m,o. calculations have been reported for B(NHZ)B’
N(BH2}3 and B(OH}3. The molecules were assumed to be planar,

The n-bond order was greater for B-N than for the B-O bonds.9
Microwave spectra have been obtained for 113H3.NH and lOBH3.NH3.
The B-N bond distance ErBN} was found to be 1.66{3}A. The
molecular dipcle moment was 5.216(17)D.9?
Incomplete oxidation of EtBN.BH3
the absence of a solwvent, involves melecular oxygen. The product

in toluene or hexadecane, or in

is a polymeric adduct of borate and triethylamine containing a B-N

coordinate bcnd.93
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Crystals of CSHSN.BCI3 are moneclinic, space group le/c. The
pyridine ring is planar, while the boron has distorted tetrahedral
coordination. Bond distances are, B~N, 1.5923; B-Cl, 1.835{(2)-
1.839(R.%?

E.s.r. evidence was found for the formation of boronitroxides,
(18), in the reaction of sodlum borohydride with nitroso-compounds

in alcoheolic solutions.100
MR,
+. . + - -
R—N-—BH,_ €«—» R—N—BH, «—> R~ N=BH N MR,
2 2 2
i i I e
(o] a. 1
{18)
18 R M
(19)

Alkyls MR3 {M = B or Al; R = Et; M = Al, Ga or In, R = Me) react:
wlth pyrazine and sodium in THF, to give persistent radical
complexes, (19}. TlR3 gave only Tl metal. All were identified
by e,s.r, In the boron compound this gave evidence for N ZB
back—bonding.IOl

Chemical shifts ¢ C) of aminoboranes; RZBNRlz, where R = Me,

R' = H, Me, Et, SiMe,, SnMe, or Rlz = HMe, H(CMe,), Me(SiMe,),
H(SiMey): R = Et, r! = H, Me, Et, R12 = HMe, H({SiMe,), and xzaunlz,

where X = F, Cl, Br, R = Et or X = Cl, Br, I, R = Me, as well as

s13

borazines, can be explained by a y-effect exerted by R or X on the
shielding of '2c(c) and 3c(ng).102

be obtained, egquatlon {7}, where ¥ = NHez, NEt2 or Ph. The

LY} +
Br CH2C12 -
Nz;:B\‘\Y + ALBr, 3 N===B===Y¥ | AlBr, (7,
structure was established by X-ray diffraction, and llB and 27Al
n.,m.r, data were reported, v BN, gave 2 hands in the range
-1 as 2 3o, 11
1B5C=1900 cm {splitting due to the B/ B isotope effect),
103

consistent with this structure.

A serles of n.m,r. studies, chiefly 13

C, have provided evidence
for restricted rotation abcout B-N bonds in a wide range of boron-

nitrogen compounds, The compounds concerned were as follows:
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dialkylamineflucrophenylboranes, PhBF(NR ), where R = Me, Et, nPr;

iPr, nBu, sBu, tBu, igo-pentyl, or R, = H}_:_Bu,lo4 aminodiphenyl-

boranes, Ph,BNR,, where R, = Me.,, Et,, nPr,, HnBu, HsBu, HiBu,
2 2 2 2 2 2 105 -

H{neopentyl), H(CGHll}, H(NHez), H{51iMe ) or MeEt-

alkylaminodialkylaminopheny lboranes, PhB(NHR}(NR 23, where R = nBu,
iBu, sBu, tBu; Rl Me or Et.106

of chleoreodialkylaminophenylboranes gave values for AG* for the

Such measurements on a serles

rotational barrier about the B-N bond, Thus in {20} it was

17.7 kcal.mol._1.107

Ph

~

\‘B cenpmmnd

e’

(20}

Electron diffraction has been used to determine molecular
structures for Me3_nB(NHMe)n, where n = 1, 2 or 3. For n = 1, 2
or 3 respectively, the B-N bond distances were 1.397(2}), 1.418(2}
and 1.439(2)2; i.e. all are shorter than expected for a formal
single bond. The structures were all planar {or very cleose to it).

There is thus significant B=N w-bonding, but this decreases 1in the
sequence n = 1 > 2 > 3.108

Based on infrared and Raman spectra, detailed vibrational
assignments have been proposed for B(NR2)3, B[h{CH2)4]3, BENRZ)zBr
and BziNR2)4, where R = Me or Et,. Earlier discrepancies were
resclved, showing that the antisymmetric B-N stretches

always lie above 1500 cm-l, with symmetric B-N stretches near

to 1350 cm—l. vB~B in the diborcn compounds was at about 1230

-1

cm T, In B{NR the internal vibrational modes of the three

)
23 109

dialkylaminc groups are strongly coupled together.
Vibrational spectra were also reported for (Mezn}sz, where

X = H, D, CH3 or CD3r and assigned. The proposed aseignment was
supported by a normal coordinate analysis.llo

Reactions of bis{dialkylamin¢}bromoborane with carboxylates ({(as
K+, Pb2+, Ag+ or trialkylammonium salts}) gave bis(dialkylamino)-
acyloxyboranes, £R2N) B(OCORI), where R = iPr, Rl = CF3, CH3

CME3; R = Me or Et, R™ = CMe3. The compounds were characterised

by infrared and 1y n.m.r, spectra.lll

or

Preparations and infrared spectra were reported for BCl3 and
AlX, (X = Cl, Br or I) complexes of 4~amino-benzophenane (=L}:
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2BC13.3L; 3A1€13.L.6H20; 2A1C13.L.6H20; 4A1C13.L: AlBr3.3L: 3A18r3.4L;
AlI;.4L and AlI3.L. The ligand is coordinated via the NH, group in
the Bc13, Alcl3 and AlBr3 complexes., In the AlI3 complexes,
decreases in wC=0 suggest that here the carbonyl group is

coordinated.112
Ny /N='< (1Pr0} ,B-CH,
B-——-N\\\ /N
iPer/ | HN
(21) (22}

Pyrolysis of azidoboranes (R2N}2BN3, where R = 1Pr or R, =
~CHMe(CH2)3CHMe—, preduces (21) or (22}, respectively, both via

boroen imide intermediates. Photolysis of these two azides, however,

yields (23) and (24) respectively.ll3
iPr\ /N}_Prz H14C7N\ % NC.H; 4
N—-B B~——N
{iPr.N) B-N/ ™ NH N/ \‘B NC.H
=% 2 2 i ) 714
N N//
7@ H
{24)

N-Silylated bis(amino}boranes, (Me,SiH),N~B{Ph)NMe, and
MezsiCH2CH251M32NB(Ph}NHez, can be prepared by the reaction of
Mesz(Ph)Cl with the N-lithium derivatives <of the corresponding
silylamines. Related compounds can be made from other boron
starting materials.ll4

Dialkyl[(trimethylsilyl)(trimethylsilyloxy)amino]boranés,
RzB-N(OSiMeB)51He3, where R = Me, Et or Pr, can be prepared fram
R25C1 and (Me3si)2N—OSiMea. They are thermolysed at 70°%¢C to give
{Me3Si)20 and a mixture of RZB—NR-BR—N(OSiMea}(SiMes} and (RBNR)B.

It is likely that these, and related reactions, can be explalned
by the intermediate formation cof boron imides, RB=NR.115

The preparaticn of some amino{trimethylstannyl}boranes has been
described, tcgether with some of thelr properties, e.q. MeasnB(NRz)2
and MessnBCl(NRz), where R = Me or Et. The He35nB(NR2)2 are thermally
stable, although the B-S5n bond is cleaved by H,, halegens, chalcogens,

or alcohols. The B-N bond is cleaved by HCI. 16
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11 13 14 11%

B, C, N and
¥~ ({trimethylstannyl)amincboranes, such as MeBSn—B[N(CH3}2]2,
MezB-N[Sn(CH3)3]2 etc. Some raticnalisations of both coupling

constants and chemlcal shifts were attempted.117

b
C"hu_N ’//’ \\\\N| \\\C

Sn n.m.r. data have been given for B~ and

He (I} and He(Il} photoelectron spectra of the Na® ang T1*
derivatives of hydridotris(l-pyrazelyl)borate, {25}, have been

reported. The spectra were assligned with the help of quantum—
mechanical calculations.ll8

The crystal structure of HB(Me2p2)3Ho(CO)ZSC6H4Cl shows that the

hydridotris{3,5-dimethyl-i-pyrazolyl)borato ligand occupies three
facial sites of the distorted octahedral molybdenum coordination

polyhedron.ll9

3.1.7 Compounds containing B=P or B-As Bonds

Infrared and Raman spectra have been reported for (CHB)ZPH.BX3,
(CH3)2PD.BX3 and (CDB)ZPH.BX3, where X = C1, Br or I.
Fundamental modes were assigned on the basis of Cs symme try., The
calculated P-B stretching force constant was consistent with the
structural change on adduct formation.120

Alkylation of tripheny1ph65phine-cyanoborane, Ph3P.BH2CN, by
Et30+BF4_ gave an N-ethylnitrilium salt which could be converted to
the new phosphine-boranes: PhBP.BHzx, where X = COOH, C{O)N(H)Et
or COQEt, All of these were characterised by ;gfrared, 1H and
1

llB

n.m.r. spectra, as well as elemental analyses,
A new borane-derived base, trimethylphosphine-[(dimethylamino}-
methyl]borane, has beern prepared, equation 8, This relies on the

hexane
3P+ Me,N.BH,CH,NMe, ——— 5 Me N + Me,P.BCH,NMe, .. LB}

12h

Me
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anomalously greater basgsiclty of PMe3 than NMe3 tovwards boranes.

Exposure of the product to diborane in hexane at -78% preduced

the interesting specles He3P.Bﬂzcﬂ2NMe2.BH3,lggntaining two

different dative bonds in the same compound.
Trimethylphosphanechloroborane can be prepared by the route shown

1n eguations (9} and (10}. The product has \JBH2 infrared bands

BH,,THF + HC1l —$»BH.C1.,THF + H voa (9}

3 2 2

+ =
BH2C1.THF + PMe_— Me P-BH2C1 + THF ens (10}

3 3

at 2395 and 2420 cm-l, and it reacts with Hechl to form

[H33$-§H2-5(213M32]+Cl-. The brcmo-analogue reacts with K'(Me,P0)~
to give [Me3P-EH2—P(=O}M32]. Lithiation of this produces a
derivative which forms a spirocyclic complex with beryllium
chloride, (2&).123

Infrared, Raman, lH and 13C n.m,x, spectra have been reported
and assigned for RyA8.BX;, where R = Me or Ph; X = Cl1, Br or I.
The vibrational assignments were assisted by a normal coordinate

analysils for MBBAE.BX3.124

3.1.8 Compounds contalning B-0; B=5 or B-Se¢ Bands

The minimum energy path for the rearrangement LiCB +OBLi has
been calculated, in an SCF approximation, It appears that LiEO
is a "polytopic" molecule; with an excitation energy of about 12
kecal, mol.ul the Li atom will orbit about the B core.125

Semi-empirical and ab initio m.o. calculations on the suboxides
520, B202, AlZO and Alzo2 predict the following geometries: linear
B-0-B, linear O-B-B-D, linear Al-0-Al and cyclic O-al-0-Al. These

calculations provide confirmatory evlidence for the structures
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tentatively suggested from availahle thermochemical and spectroscopic
data.126

AgRO, is prepared from a l:1 mixture of Ag,0 and 8203, at an
oxygen pressure of 2 atm. The crystal structure (space group Fben)
shows the presence of a ;Boz—isopolyanion. The boron is
coordinated in equal proportions tetrahedrally and trigonal-planar
by the oxygens, At atmospheric pressure decomposition occours,

127

giving silver and B,O The sclid-state reaction of a 3:1 molar

mixture of n920 andszo3 at high oxygen pressure gives Ag3BO3. This
belongs to the space group R32, and contains 303 groups and Ag/C
chains, as for AgBO,, decomposition to silver and B203 occcurs at
atmospheric pressure. 28
Accurate geometry determinations have been reported for H2B0H,
BF2H, two conformers of FHBOH, FzBOH, three conformers of HB(OH}2
and three conformers of FB(OH)z, all by SCF computation.
Substitution of either F or OH increases the ionilc character of
both the B-F and the B-0 bonds. The B-F bond is slightly more
ionic than B-0O. The OH group 1s a slightly stronger o-acceptor
and w-donor than is F.129
The molecular structure of MeZO.EF3 has been studled at 160, 30o
and 70° by gas—phase electron diffraction. The molecule has a
staggered conformation, with rB-0 = 1,7520,02K, an angle between
the B-O bond and the COC plane of 40:8°, and an FBF angle of 117+2°
at each temperature. The B-F and C-0 distances decrease with
increasing temperature, and appear to converge on the corresponding
values of the component nolecules, 30 Ab initio calculations on
the geometry of this molecule are consistent with these
experimental resu1t5.131
Ab initioc gradient calculations of the geometry and vibrational
force field of 3203 have been carried out at the double-zeta
polarisation level of the restricted Hartree-Fock method. The
molecule is planar with optimum bond lengths of 1.33R8 {B=0), and
1.208 (B=0). The central angle (136°) was very flexible., The
0=B=0 group was bent by 2°, The calculated vibrational wave-
numbers only correlated very approximately with the limited
experimental data now available.l32
Further ab initio m.o. calculations on B,0, also indicate a
preferred planar geometry. This calculation predicts a "W"-shape,
with a rather small inversion karrier at the central oxygen,

MNDO calculations were in good agreement with the ab initio ones.133
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Egquilibriom geometries, barriers to skeletal linearity and
conformational barriers for Six3 and Bx'2 rotation have been
calculated for XBS:LOBX'2 (X, X' = H, F or C1), using the MNDO

approximation, At equilibrium the calculsted SiQB angles were
180° for H35103012, FBSiOBFz, F3SiOBC12 and ClasiOBClz. The
lowest value {140.5%) was calculated for H.S5i0BH,, 134

3 2
45% conversion of trimethoxyborane to HB(OMe}2 can be achiewved

by passing B(OMe)B/H

lorowaye Aigcocharos
LOroWave cligghnarge.

z mixtures through a carefully-controlled
35

Electron diffraction was used to determine molecular structures
for Mea_nB{OMe)n in = 1, 2 or 3).. The molecules all had planar
{or nearly planar) conformations, with short B-O bonds, due to OB
back donaticn into the vacant boron p-orbital. The B-C distances
were found as follows: 1.361(2)3, 1.375{4)2, 1.358(2)2 for n = 1,
2 or 3 respectively.l36

115 and 103 n.g.r. spectra of B{OH)3 have been reported. The
gquadrupole coupling and asymmetry parameters were found to be:
105, 5344(2) kHz, 0.0163(5); ‘1B, 2768(8) Hz, 0.0163 (assumed).l’

Ab initio LCAC-MO-SCF calculations were performed on the most
likely interactions between F  and H3803. The monofluoroborate
ion, [BF(OH) 3]‘, is the most stable, but only by 33 kJ mol *
campared to hydrogen-bonded P-....HOB(OH}Z. Infrared analysis of

solid KP.H3303 shows the latter to be the preferred form. 19F and

11

4

B n.m.r. data on aquecus sclutions of KF and H3BO3 are also most
easgily axplained in terms of hydrogen-bonding, although [BF3(OH)]"
can be detected.133

In the course of hydrolysis of B{OR}3, where R = Me, nBu cr
2-ethylhexyl, by small amounts of Hy,0 in organic sclvents, it has
been possible to ldentify unambiguously both possible intermediates,

[30)23(0H) and (RD)B(OH)Z, by Raman spectroscopy. Thus, bands due

to (MeO) ,B(OH} and (MeO)B(OH), are seen at 772.8 cm = and 814.6 cm -

respectively. Potentiometric and conductcometric investigations

confirm these results, OH  in non-aguecus solvents converts B(OR)3
139

to B{OH)Z, but in aguecus sclutions it forms polyborates.
Phase equilibria have been studied at 25°C for the systems :

HaBoa-HCONRz-Hzo (R = H or Me}. There was no evidence for any
chemical interactions between the components.140
BC1 (ClO,) 5., (where n = 0O, 1 or 2) and B{C10,), can be

synthesised by adding stoichlometric amounts of anhydrous HClO4 ta

BClB, for the first three, or a large excess of Hclo4 to BCl3-MCIO4
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{(where M = N02+, NH4+) for the last. Infrared and Raman spectra

show that ail of the C104- lons are strongly bonded to the boron,
and that all are unidentate.l41
BCl3 reacts with HOTeF5 to give a 100% yield of B(OTeF5)3. This

in turn reacts with CsOTeF, to form Cs[B({OTeF.),]. Both were
11, 1s_ > . 125 5’ 4
characterised by B, P and Te
[{EtO)ZPOJBB can be prepared from BFB.OEi:2 and sodium triethyl-
phosphite. Reactions and n.m.r. data (31P, 11B, 1H) were
143

n.m,r. spectra.

reported for this new compound.
A new complex borate has heen identified: CaBEraGe2B013. An

X-ray structural determination shows that the ¢rystals are cubic

(space group Fd3m}, and that the boron occuples interstitial sites

in the fluorite-related structure, as BO4 units.l44
i H q 2-
-~
i
/B\
0 \\ la]
o]

(27}

A crystal structure determination has been carried out for
sodium scyllo-inositol diborate decahydrate, Na, {CgHgB,0,) . 10H,0.
The crystals belong to the space group Fdd2, and the anion has the
structure (27), with B-0C distances of 1.48-1.513, and B-CH of
1.428,14°

A metastable modification of 3Mg0.3203 has been prepared by the
decomposition of mixtures of the corresponding methoxides. X-ray
powder diffraction data were reported, and the infrared spectra of
the stable and metastable forms compared.l46

A note has been published, refuting earliexr claims to have

prepared mercury borates from the Hg0—8203-H20 system.l47
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Orthoborlc acid reacts with 2,2"~iminchkis{ethancl) in agueous
solution at 25°C to give a substituted ammonium salt containing a
cyclic trimetaborate anion: [(H0C2H4)ZNH2]+[H4B3O7]-.2820.14B

Dehydration of synthetic borax, Na,[B,0.(OH),].8H,0, takes place
in four stages: 80-100°C, 80-150°c, 100-150°C and 150-500°C.  One
of the three intermediate phases is stable, the others are unstable.
The final phase is crystalline and stable. The two stable phases
are Na2[B405(0H}d].3320 and {(final} 1'\Ir:12340..!..]"19

Solubility and refractive indices have been measured for saturated
solutions in the lithium tetraborate - 2-aminocethancol or
2,2'-iminobis{ethancl) or 2,2%,2"~nitrilotris{ethancl} - HZO
5ystems:150 and the M2B407 ~ hexamethylenetetramine - H20 M = Li,
Na or K} systems, all at 25°C.151 all of the systems LizB4O7 -

LiX - HZO (where X = Cl1, Br or I} are simple eutcnic.152

The a-phase of NH4[BSOG(OH}4].2H20 is monoclinic {space group Pn)is3
It is pseudo-isostructural with potassium pentaborate tetrahydrate.

N.m.r. results for tris bis{crganylthic)boryl amines, N[?(SR)2]3;
where R = Me or B(SR)2 = (28}, {29) or (30}, show that the RS groups
are chemically equivalent 1n seclution, This eguivalence is lost
in the sclid state, as cne B{SR)2 group 1s strongly twisted out of the
B3N plane. Thiz gives one longer, and two shorter B~N bonds. Mass
spectra show that fragmentation occurs with preferential retention
¢f B~N bonding. The crystal structures of the 1,3,2-dithiakorolane,

1,3,2-benzodithlaborole and 1,3,2-3dithiaborolene ring systems show

that conly the last two possess planar rings.ls4
5
s /° Me S
N RN N
5 2 2
(28) {29} (30)

High-temperature flow pyrolysis reactions in the gas phase have
been successful in detecting ClB=Se, the first in this family of
compounds t¢ be obserwved, Microwave spectra show that r{B=Se) =
1.75120.0028, with r(B-Cl) = 1.66+0,0028.1%°

3.1.9 Boron Halides
The potential energy curve and dipole moment function have been
calculated for BF near its equilibrium bond length. The dipocle

moment is predicted to be 0.89D (B F') at r,. When the bond is
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stretched by about 0.28 the sign cf this chang‘es.156

Ab initio m.o. calculations have been presented for BFn(OH}3_n,
where n = 0, 1, 2 or 3, using restricted Hartree-Fock {(3-21G}
methods. The calculated gecmetries were in satisfactory
agreenment with experiment. The calculated wvalue for the cverall
enthalpy of hydrolysis of BF3 {to B(OH)B) was +16.,9 kcal.mol-l.ls7

Boron trihalide adducts of acetate and benzoate esters readily
exchange halogen toc give mixed boron trihalide adducts: D.BFnCl3_
{n = O to 3; D = carboxylic ester). Benzoate, but not acetate,
esters alsc form DBF
BF2C1 adduct.l58

Ab initio m.o. calculations on BXy (where X =1§90r Cl} show
that the n-contributicon teo the bonding is F>Cl.

Solid BF3 undergoes an enantlotrepic phase transition at -147%
{a=F). 2 third (y) phase is metastable, or stable just below
the melting peoint. The last forms monoclinic crystals (space group
P2l/c). The mean bond length is 1.2873 (1.3193 after correction for
thermal motion}. The crystal structures BF3.OH2 {monoclinic, P2 /n)

and BF3.O(Me)H {orthorhombic, Phca} reveal unlimited 3~ and 1- dimen—
160

2+, probably by displacement of Cl from the

sicnal linking (respectively}, by O~H---F bonds.
A crystal structure redetermination has been carried cut an

boron trifluoride dihydrate. It is monoclinic (P2l/c), and 1t 1is

firmly established as hydroxytrifluoroboric acld monchydrate,

BF,OH,.H,0, and not H3o[BF3o:{[. The B-F distances were l.377-
1.3928, with B-0 of 1.512R.151

HBF4.2CH30H melts congruently at -41%. A crystal structure
determination shows that it is [(CHBOH}2H+] {BP, ]. The two cations

and two BF4— ions in the unit cell are linked via hydrogen bonds to
produce a cyclic dimer having an almost planar 04F2 ring.152
4BF4 has been measured between 9K and

294K, There was no evidence for any phase transitions in this
range.163 Four phases can be 1sclated from the San-BF3.0Me2

systems, using acetonitrile as solwvent. All contain the anion
BF .~ 164

Fyg -

Infrared spectra have been obtalned for matrix-isclated M BF ion
pairs. When M = Cs there is a splitting (of about 200 cm ) of

The heat capacity of NH

the t, BF4_ stretching mode, The anion geometyxy is thought to be
C3v. A normal coordinate analysls was used to calculate the
differences {AK) in stretching force constant of the coordinated

and non coordinated B~F bonds. The AK wvalues lay in the sequence

M = T1<cstex™, 185
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Crystal structures have keen determined for three oxonium
tetrafluoroborates: [H{CH;OH),][BE,] - also discussed above;
[H30][BF4]: triclinic (P1), in which the icns are linked by
hydregen bonds {(0-H---F} to give ribbons of condensed rings; and
[#;0,] [BF,]: monoclinic (P2,/¢), with a three-dimensional network

of linked anions and cations.l66

(OC) jReFBF, can be made from {(OC)ReX and Ph3C+BF4- {where X = H
or Me). Treatment of this with water produced the trifluoro-
hydroxoborato complex (OC)SReOHBFa. Infrared, llB and 19F n.m,r,

data were given for the two rhenium ccmplexes.ls?

Unstable dihaloboranes, Hsz, where ¥ = Cl or Br, are generated
in the gas-phase by almost guantitative reactions of BX3 with
solid NaBH4 at about 250°¢, He (I) photcelectron spectra were 168
reported, and assigned with the help of ab initio m.o. calculatiors.
Boron trichloride and dimethyl sulphide form a 1:1 adduct: this
by a displacement mechanism {activation
energy 5.0%0.5 kcal. mol 1) and with excess Me 5 by a dissocliation
mechanism (activation energy 20:1 kcal, mol ). The 1:1 AlCl3 -Me, 5

complex exchanges very rapldly with excess Hezs. Egquilibria and

exchanges with excess BCl

exchange reactlons of A1C13.Me20, A1C13.2He20 and Me,O0 were also

described, All exchanges for the gallium analogues were very fast,

BCl, and C1° give BCl,  and B,Cl, , which exchange rapidly with

excess BC13. A1C13, on the other hand, reacts with Cl or Bcl4

to give cnly A1C14-, which does not exchange with A1013.169
Tetramethoxydiborane (4) and BBr3

give a 50% yield of B,Br,. This is a very convenient method of
170 .

react at room temperature to

preparation for the latter compound,
The first neutral boron-iodide cluster coampound has been prepared:

Bglg. It is formed by the reactlon of thalllum{III) trifluorc-

acetate on 59192-. It can be characterised by elemental analysis,

infrared (very similar to 89019, BQBrg} and mass spectra. The

oxldative powers of ngg lie in the corder: BQI9>B Br, >BQC1

Thus the icdines are the least able to relieve the electron

deficiency.l7l

3.1.10 Boron-contalning Heterocycles

Ab initio m.o. calculations have been carried out on the small-
ring Hickel 27 aromatic coampounds (CH}ZBH, (31} and (CH)ZIBH)Z,
for which the most stable isomer was calculated to be
1,3-diboretene (32}. The results were compared with those for
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isoelectronic carbocations, {32} has a puckered skeleton, with Cy
2+ v

symmetry, like C4H4 .

repulsive interactions in the planar forms. A similar puckering

was predlicted for 1,3-diboretane, {CH2)2(BH)2.172

These puckerings are due to 1,3-c0-type

CH——BH

(31) (32 I]ie

(33)

1-Methylborepin, (33), and its 3,6-dideuterio-derivative, are
formed in the reactlons between methylboron dibromide and the

products of hydrostannation of a 1l:1 cis/trans mixture of 1,5-

173

hexadiyn-3-ene, {33) is calculated to¢ be aromatic on the

basis of {i} the value of its Hickel M.0., resonance energy and

(ii) the ring current effect in its 1H n.,m.r. spectrum.l74

Me
C=C’//
/ \ SnHe3
B
\Et
(34)

A number of the boron-containing alkenes have been prepared from
the reaction of 9-ethylborabicyclo(3.3.1l]nonane and alkynyl
stannanes e.g. (}j).”s

Bis[i—oxa-z,s-diboracyclohexenyijnickel having one wvinyl and 92
ethyl substituents has been prepared from Ni(CO}4 and 1,3-diborclene,
followed by exchange of an CHMe group of the ring for cxygen of
inserted CO, and migration of an H atom from the TCH=CHMe group of
one ring to that of the other. X-ray diffraction showed that
the structure is (35), in which the C3820 rings are non—planar.176

N.m.r. data (IH, 1lB and 130) have been reported for the triple-
decker sandwich complex {36}, and its anion. They show that it
behaves like metallocenes. There 1s one unpaired electron - which
is equally distributed between the two nickel atoms (on the n.m.r.

timescale).177
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Y
-/
N

{D Ni

{36)

INDCO~-SCF m.o. calculations have heen carrxied cut on d5
metallocene and bis-borabenzene systems, H(CSHS)2 and H(CsﬂsBHJZ,

(M = Cr , Mn or Fe+). The resultas are consistent with previous

suggestions about the relative bonding capabilities of these two
ligands.178

The new five-membered C2BNSi compounds, {37}, where R = Me or
SiHe3, can be prepared by a new type of ring-closure reaction,

Et Me Et Me Et
7 X THF »>100%
— 5 / \

\
Bt,B” si Mt soln. Et,B.  SiMe, -C,H EtB SiMe, ...{11}
N\ Me \+/ 2 26 2
NH, 3 A N
H M M

equation {11), where M = Na or K, This 1s followed by treatment
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Cl1 to give the final pr:c:di.:a(:'.:.e‘..:I'-"‘9

with methyl iocdide or SiMe3
Boron triflucride dlacetic acild reacts with semicarbazcnes or

thiosemicarbazones to produce FB{L)}. Boron triacetate gives

analogous complexes {(AcQ}B(L}. These can be formulated as (38},

with X = F or AcO, £ = 0 or S.180

- N 5 fe
\ \ 2 ¢ —-CH, N——B
ff’-B‘*h__“ Z /f \ I I
Q \ HC N-X
~. Y
? Me H
(38) e
(39 (40)

2-Methyl-l-trimethylsilyl-4?-1,2-azaboroline, (39, X = SiMe3)
is prepared from LiCH=CH-CH2-N(SiMe3)3 and MeBBrz. It can be
converted to 2-methyl-A®-1,2-azaboroline (39, X = #) by elimination
of SiMe3 with ethereal HCL. The latter compound dimerises at
room temperature to form (40}; this disscclates agailn >60°¢C.

Both of the monomers give m-complexes with iron carbonyls.181

Ee ) Me Me\/ \“
\B N/ \/\B/
=0

\ /\

N
- )
(41}

(42)

Me

The synthesls of several new monameric N-borylated pyrazole and
imidazole derivatives has been reported. Structural proposals
were based on spectroscopic data. For example (41) appears to
be in equilibrium (below -40°C) with the new species (53).182

Several 1,3,5-triaza-2-boracyclohexa-4,6-diones, (43}, where

R=R =R =R’ =H; R=Me or Ph, R' = R = R> = H; R = Me,
R1 = H, R2 = R3 = Et, Ph etc, have bean prepared by condensation
reactions of boranes with bilurets. They were characterised

183

spectroscopically,
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R® gl
N 5
0=c/ \cm R—N/ \N-R
1| , 3 I l 1
rl= N-R 0=C B-R
\B \N/
i )
R B
(43) (44)

Numerous cyclic ureidecboranes, some analogous to (43), together
with {44), R = Me, R’ = Me, nBu or Ph; R = Et, B! = Me, and
analogues containing C=S groups have been prepared from
N,N'-diorganylureas or N,N'-diorganylthicureas and haloorganyl-
boranes.l84 '

Detailed vibrational assignments have been proposed for (45},
where X = Cl, Br or NMez. These were generally in accoerd with
C2v symmetry, although there was some evidence for a slight
breakdown of the selection rules, as some “Az“ modes were seen
in the infrared spectra. The wavenumbers of the symmetric {(near
1300 cm-l) and antisymmetyic {near 1500 cm-l) BN, stretches were
consistent with a large degree of B-N ﬂ-bonding.ias

2-Chloro-diazaboroclidine, {CH2NMe)ZBCl, (45, X = Cl}, reacts
with N-gilylated sulphur-nitrogen compounds (with sulphur in the
oxidation state +4 or +6) to give the boranes He25{0}=N-B(NMe-CH2)2,
(CH,~CH,,) ,S [=N-B(NHe-—CH2)2]2, 0=S=N-B(NMe-CH,), etc. These are
all thermally stable. Other chloroboranes, such as (Hezﬂ)ZBCI,

PhZBCl etc, give less stable species.186

o —ci, Et Bt Et_ Et
/ \ ~B 7 B\\\
MeN WMe N AN N NH

O O
B
]
Cl
(45} (486) (47

2=-Aminomethylpyridine or 2-aminoethylpyridine react in 1:2 mole
ratio with trialkylboranes to give compounds which pyrolyse to form
C5H4N-2-(CH2}n-NHBR2, where n = 1 or 2, R = Et or g?r. When
R = Et, n.m.r. data are consistent with the structures (46} and (47).
For R = nPr, a mixture of open and bicyclic forms are given when
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n = 1, but the open form only when n = 2.187

Tris {dimethylamino)borane reacts with pyrazole {Hpz) to give 2
number of products, depending upon the reaction conditions, e.g.
cis and trans-isomers of (48). Intermediates are believed to
include (MezN)zsz and (MezN)B{pz)z.l88

= N-"T-N
RN N N\
pz”” O\ / \nme, ¥\ / gl
N—N N——N
@) O
v
(48) (49)

The BZN4 ring of compounds of the general type (49) is cleaved
symmetrically when the boron-bonded hydrogen is replaced by
strongly electron-donating amino-substituents. The products are
moncmeric pyrazol-l-ylboranes containing trigonal boron. If
amino-substituents of weak donor ability are used, however, the
above 'pyrazabole' structure is maintained.l89

Crystal and molecular structures have been determined for {50},
i.e. 1,5,9~triaza~13-bora-tricyclotridecane. The BN3 system is
approximately planar, but the carbon atoms lie out of this plane
{by ©.3 to 0.4% for the 3-, 7- and ll-carbon atoms, less for the
othersi. The mean B-N bond length is 1.431(633, suggesting a B-=N

bond order of about 1.4.190

Me
Brahl\\\’ Me ,,Me
N N NG B—Me
N 154 pm ///’
B B N Cias om
N Me Me
138 pm
(50}



153

AlBr3 forms a 1l:1 adduct with hexamethylborazine - being
coordinated te one nltrogen atom, This results in loss of
planarity for the BBNB system, and the B-N bond lengths now vary
between 138 and 154 pm, (51),191

Boron nitride films are produced by the pyrolysis of various B-N
compounds: borazines, such as {ClBNH}B; {C3H7)2NBBr2 etc. The
products are mixtures of hexagonal and cubic medificaticns, with
more of the latter at lower thermolysis temperature5.192
Infrared and Raman spectra have been reported for {BF—NH)3.
(lOBF-NH)s, (BF-ND) 5, (BCL-NH) 5, (*%sc1-n1) ,, (Bc1-15NH>3,
(10501-15NH>3, (BC1~ND) ,, (BCl—l5ND)3 and (ioBC1—15ND)3. Most
previous assignments were confirmed, and hitherto-missing Raman
bands due to modes of Ai and E" symmetry were detected.193

13¢ chemical shifts of benzanellated heteroborolenes, (52},
where X =Y =0, NRor S; X = NEH, ¥ = § or Oy Z = alkyl, Cl, NMe,
etc, show that the BX{pp) T-interaction weakens the masomeric¢ donor
ability of X (= 0, N or S} towards the Ce r:l.ng.194

EBu\\ tBu
x\\ B P/
Bz \?/
b4 N
1
{52} R R

(53)

Reaction between K{tBu)P-P{tBu}K and diorganylamincdichlorocboranes
prcduces a new 1,2-di-tert-butyl-3-diorganylaminc-1,2,3-diphospha-
borinanes, (53), where R = R* = Et or Ph, R = Me, R' = tBu, nBu,

Ph or C6H11‘ The three-mermbered Systems are gquite stable towards
dimerisation {giving 6—membered P4BZ rings with opposite boron
atams).lgs

Several new boron-containing heterocycles have been reported:
{54}, where Rl = Ph; R2 = Ph, o-, m oOr E-MeCGH4; R1 = 0=, M- Or
E—MeCGHq, R2 = Ph, from the appropriate hydroxylange derivatives
and EF3.0Et2 in dry benzene (reflux for 2 hours).

R,—N——C—R
S

Q O
(54)
\B/

Fy
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c ¢
\c Ve
/"-‘.‘\\ 0
O_—-—NI \.
FZB< >Cu >BF2
o—n7  n—o
SNv o Y,
C._,—
C/ C
(55)

Tetraethylammonium carbonylbis[difluoro(glyoximato)borato]copper(I)
forms monoclinic crystals {(space group P21/c). The macrocyclic

ligands are sverely puckered intc a boat conformation, (§§}.197
MeO, OMe MeO, OMe
o] \P/ Cl \P/ 0
r.8’ \Pd/ \Pd/ Nir Pd
I
2 Vo P
\o —-P/ N Ne—o (MeO) ,P P(OMe},
VAN 7 N\ i i
MeO OMe MaD OMe
O\\ o}
(56) /ﬁ
4
F F
{57}

[C1Pa{P{oMe) 0} H], reacts with BF,.OEt, to give a binuclear
complex (56). With ecyclopentadienylthallium{I} the latter forms
198
(57},
Infrared and Raman spectra have been reported for 2-X-1,3-dithia-
2-boracyclopentanes, (58), where X = Cl, Br, Ph or NMez. The rings

modes can all be assigned in terms of a "twisted ring" conformation,

oFf C2 symmetry. The internal B~Ph modes are in accord with sz
"local" symmetry, but those of B-NMe, suggest considerably lower
symmetry.199
CH,—CH 5——5
2
/ \? / N\
= s H-B B-H
\\\‘3’// \\\\s///
|
X (59)

{58}
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Varicus boranes (BH_ ,.THF, tetraphenyldibkorame, 9-borabicyclo-
[3.3.1]nonane {9-BBN}} react with 3,5-substituted 1,2,4,3,5~-trithia-
diborolanes in order to produce (53). The best mixture is
{Me2N)25253 + 9-BBEN, The preduct is wvolatile, and condensed phases
are always poclymerised. Mcnomerlic adducts H2B253.nNMe3, where
n=1or 2, are formed, however.zoo

Reactions between trithiadiborolanes, Y2B253, and boranes Bx3
occur with exocyclic substituent exchange of ¥ and X, and with
an endocyclic process via ring opening and BY /NX exchange.
10B-labelling was used to differentiate between the two routes.zol
S5imilar experiments were performed on reactlons between XZBZSB and ¥
Yszs3. Agaln two routes were found: X and Y can exchange rings
by an exo-process, and mixed compounds XY32$3 are formed with no

exchange of boron atoms. In the endo-process, B atoms are also

exchanged, leading to a statistical distributicon of boroen isotope5.202
The first two examples ¢f hitherto unknown 1,2,;4-trithia-3,5-
PN
1,B,5;, + 2ROH-——32HI + RO-B B-QR .0l (12}

S~

diboralanes with B-0-C bonds have been prepared, eqguation (12},

R = H32C6H3, and characterised.203

3.2 ALUMINIUM

3.2.1 Aluminium Hydrides

Potential energy curves for low-lying doublet states of a1g’
(dissociating to A1T(1s} + 1, a1v(®p) + u, a1T(lP) + H or
Al{zP) + H+) have been determined by ab initio configuration

interaction calculations, The B' 2t state was predicted to be
bonding (bond length 2,068}, 2 shallow minimum was found for the
322+ state, and another for 22w, while guasi-bound minima were
found for 42L% and 32x.29%

The structure of Na[Me,Al-H-AlMe,] reveals a novel Al-H-Al bridge
bond, The Al-H distance is 1.653, comparable to that in "normal®
electron-deficient bridges, e.q. [Me2A1H]2. Eowever, the Al-H-Al
angle 1s accurately 1800, and there 1s no Al-—-Al interaction
{distance = 3.302). Thus, metal-metal Interaction need not be
significant in "electron—deficienﬁ'bonding.zos

The heat capacity of LiAlH, has been measured in the temperature

4
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range 12-320K, The plot of Cp against T 1s gilven by a smcoth

curve, with no ancomalous regions.206

Hydrogen abstraction from AlH4- or AlH(EBuO)BF forms {(respectively)
H3Al._ and (EBuO)3Al-—. These were investigated in selution by
e.5.r. Bpectroscopy. H3Al-— resembles H3B-- and H3Si- very

207
clesely.

Solutions of Lith4 in THF, mono-, dl- or triglyme, and
LiAlH4/THF in toluene were investigated by 27 27

and 1J

Al n.m.r. 8 Al

were both approximately independent of the solwvent,

AlH
althocugh the line width of the 2731 resonance 1s sclvent and
temperature dependent. Intermolecular hydride exchange 1s rapid
. 208
in mono- or triglyme at room temperature,
llB and 27

Al n.m.r. were used to study the systems A1H3/BH3/THF
and LiAlHd/BH3/THF. For the former, the data are explicable in

AlH, + nBH, T—= AlH, (BH,) «e.{13)
ra— Y
282H,_ (BH,} &= AlHg_ oy (BH,) 0+ RLHg o0, (BH,) g ... (14)

terms of the equilibria (13} and {14), where all of the species are
selvated by THF, In the second system there was evidence for
LiBH, and A1H3_n(BH4)n in equilibrium with LiAlHB_n(Bﬂq}n+1. At
high n values, some of the coocrdinated THF 1s displaced freom BH3
by BH4", to give 32H7-.2OQ

Al(BH4)3 reacts with wvolatile bhoron hydrides to produce humerous
aluminoboranes of very great thermal stability. Thus, Al(BH4)3 and
B2H6 in benzene solution form amorphous involatile "AlB4H11W, which
is also produced from AlMe3 and BZHG' The structure is theought
to be analogous to (A1H3}x, with a boron framework similar tec that

of BSH11' Aluminium occupies the apex(l) BH, position of BSH

2 11’
and the polymerisation involwves six-coordination (hydrogen-bridged)
at aluminiuam, Bng reacts with Al(BH4)3 toe form “AlBsﬂlz". This
interacts with H,0 or gaseous HCl to produce species containing
Bu.t cations. Thermal decomposition of (H,BYAl{B. H_ i, gives

2 4 3'g’2
n AlB H 1] 210

613 °

The structures of Me2MBBHa, where M = Al or Ga, have bheen
determined by electron diffraction. The skeletons are analogous
to Bquo, the metal atom being linked to each of two boron atoms
of E3H8 by a single hydrogen bridge, {60). The chief structural

parameters are: (M = Al} rAl-C, 193,2{0,.8)pm; rAl-B, 230.7(0,8)pm;
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raAl-f,, 120.6(4.1}pm; (M = Ga} rGa-C 193,0¢0.7)pm; rGa-B 234.4(0.9)pm;
rGa-H_ 198.9(d.8)pm. 711

H | c::

VonamH
a | o
we” —

v

T==~~.H

(60)

C:?

(61)

The reaction of I.:LA].H4 and 0p2v01 has been studied. It was
peoselble to isclate two new specles: {CP2V}2A1H2C1.0Et2 and
(sz\a’) Al

deuterio—-analogues, were obtained and partly assigned. The
212

2 G‘OEt2' The infrared apectra of these, and the
suggestad structure for the former is (61).
3.2.2 " Compounds ¢ontailning Al-C or Al-S5i Bonds

5.C,F.-M.0, calculations have been carrled out on the reactants
and products of the reaction {15}, on a symmetrical w-complex

H,AIH*  + HC=CH — H,AL-CH=CHH* e (15}

formed from the reactants, and on the system at varlous points on
the reaction pathway. The reaction is best explained as one
in which bonds are broken and formed in a ¢oncerted fashion. In
the transition state the four reacting atoms {(Al, H*, C and C) are
jolned by fractilonal bonds, The symmetric m-complex 1s at a
shallow minimum, and therefore a possible intermediate rather than
the transition state.213

Exposure of Mezhlx, (X = Cl, Br or I}, in acilid solutlions in
tetramethylsilane, toc y~rays at 77K leads to formation of a speciles
with a six-line e.s.r. spectrum. The results were compatible with
the formation of pyramidal Me2hlx-_. The unpaired electron
cccuples a m*-orbital mainly derived from Al 35 and 3p corbitals.

Crystal and molecular structures have been determined for

214
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[K(dibenzo—la—crown—e)][hlznesoz}.l.EcsHG. The O, must be
regarded as 02_ for charge balance, but a new structural mode is
found, (62}, with a very long 0-0 bond {1.47%), and vo, at 851 cm .

Thus the 0=-0 bond is very weak. The Al-0 bond lengths (1,852(9},
1.868¢(9)%) are normal. The geometry 1s very similar to that of

- 215
[Al,Me, (N ] .
? Hez
CH Al
0
Me Me ‘{ SN
Me ---}‘Al/ \ Al maMe Me jAl- o/ wec: C
Me \Me \ / “-A'l/
Hy
(62) Me,y
{(63) (64)

2
determined by gas-phase electron~diffraction. The bond distances

in the former are Al-C, 1.965(7)8; Al-0, 2.03(4)%; o-c, 1.465(2)&.
In the latter they are: Al~C, 1.985(5)8; al-s, 2.55(2)%: s-c,
1.817(5)%.%28

A single-crystal X-ray diffraction has been reported for the
dialumina-methylidyne complex: W(CA12Me4C1)(CH3){PHe3)2(n2-C2H4).
The tungsten geometry is approximately trigonal bipyramidal,
with axial trimethylphosphine ligands. The best sirmple
explanation of the W(CAlznedcl} unit involwves a W=C: fragment,

The molecular structures of (€3) and He3AlSMe have been

linked by a three-centre, two=-electron bond to the two aluminium
atams of a [hezAl(u—Cl)A1M62+] group, {§33.217

The camplexes He4(MeCEc)4A12M, where M = Be or Mg, have been
prepared from [HeZAICECMelz and (MeCEC)ZM in 1,4-dicxan. They
have low conductlvity, and hence largely covalent bonding. It is
believed that four alkynyl groups are bonded to M via ¢ and 7 bonds
to alkynyl groups.zl8

The reagents Al(SiMe3}3.Et 0 and L1Al{S5iMe )4/Alc13 can be used
for directed nuclecphilic silylaticn of carbonyl compounds giving
c-hydroxytrimethylsilyl derivatives.219

The alkylaluminium compound in Ziegler-Natta catalysts can be
replaced by silylalwminium compounds, e.d. T1C14/A1{51M23)3.Et20
{(in the ratioc 5:2) has proved to be an efficient catalyst for the

polymerisation of ethene.220
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3.2.3 Compounds containing Al-N, Al~As or Al-Sb Bonds
813: and_jjal n.m.r. studites have been carried

Infrared, Raman,
out on the AlBr3 - CH3CN system, for molar ratios CHacN : AlBr3
in the range 4.7 to 64. The only anion present is AlBr, , with

three cctahedral cations characterised: AlBrn(CHBCN)G_n(3-n)+‘

with n =1, 2 or 3.221
Infrared and Raman spectra for Alx3.2py, where X = C1 or Br;
BY = CSHSN or CSDSN, are consistent with the formulation
[hlxzpy4]+[hlx4]—. The catiogzgeems to possess a helical
trans-octahedral conformatilion.
Mixed solvatlon~counterion ccmplexes of the aluminium chloride
system in MeCN or PhCN have been studied by high-field 27A1 n.m.x.
spectroscopy. In the MeCH system,signals were identifled due to
cis- and trans-[a1(ecw) 01,17, [A1(Mecw) c1]2¥ ana [AL(mecw) (] 3+, 223
Similar techniques were also reported for A1x3, where X = Cl, Br
or I, in MeCN solution. The anion was always Alx4-, together with
mixed hexa-coordinated cations: [Alxnsﬁ_n]3-n, where S = MeCN.
These all have characteristic Al shieldings. Geometric isomers
could be detected for both [}101254]+ and AlCl,S,.  Addition of
small amounts of HZO displaces Cl1 or Br from the cations, to
give I_'inulsl,t(HZO)6,_”]3".22'l
H-8ilylated derivatives of thiourea, contailning three organic
substituents on both nitrogen atoms, react with thlcl, where R =
Me, Et or iBu, to give monomeric thioureido-alanes, (85}, where
R = Me, Et or Ph, Rl = iBu, Et, Me. Analogous reactlons gave smaller

vields of (N-phenylthlocacetimido)alanes, (66), where R = Me, Et or

1Pu.225
R s s AlR,
Ve
N—C—NEt, Me—-%—-ﬂ\
RY AL Ph
{65) (66)
ip H B iPr
M - J‘L;“N M M ‘N"‘- M
e e e, Me
. / \ - ~ / \ -
Al AL Al AL
R AN N Me me? \‘\,N‘/ e
v u pf m
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Triethylaluminium and isopropylamine react to form [AlMezfuﬂPriﬂ 9t
A crystal structure determination revealed that the mclecules
contain four-membered (AlN)2 rings, and that cis-, (67), and
trans-, (68), isomexs crystallise together, in the mole ratio 2:1,
N.m.r. studies showed a similar mixture in soluticon over a wide
concentration range.226
Crystal and molecular structures have been determined for the
pentamer {(HAlNiPr)z(H2thHiPr)2[HAlNCHECHB)CHZN{CH3)2]}. The
molecule is bullt uwp from four (AlN)3 and two (AlN)2 rings.
The nitrogen atom of the slde-chain NMe2 group 1s bonded to an
ajuminlum atom, which is thus five-coordinate. Al~N distances were
in the range 1.859(5) to 2.162(5)8. For the hexamer
[HAlNECH2}3N(CH3)2]5.2L1H; the structure consists of an "open
cage", (AlN)G, to which the two LiH molecules are linked by
Li-H-al bridges, The Al-N bond distances here are from 1.845(6)

to 1.947(8)%.%%7
Me Me
R ) R 5
AN Ay
Me N/ M \x Me Me N -~ \X Me
~ a1 s, >Sa” S ~a1”
" PR - P S N
') X N Me Me x\\\ N\ Me
\R s/ R
Me
(69) (70}

Sulphurdi-imines, RN=S=NR, and suilphinylanilines, RN=S=0, react
with hexamethyldialuminium to produce [hezﬂl{RNS(MeJNR}]Z, whe re
R = 4-MeCH,, 4-CICH, or 2,6-Me,C/H,, and [Me ,a1{ RS (Me)O}] ,,
where R = Me, Ph, 4-MeC6H4, 4-C1C6H4, 2,6—Me2C6H3 ar 2,4,6-Me3C6H2.
The former compound reacts with HgC12 or SnCl2 to form dimeric
(1,21 RNS {Me)NR}],, for R = 2,6-Me,CcH,.  The dimethylaluminium
dimers exist in two conformations, (63) and (19).228

The limits of the vitreous range of the CaO—SiOz-AIN system
have been investigated at 1400%c.2%%

Chains of AlAs4 tetrahedra have been detected in the intermetallic
compound Ca3AlA33. Such groups can thus occggoin Zintl phases -
and not only in silicates and pclyphosphates.

Crystals of Ca5A128b6 are orthorhombic (space group Pbam}; they
ceontaln Ale4 tetrahedra linked inte chains via common cormers.

Two are linked by sz groups to form double chains. In monoclinic
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crystals of Ca3A12A54(space_group c2/c), the AlAs4 tetrahedra are
joined by common corners and edges to produce an infinite layer

structure.23l

3.2.4 Compounds containing Al-0, Al-S or Rl-Se Bonds
Dissolving (HezN)asicl.hlcl3 in THF prcduces the adduct
ALCL,.2THF. Crystals of this belong to the orthorhombic space

group PFben, The molecules possess nearly idealised trigonal
blpyramidal geometry, wilth the THF molecules occupylng axial sites,
The Al-Cl bond lengths are 2.153 to 2.164%, with AL-0 1.990K. The
Cl-Al-Cl angles are close to 1200, and the 0-Al-Cl angles are close
to 90°, giving Dy, effective symetry for the Alcl,0, unit.?*?

Eight tris(f-diketonato)aluminium({III) complexes, {71}, with
R = CF 4, R1= Me, Ph, 2'-C,H,S, p-MeC.H,, E—FCSH4,12-He0C6H4 or
2'-c10H1; R = CHFz, R = Ph, have been studied by Fn.m,r.
spectroscopy. Rll are sterecchemically non-rigid, and there was
evidence for 15 233
2§rhga102 forms hexagonal crystals, space group P63/mmc. It is

isostructural with ZH-AgFeC and contains aluminium atoms in
234

F rescnances from cls and trans isomers.

!
occtzhedral aites, Infrzred spectra of some aluminates of
rhombohedral and orthorhombic perovsklte types have been analysed.

A complete vibraticnal analysis was repoerted for NdA103.235

Tris (diethylthicphosphato)aluminlium{III} can be prepared by
treating hydrated Al(C104)3 with a large excess of triethylthilo-
phosphate, The product was characterised by infrared spectroscopy,
which indicated coordination of aluminium by both oxygen and
sulphur atoms of the 1igands.236

A persistent radical is formed by the reaction of aluminium
trichloride with 9,10-phenanthraguincne. E.g.r., studies show

that it can be formulated as a pair of tautcmers, (23).237
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Egquilibrium constants have been determined for reactlons cof
A13+, Ga3+ and In3+ with o,0',p'~trihydroxyazo-compounds. The
values are in the order: Ga3+>In3+>A13+. It was suggested that the
spectrophotometric properties of the different complexes are
sufficiently distinct to enable eguilibrium concentrations of the
components to be determined in mixed soutions.238

Formation constants and thermodynamic stability constants hawve
been determined for aluminium(III} complexes of imlhodiacetic {IDA)
and nitrilotriacetic {NTA} acids. For IDA, log K, and log K, are
8.84 and 7.52 respectively; for NTA they are 10.66 and 3.73.2 ?

The crystal structure has been determined for trans-bis(p-acetato~
Q,Q')—bis[ﬁ—(tetraisopropoxy)aluminate—g,g']dimolybdenum,
[(u—02€Me}2Me2fu—(OCHHez)ZAl(0CHHE2)2}2]. The crystals are
moneclinic, space group P21/a. Ho marked digigrences were found
between terminal and bridging Al-0 distances.

Potentiometric measurements on the system Al(III}-galllic acid
(C7H605:H3L}-0H- system can be explained in terms of the presence
of AHLY, Al(OH) (HL) or AlL, AlL 3‘, A1L36", A12(0H)2(HL}32‘,

AL, (OH) , (HE) 137, Alz(OH}z(HL)in—, and Al (oH),L,°7, 24

The system Na2504 - A12(504}3 has been studied by DTA and
infrared spectroscopy. It was established that Nanlisod}2
undergoes peritectlic fusion at 750%¢, The Na2504 - Nan1(504)2
eutectic melcs at 660°C.242 Equilibria in the AL{III) ~ Co, = OoH™
systemhave been studled by e.m.f. titrations in 0.6M NaCl solution.
Data were consistent with the presence of the cOmplexes,A10H2+,
al_(om ,°*, al _o,(0m),, ", al, (0H).C0.2* and al,)on) Heo, 1,243

3 § 1374 24 7 2 2773 3 4 3

X-ray crystal structure determinations have been carried out for
two new sodlium aluminates. These are: Na53104, which is
orthorhombic (space group Pbca), and contains discrete AlO4
tetrahedra; and Na,al 08’ which is triclinic (space group Pl},

7773

and contains a novel ring structure, derived from six AlO4

tetrahedra, linked by oxygen bridges to form an infinite chain.
Ni,Al,5i0, (phase IV) is orthorhombic (space group Imma}. One

244
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third of the aluminium atoms are in octahedral, and two-thirds in
tetrahedral sites. The structure is based on a slightly distorted
cubic cleose-packed lattice of oxygen atoms, and is related to spinel
245 Phase ? of N13A128108 is alsc orthorhombic

{space group Pmma) and its structure is closely similar to that of
246

and modified spinels.

phase Tv.

Single crystals of SrAl204 can be prepared from Al 03/SrC03 mixtures
subjected to CO2 laser irradilation (gliving temperatures above 2000 C}.
The crystals belong to the space group P2 {Cg) The structure is
derived from that of tridymite.2d’

Thermogravimetric measurements have been made on Alz{OH)SCI.
Decomposition takes place chlefly in the range 240 to 140°¢ {glving
AlO{0OH} , Al{OH)ZCl angd H20). The final decomposition (to J\1203)
occurs below 600°C. The physical propertles of agueous solutions
of the campound were also examined, 48

i[ﬁl(H2P04)3] has been prepared and characterised as a second
modification of aluminium tris{dihydrogen phosphate). The
crystal structure 1s a three-dimensional Al-0-P network of AlQ,
octahedra, linked by common wvertices through © P(OH)2 tetrahedra

and six further octahedra.249

X-ray powder diffraction for Rb2[M20(OH)6], where M = Al or Ga,
shows that they are 1sostructural, with four formula units per unit
call, The prcobable space group is Aba2.250 Similar results are
reported feor Csz[MZO(OH)G].zsl

Crystals of natural natrolite, Na2A12513010.2H20, are orthorhombic,
space greup Fddz, Silicon and aluminium atoms are both four-
coordinated by O. The average Al-0C distance is 1.746{2}%, the
average Si-0 distance is 1, 619(2)2 252

The hitherto-unknown Pb%lhl8 2] was prepared from 90 mol.% PbO
and 10 mol.% A1203 at 950 C, fellowed by 72 hours at 850° C, and
then rapid cooling to room temperature. The crystals belong to

the apace group Pa3(T Y. The Alo tetrahedra form a three-

dimensional network with large cavities containing [Pb 016]14+
253
cations.
Y203 and A1203 react in the sollid phase to produce yitrium

aluminates: Y4A1209, YAlO3 and Y hl 012 (formed in that sequence).254

Treatment of CuO/Al2 solid mlxtures at 930°C for 8 days in the

presence of PhO produces Cu,Al,0.. Crystals of these are cubic,
space group P43m, and AlO4 tetrahedra are present.255

27

High=resoclution Al n.m.r, spectra of polycrystalline aluminates
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were studlied at 70.4 MHz, using "magic-angle® spinning, Isotroplc
shifts depend on the Al-0D coordination. Thus, AlO tetrahedra glve
shifts of 55-80ppmn., compared with AlO6 octahedra (near 0 ppm. ).256
The observed ZTAl n.m.r. rescnances in solutions of aluminosilicates
can be assigned to AlC, tetrahedra with different numbers of
§i-0-Al bonds.?>’
A new structural model proposed for zeolite A (rhombohedral R3)

differs from the one currently accepted {cubic Fm3c}) in that each
41+

4

tetrahedrally-coordinated Si

by 3 {not 4) A13+ and one Siq+, and each A13+ by 3 (not 4} Si

and one A13+ 258

is surrounded, via oxygen bridges,
4+

A number of papers hLave appeared on the study of AL{(III}
hydrolysis by means of 27A1 n.m.r., along with other physical
techniques. Thus, evidence was found for at least four components,
inecluding Al(OH2)63+ and [A104A112<0H)24(0H2)12]7+, in the sclutions
formed by dissolving aluminium metal in AlCl agueous solutions.
Hydrolysis of AlCl3 solutions by Nazco gave only the Al 13 cation,
together with high-molecular weight polymeric ions.zsg

Decomposition of two different types of hydrolysed AL{III};
solutieons by the addition of acid was followed by ZTAI n.m,r., and
pH measurements. The mechanism of decomposition of
[A104A112(OH}24(OH2)12]7+ seems to involve as a rate-determining

3+

step the exchange of water ligands on Al High-molecular welght

material decomposes more slowly than the Alla cluster.260
Hydrolysis of aluminjum{III} sclutions, carried out in the
shortest possible time, and without subseguent ageing, gives
solutions whose composition depends upon the degree of hydrolysis
achieved, and containing wvarying propocrtions of
(AL(H,0) ]3+ [ (1,05 ,A1(OH) A1(0H2)4]4 and [Al0,al

New Bpecies were quickly formed on ageing, however,

7+
{OH) (0”2)1z] .

%a Al n.Mm.r.
spectroscopy at 1C4.2 MHz gave definite evidence for

[(5,0) ;AL(OR) jAL(OH,) ] ana [Alo,A1,, (OH) (OH,) ,] ™" in hydrolysed

274 2 27 47712 24 2712

Al1{I1II) sclutions, Al data on solutions obtained by the
relatively slow hydrolysis of AlCl3 solutions with aluminium metal

in the presence of mercury showed that z wvariety of readily

interconvertible speciles were present.263

The preparations of [A1W1204CJ and [A1H0602133_ were monitored
27

by
containing aluminium are produced ~ one is the desired product, one a

protonated form of it, while one of the others may be the 2:1B{Al:W)

Al n.m.r. spectroscopy. For the former, four species
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anion.264
A water-soluble chloride can be prepared from the sparingly-
scluble basic aluminium sulphate, [311304(0H)25(0H2)1ﬂ{504]B.xH
by reacticon with barium chloride. Kinetlc and Al n.m.r.

measurements suggest that the chloride {both as the solid and in
265

2° -

soluticn) contains only the A113040 cation,
Measurements of the kinetics of reaction with ferrone, and
27Al n.m.r. data were used to determine the influence of the method
of preparation, concentration and ageing on the constitution of
solutions of basic¢ aluminium salts. In all cases the proportion of
polymeric specles decreases at equal basicity with increasing
aluminjum concentration. The }\11_3040 apeciegeés cnly formed in
solutions prepared by the addition of alkalil.
Solid-state, high-resolution 2 Al n.m.r. data show that in the
basic aluninium chloride, with CH/RL = 2.5, catlons of the type
(21,50,
peak due to such a catlon. Addition of HC1l produces decomposition

(OH}25{H20)11}6+ exist, Agueous solutions give a single

to low molecular welght species. Alkali, however, gives higher
melecular welght particles not accessible to 27A1 n.m.r.zs?

Tetragonal aluminium sulphide, crystallising with the defect
spinel structure, has been prepared at ambient pressure from the
elements. Infrared and Raman spectra of this specles, and of

A1253, wergsgeported and discussed in relation to thelr crystal
structures,

S8ingle crystals of a—ZnA1254 {(spinel structure)} can be cobtained
by a chemical transport reaction at 740°C. Heating (800-900°C}
produces a two-phase system, In the range 830-860°C the two
phases are zn0.98A12.0134 (cuble, c-phase) and an.BOAll.4TS4
(hexagonal, Wurtzite-phase).

Crystal structure determinations have been determined for the
following: BaAlzse4 (tetragonal, P4 /nne}; BaGazsea(orthorhombic,
Ccem) 5 CaGa25e4 {orthorhombic, Fddd); and CaInzTe4 (tetragonal,
I4/mcem) ., All of the structures are closely related to that of

TlSe.z?0

3.2.5 Aluminium Halides
The crystal structure of KAlF4
diffraction at room temperature. The crystals are tetragonal,

has been determined by neutron

space group P4/mbm, The structure 1ls derived from that of
TlA1F4, and contains a sequence of EA1F4/2F2]co layers of AlF,
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octahedra, sharing four corners in the (00l} phase. k' ions lie
between the layers. The Al-F distnaces are 1.752{1)% {axial) and
1.817(1)3 (equatorial}.271

Hydrothermal synthesis in HF produces slngle crystals of
szAlF5 .H20 or lethS . HZ
orthorhombic {space group Cmcm). The structure contains infinite

O. These are isostructural and

octahedra along the 3 axis; the octahedra share two
272

chains of AlFG

trans flucrine atoms.
The enthalpy of formation of the NMe4+ salt of Cl3A1(C104)_ has

been determined from thermochemical measurements:

o + -1
BHZ 598,15 Me,N [013A1(oclo3)]7cryst = -246,87+0,36 kcal.mol .
The enthalpy of addition of crystalline AlCl3 to crystalline
Me ,NC10, is -40.8 kcal. mo1”1, 273

o ’/,x
Mo——B1-.
i~, ‘;‘“Y
H X
(713)

The complexes 092M0H2A1X3 and Cp,MoH,AIHX, {where X = Cl or Br)

have been prepared from szMoH and the etherate of the appropriate

2
aluminium compound, They contain a direct Mo-Al bond, {(73), where

X=Y = Cl oxr Br or X = (Cl or Br, ¥ = Hz. Both vMo-H and {where

appropriate) vAl-H are in the regions expected for terminal
hydrogens e.g. for szMoﬂzanClz, vAlH is at 1795 cm-l, for

Cp,MOH,AlDCl,, VAlD is at 1320 an 1,274

The binary A1C13-CaCl2 system has been examined, A eutectic
was found at 24.5 mole % CaClz, 1lO°c, and a peritectic at 30.0 mole %
CaClz, 280°C. The latter corresponds to the incongruent melting of

cacl,.a1c1,. 27
Some vibrational assignments have been proposed from the infrared

spectra of crystalline (CpTiCl)BAlCl H .5 {(where n = 0 or 1;

3nn
S = Et20 or NEtBB. The hydrido-complexes presumably involve
bridging hydrogens, as no vAlHt modes could be seen.z?6

Potentiometric measurements on the NaCl-AlCl, system are explicable

3

2A1Cl4- — Al.Cl.,  + cCl1 v.. {16}

2777
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3A1,Cl," o= 2al,Cl, + CI° «e  {LT)
2R1,C1,4" &= 3Al,Cl. + 2C1° eea(18)

in terms of the equilibria (16}~{18).277

27A1 n.m.r, spectra have been cbtained for liquid samples of the
A1C13/ﬂ-butylpyridinium chloride system, Previocus suggestions
about the structures of species present were confirmed, and 27A1
n.m.r. parameters of AlCl4_ and A12C17— were determined.278

Raman spectra of PClS-AlCI3 melts {containing 30, 5C, 63.7, 70,
80 or 90 mole % A1C13) gave bands due to the species PC15, PC14+,
Alcld-, A12Cl7- and Alzclﬁ. A higher complex, Alxclyz-, was found
when more than 70 mole % of AlCl3 was present. The last gave bands
at 100, 297 and 395 cm 1,279

A number of papers have been published by Schifer and co-workers
on gaseous complexes of aluminiuym halides with a variety of metal
halides. Thus 1t has been suggested that the addition of AlCl3
to gaseous MClx.nnlcl3 complexes in which M is coordinatively
saturated 1s independent thermodynamlcally of the nature of and the

charge on M, If M is six-coordinate, then for all the equilibria

Cl C1 Cl
-~/ N S~ ~
—M-Cl-Al-Cl + O,BR1,C1. {9} T—— M-Cl-Al-Cl-Al-C1l ees (19}
-~ 2°76
\Cl/ \Cl/ \Cl

(19), AB® = -8(23) keal. mol™} and 48° = -16¢24) cal. Kk 1.280

The equilibria {20) have been studied by mass-spectrometry for
Hclx(s) + O.SnAlzcle(g) — MC1,.nRlCl,(q) vos (20)

MClx = Tlcl3, VC13, ScC13, NdCl3, Zrcl4, TaCl5 or %szcllo. n=1=1=
in every case. For MoCl3 and WCl6 no camplex formation was
detected.zel Mass spectrometric or spectrophotometric

measurements gave AH®(298) and 45°(298} for (20}, in which MCl, =
282 283
Vel

or HgClz. Similar data were deduced for the
equilibria (21), in which M = Cr,zaq or Ni.zas In the latter case

—
MCl,{s} + A12c16(g) — r-m12c18(g) .. {21)

it was also possible to characterise the eguilibrium {22).
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NiA12C18(g) + 0.5A12C16(9)—"NiAlaClll{g) e $22)

Some mass spectral data were also obtained for (21), in which
M = Fe, Zn, Cd or Pt. Relationships were found here between the
thermodynamic data obtained from these and the coordination of M
and Cl in the solid dichlorides.286 For M = Pd, {2]1) was studied,
and alsc the eguivalent equllibria involving the bromides or icdides.
Differences between the chloride and bromide systems on the one
hand, and iodides on the other, could be traced to structural
differences between the dihalides.287

AlCl3 is formed by the reaction of metalli¢ aluminium with PbCl2
in a molten salt mixture. If chlorine gas is also present, the halogen
carrier is recovered in good yileld, Thus a centinucus process can
be developed.288

The visible spectra of COAlzclnIB_n contain bands at wavenumbers
intermediate between those of ConlzclB and CoAlzIB. The crystal
structure of PdAlzcl8 shows that 1t 1s monoclinic {space group
le/c).289

Phthalocyanine—-aluminium and —-gallium fluorides doped with iodine
give (PcMFIx)n, where M = Al, x = 0,012 to 3,4; M = Ga, x = 0,048

to 2,1. They were characterised by resonance Raman spectra (both
1,” and I are present). Iodine-doping leads to a marked increase
290

in ceonductivity.

3.3 GALLIUM

3.3.1 Compounds containing Ga-C Bonds

Detailed vibrational aesignments have been proposed for trimethyl-
gallium, based on infrared and Raman spectra in solid, liguid and
gaseous phases. The spectra of the sclid are very simple,
suggesting that the molecule remains monomeric, at a site of C3
symmetry.zgl

The molecular structure of monomeric trivinylgallium, Ga(CH=CH2)3,
has been determined by gas-phase electren diffraction. No
evidence was found for dimers. The best fit with the data was
given by a model of C, symmetry, and rGa-C = 1.963(3)3, rC=C =
1.335(332, rc-H = 1.094(8)K. The torsion angle CGaCC is 24(5)0,
compared with a value of o° for a planar skeleton. The Ga-C and
C=C distances give no evidence for any delocalisaticn of

T—electron density to Ga.292
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2.02(Gay; 2.1%{(In).

/\
/\/\

2.24(Ga); 2.52(In}.

(74)

Gag-phase electron dlffraction experiments have been carried out
on dimethyl (propynyl)-gallium and -indium, [Mezm(u-CECMe)]z. The
results are consistent with dimeric molecules eof C2h symmetry.

The M,C, ring 1s rectangular, (74). The structures are analogous
to that of the aluminium compounds, and can be described as
distorted monamer unlts joined by donation of C=C m-electrens into

the vacant pz-orbital on the metal.293

3.3.2 Compounds contalning Ga-N or Ga-P Bonds

The infrared and Raman spectra of solid HesnGaMe3 and M3315NGaM33,
have been reported, with the Raman spectra of the liguids at about 50°C,
and a low-resolution microwave spectrum. 211 of the data are

consistent with C,,, molecular symmetry. All of the vibrational
modes were assloned except for the methyl t:c>z-sj.orxs.25“1
The complexes GaXy.L and InC13.L.2H20, where X = €l or Br, and
L = {75), have been prepared, Infrared and electronic spectra
suggest that coordination occurs via the carbonyl and the nearest

nitrogen of the heterocyclic ring. The gallium complexes are

best represented by an ionic form [Gaszz][Gaxd].zgs
Se
N Ny
N _ -
4 ci.
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1l:1 Complexes are formed by MeGa2+ or Ga3+ with tridentate ligands

(HZL' with ONC or SNO donor atoms). The infrared data are generally
ceonsistent with trigonal bipyramidal environments at the metal

centre, e.q. (Zﬁ).zgs

N Me N—N _Me
éa \\Ga“/ \Ga"
u VRN Me/ Nyge—n \Me
-] Me
(773
{78)

A series of N-dimethylgallylazoles has been prepared fram
azoles f{(imidazoles, benzimidazoles, pyrazoles etc.) and
trimethylgallium, The structure, whether monomeric, dimeric or
polymeric, depends on the positions of the nitrogen atoms in the
azole group. For the pyrazolyl derivatives, n.m.r. studies on
acetone or acetonitrile solutions show that there is an eguilibrium
between monomer, (77}, and dimer, (1§).297

A report has appeared on the preparation, n.m.r, spectra and X-ray
diffraction of (79}, where M = Mn; ¥ = N2C3H4, N2C5H8: X =C0, n= 0;
M=Moor W, X=C0C0, Y=N,C.H orNCH,orx=n’—-CBH50r

27374 2758
na-cjﬂj, Y = N2C3H8, n=1. The n.m.r. data reveal interesting
differences in behaviour between the manganese and molybdenum species
in solution.23a
_ Oy y | T
Me N—N " <o C C
\“Ga/ \M/ \Ga/
1
e \N-—N/:\CO =5 n=
O} —
L .
{79} {80}

N,N'-Ethylenebis(salicylideneiminato)chlorogallium{III), {80},
forms monoclinic crystals {space group le/a). The gallium
coordination geometry is intermediate between sguare pyramidal and
trigenal bipyramidal, Important bond distances are Ga-Cl, 2.228(2}%;
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Ga-0, 1.868(4), 1.883(4)8; Ga-~N, 2.019(6}, 2.035(5)R.?%3
The crystal structure of thé copper(I) complex:
[Me,Ga (OCH,CH,NMe, ) N,CcH, |Cu.PPh,, (81}, shows that there is
distorted tetrahedral geometry at the copper. Bond distances
involving gallium are : Ga-C, 1.896(3)3; Ga-N, 2.005(3)&: Ga-C,
1.872(5}, 1.987(5)8.3%

Me
Me O Me Me (I;a/Me
- N/!
Me G / Cu=-PPh Oll‘l Q
e.Ga u=-
2 3 \]’_“ﬁ
\0'/-;1-1? Mo — NH,

1 ! 2 Me I \
C o]
— {82}
Hew tridentate anlonic organcgallate ligands hawve been prepared:
[MezGa(NchH?) (OCH,CH,SR)] ™, where R = Et or Ph, from
Na” [Me,Ga (N,C.H,)] ™ and HOCH,CH,SR in refluxing THF. When R = Et,
the ligand forms fag-octahedral complexes with molybdenum, tungsten
and manganese carbonyls, and it also acts as a tridentate ligand
{L) 1in LCu(PPhs) and LNi{NO}. When R = Ph, the number of
complexes formed is much less, due to steric effects.301
Crystal and molecular structures have been reported for the

closely related complexes (82) ,302 and (83), where R = Bt, M = Ni,
X = NO or M = Mo, X = (n°-C,H,)(C0),; R =Ph, M = Mn, X = (c0}3.3°3

e Oy
Me‘\ /N_N"'““‘“-—_..____

3a =¥ M=X
Me/ \O/I?Ef

(83)

The reactivity of l-dimethylgallylpyrazole towards alkyl halides and
acld chlorides has been studied.3

Infrared and Raman spectra have been obtalned for (C!-13)3GaPH3 and
(CH3)3GaPD3. The data were consistent with molecular symmetxry of
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C3v' A normal ccordinate analysis revealed only slight coupling
between the GaC3 stretches and CH. deformations. Other modes

305 3

were essentially "pure’. Similar experiments on (CHB)BGaP(CH3}3

again showed that the symmetry was C3v, but revealed extensive

vibrational coupling between the Ga-P stretch, the PC., and the GaC3

3
deformations, The solid-phase data were conslstent with the
presence of only one molecule per unit cell; a rhombohedral space

group such as R3m 1s consistent with all of the cbserved data.306

3.3.2 Compounds containing Ga-0, Ga-5 or Ga-Se Bonds
Crystals of LiGa02.8H20 are trigonal {space group P3cl). The

gallium atoms are tetrahedrally coordinated by oxygens {(with Ga-0O

distances 1.85-1.89%). Two of the oxygen atoms are linked
together, ané to the others by hydrogen bonds.go?
A study of the LiBO2 - LiGaO2 system by D.T.A., X-ray diffraction

etc. shows that a single intermedlate compound is formed: LiZGaBO4.
This melts incongruently at 89600.30B
The mixed-oxide sBpecies CuGaIn04 forms hexagonal crystals (space

group R3m}. The Ga3+ ions have trigeonal-bipyramidal coordinaticn

3+

{distorted; Ciy symmetry}, while the In lies between cubic close-

packed oxygen layers and has trigonally-compressed octzhedral coord-
1nation.309

Detailed vibraticnal assignments have been proposed for
{CH4) ;Ga0(CH;) , and {(CH,) 3Ga0{CD3) 27

spectra, and a molecular symmetry of Cs' The Ga-0 stretch could

based on infrared and Raman

not be assigned to a specific mode, as 1t contributed significantly
to four features {in the range 279-148 cm 1).31°

Pyridinium and ammomium hexamolybdegallates, i.e. containing the
anion [Ga(OH)6M06018]3_, have been characterised by T.G.A., X-ray
diffraction, infrared and lH n.m.r, spectroscopy.all

B—SrGa204 forms monoclinic crystals {space group P2l/c). all
of the gallium atcoms are four-coordinate, with Ga-0 distances in
the range 182.6 to 186.?pm.312

of the hitherto-unknown Ca3Ga409. These are orthorhombic,

Single crystals have bheen cobtained

belonging to the space group Cmm2. The anions are formed by

circles of four and five Ga04 tetrahedra, giving a network
arrangement.313
The Ga253-PbS system was studied for 30 to 100 mole £ PbS. One

ternary compound is formed: PbGazsd, which melts without

decomposition at 875°C.314
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The formation of Ga{IlII) and In{IIl} complexes wilith sulphur-
containing ligands, such m8 acetylacetone-2-mercaptoanlil or
sallcylaldehyde-2-mercaptoanil, has been reported, All of the
complexes are Schiff-base derivatives, with the ligand being
dibasic and tridentate.315

The first ternary compound to be characterised structurally in
the Cs-Ga-S5e system is CsioGagSey . Discrete [GaGSeldle" anicns
are present - comprising six linearly edge-linked GaSe, tetrahedra.
The overall length of the hexameric speciles 1s 19009m.516 EuGa2Se4
crystals are orthorhombic, and their magnetic properties show that
the Cur;i;ﬂeiss law is obeyed, with a characteristic temperature
of -4K,

3.3,4 Gallium Halides

Studies on the ternary system Ban-MnFEGaF3 at GOOOC show that
the presence of four quaternary fluorides: BaanGazFlz, BaMnGaF7
(moneclinicy, Ba,MnGaF, and Ba,,  Ga, , Mn, F,,. D.T.A. studies
on the GaF ,-BaF, system show that the flucrides BaGaF5 and
Ba,Ga,F,, are formed.uB

GaTeCl crystals contain GaTeCl tetrahedra, sharing common Te
vertices with six neighbouring equivalent tetrahedra. Chlorine
atams are in terminal positions. The Ga-Te distances in the
‘tetrahedra are 262.5 to 263.8pm, while Ga-Cl is 213.29m.319

Values have been found for the enthalpiles cof solution of the
following:GaC13and GaI3 in Hzo, MeCH and Me_,S50: InCl3 and InI3 in
H20 and several non—agueous solvents.320

Crystals of GaCl3.SbCl3 are monoclinic {space group {le/c).
The GaClq— units are very distorted, due tc strong interactilons
with Sggiz+, via Ga-Cl---5b bridges, te give an infinite polymeric
chain,

69Ga, 71Ga and 1151n n.m.r., spectra have been cbtalned for the

2

anicna Hx4~, where M = Ga or In, X = Cl, Br or I, in dichlorcmethane
solution. For each element, mixtures of two halo-anions produces
a statistical distribution of mixed halo-species. For gallium, a
mixture of three halo-anions contains all 15 possible species in
statistical amounts. tuadrupcle effects meant that line widths

. 71 69 115 322
were 1n the sequence Ga< " Ga< In.

The equilibria {(23) establlished between ACl{s} {where A = Li, K

——
ACl{s) + GaC13{g) ——— AGaCl, aea (23}
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or Cs) and GaCl,(g) were studled by mass spectrometry. The
following thermodynamic data were obtalneds: AH®(298) = 5,6(Li),

3.2{K}), ¢-2,2{Cs} keal. mol-l; 4s%(298) = 1.6(L1}, 6.1{K}), ~4{Cs}

cal. K-1.323

Etherates and pyridine adducts have been lsolated for a number

of mixed tetrahalogallates, H{GaXBY].2Et20 and H[GaXBY].4py, where

X=¢Cl, Y=I; X=I,¥Y¥=¢Cl; Xx=Br, ¥Y=1I; X=1I,Y=Br, It is

believed that the ether molecules form (Et20)2H+, with GaX,Y anicns,

while the pyridine adducts contain py2H+ and [GaXBYpyz}-.3 4

TlGa n.m.,r. data have been reported for four-ccordiante anlons

[Gax Y, ]~ and [Gax,vz]”, where X, Y and z = Cl, Br or I. Halide
and GaY

4 4
slow, and the equilibrium proportions reported here do not

exchange between GaX in dichloromethane scluticon is
correspond to a statlstlcal distribution. No resconances were seen
for Ga2X62;2éX = €1 or Br), which have a staggered ethane-like
structure.

& crystal structure determination has been carried out on
trans—-dichlorotetrakis (pyridine}gallium{III} tetrachlorogallate{III},
The crystals are orthorhombic, space group Pna21. It is the flrst
example of a trans-octahedral galliuvm{III} complex, In the cation,
the Ga-Cl distances are 2.308 and 2.3173, with Ga=N distances in the
range 2.074-2,125K, The anionic Ga-Cl distances are 2,154 to
2.159%, The Raman spectrum of the complex was recorded, and the
following assignments were: vGal, 263cm_1 (Alg) and 248cm—1 (Elg)'
and vGacCl, 194Icrn-1 {A, 3. The last was rather low, but there was
no other candidate.32

The mixed metal compounds InGax4.2L, where I = py, piperidine,
piperazine, l,4-dioxan, tetrahydrofuran, hawve been prepared,
together with [(nBu) N],[InGax ], where X = C1 or Br.  Raman
gpectra reveal that all of these contain In~Ga bonds, although
preclse assignment of individual modes to particular wavenumbers
is not possible, because of extensive mixing. Features in the
range 128 to 151 cm * were chlefly due to vInga. 327
A vibrational assignment of Ga2C17_ has been proposed from
infrared and Raman data on solid KGa2C17. Spectra of the molten
salt {at 200°C) were also obtained - these show some cation
dependence on the vibrations even here.328

The systems GaBr,~MBr (where M = Na or T1(I)} have been studiled.
For M = Na, four compounds were detected: NaGazBrT, NaGaBr4,

NazGaBr5 and Na3GaBr6. For M = T1{I), two compounds are formed:
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329
TlGaZBr7 and TlGaBrd.

3.3.5 1Intermetallic Phagses Contalnlng Galljium
LiSGa4 1is a new phase found in the Li-Ga system. It crystallises

in the trigonal system, and belongs to the space group P3ml. The
330

structure 1s related to those of LiGa and L13Ga2.
RbGa3 can be prepared by heating a mixture cof the elements to

700°C in a tantalum tube. The crystals are tetragcnal, and belong to

the space group Idm2, Gallium triangular faced dodecahedra are

stacked, via direct and bifurcated Ga-Ga bonds, to give a non-—

campact network lnterlccked with a sublattice of rubidium atoms.

A related specles, RbGaT, forms monoelinic crystals, space group

331

c2/m, This structure can be descriked in terms of a packing of
icosahedra {of gallium atoms) around inversion centres in a
sheet-like non-compact netting. This leaves channels where
rubidium atoms are situated, forming zig-zag chains parallel to the

x—axis.332

3.4 IRPIUM

3.4.1 Compounds c¢ontaining In-C Bonds
A significant improvement has been reported in the synthesis of

cyclopentadienylindium(1) . The new process involves metathesis
of LiCp with a slurry of InCl in diethyl ether.333

All of the campounds [(CH3}2MN(CH3}(CGH5}]2, where M = Al, Ga or
In, exist in solution as mixtures of ¢is and trans geometrical
isomers. Cis was the main isomer for aluwminium and gallium, trans-
for indium, X-ray diffraction of the s0lid indiuwm compound
showed that only the trane-form was present in the crystals, (84).

ph\ He
N’
“HHHHH““In
N{”fd”’

334

Me

‘\\
ne?’

Me

N

In

o/ \

Ph
(84)

The novel indium{I} compounds NaIn(CH251Me3}2 and
NaIn(CHZSLMe3)2.MeOC2H4OMe are prepared frem In{CstiMe3}3 and
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sodium hydrilde in the appropriate solvent. If arcmatic or
hydrocarbon sclvents were used, the hexamer [NaIn(CHQSiMea}z]6

was formed. The second species above was isolated from
dimethoxyethane sclution, and it was assoclated in solution. The
extent was concentration-dependent. Chamical and spectroscoplc
properties were conslstent with models in which the association

involved In~In 1nteractions.335

3.4.2 Compounds containing Bonds between Indium and Elements of
Group VI
The vibrational spectra of the double oxides LnInO,, where Ln =
La, Pr, N4, 8m, Eu, G4, Tb, Dy, have been studied {all have the
orthorhombic perovskite structure), as well as those with Ln = Eu,
Gd, Th or Dy, as modifications having the LnMnO

3 structure.

Although the former contain InO6 units, and the lattggslnos, there
is little difference in the vIn-0 stretching regicn,

M3[In(OH)6]2, where M = Ca or Sr, have been prepared by treating
a mixture of MCl, and inCl, with bolling KOH sclution. Thermal
decomposition {(when M = Ca}) leads tc the formation of CaIn202(0H>4
(320°C) and then CaIn,0, (520°C).  vInO modes in [In(oa)6]3“ are
seen at 480, 405 and 300 cm 1,237

Electrochemical oxidation of metallic indium in the presence of
DMS50 or CH,CN and tetrafluoroboric acid leads to formation of
[1nLg]** [BF,] %", where L = pMs0 or cuon. 3?8

The macrocycles 6,7,9,10,17,18,20,21—octahydrodibenzo[§,£]-
[l,4,?,10,13,16]-hexaoxacyclo-octadecin(dibenzo-la—crown—ﬁ} and
1,4,8,11-tetra-azacyclotetradecane (cyclam) form adducts with Inx3
and InX,, but not with InX (X = Cl, Br or I}. The products
InyX, L {L = macrocycle} are in fact [IaL][InX,] (by infrared
spectroscopy). For InX, and dibenzo~18-crown-6, infrared data

3

show the presence of Inx; anions and linear Inx2+

latter being part of a mono- or polynuclear complex cation. Cyclam
and InX, give [In(cyclam)z][InX4}3.339
Complex formation between In(III} and H3PO4 has been studied in

the pH range 2-3. InHPO4+ and In(HPOG);'were both detected.
In{IIT} has a greater tendency to coordinate a second HPO 2= than

q
has Fe(III).340

species - the

X-ray scattering intensities from indium{III} sulphate in

agueovus solution have been analysed. The data suggest that inner

+3-2z

indium sulphate complexes, In(H2O)6_z(OSOB)z s exist, together
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with a hydrogen-bonded structure outside the In3+ inner coordination

sphere.34l
The preparations of H(SD3F)3, {M = In or T1) and T1{50,F) have
been reported, The In{IIIl} and T1{I) compounds are formed by the

action of excess HSO_F on InCl., or TICl. The thallium(IXI}

3 3
fluorosulphate is made by the reaction {(24}. The M{III}) compounds
TlSO3F + 52061?2——)'1‘1(5035‘)3 eaa 24}

both form adducts with oxygen or nitrogen donor liganda.342

Ammonium and indium{III} selenates form (Nuq)In(SeO4}2. In an

excess of ammonium selenate, hydrolysis occurs to glve basic salts of
variable composition.343
The vibrational spectra of 40CaIn204 and 44CaIn204 have been
studied. In-C stretches lie in the region 450-650 cm—l. Ca-0
stretches {identified by isotoplc shifts} and In-0 deformatlons lie
in the range 300-450 cm_l.344
2SxSeY
synthesised from the elements. Continuous substituticnal solid
solution is posaible: In,S,_ Se, {(for Owx:2). InzsezTe has a
crystal structure which is a modification of a known form of

Various compounds In and InzsexTey {wherge x+y = 3} have been

Inzse3(hexagona1). All of the phases studied were semiconductors.345

Phase diagrams have been constructed for the systems In2x3—InY3,
where X = Se or Te; ¥ = Cl, Br or I, All are gquasibinary, and
contain intermediate ternary compounds InXY (which all melt

incongruently).346

3.4.3 Indium Halides
Fusicon of InX, where X = Cl, Br or 1, has been studied Ly DTA,

calorimetry, conductometry and chemical analysis, All undergo
partial decompositicn (dispropcrticnation) orx fusion;347
Metallic indium reduces InCli to In2C13. The latter 1s indium{I}
hexachloroindate (II1}, Ing[lnI ICIGJ, and it crystallises as
crthorhombiec c¢rystals (spage group Pnma). The Tn{III} cccupies
octahedral holes, with an average InIII-Cl distance of 251pm.
In(I) atoms have coordination numbers 7-11, with InI-Cl distances
of from 325 tco 359pm, The crystal structure is isotypic with
0-T1,C1,. 348
The Raman spectrum of a single crystal of K3InC16.H20 has been
assigned, using knowledge of the crystal structure. The main
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feature is the splitting of v, of InClG3— into two components.
These could be assigned to indium atoms occupying different
sites.349

Crystals of 4({NH Me)+.(InBr6) .Br  are monoclinic (space group
le/c} They are isomorphcous with (MeNH } InCl The In-Br

distance 1in InBr6 3= is 2.6708, 350

3=

3.5 THALLIUM

3,5.1 Thallium{I} Compounds
Disscciation curves have been caleculated for T1H, using fully

relativistic quantum methods. The results show that the
"orthoganal triplet interaction™ makes no significant contribution
to the bonding.351

Formation of the non-radiative exciplex *(UO Tl) *oin aqueous
splution ogcurs by a simpler mechanism than for * (U0 Ag) This
1s due to the absence of a primary hydration shell for 1%, and to
the fact that its 652 electron palr 1s more sultable for electron
transfer than their equivalent on Ag+.352

Infrared spectra have been recorded for lesoq, leMoo4 and
In2M004 1gsgltrogen matrices at 12K. All are thought to have Dyg
symmetry.

Anhydrous thallium{I} formate, T1HCCO, forms orthocrhombic crystals,
space group Pna2l. The coordination polyhedron ogsghe T1+ is

The

thallium({I} acetate complex of the channel-forming antibiotic
205

best describked as an elongated trigonal bipyramid.

gramicidin in p-dioxXan solution glives a Tl resonance at the

lowest value ever recorded for T1. 335
The mixed phosphite LiTlPO3 g

salts. The crystals are moncoclinie, space group C2. The T1

has five oxygen atoms as nearest neighbours (2,.76(2} to 2.84(2)3),

with three further oxygens at distances from 3,028 to 3.432.356

H can be prepared from the individual

T145n53 crystals have been isolated from the SnS-les system,
They are tetragonal, and belong to the space group P4/ncc. The
structure 1s built up of sheets, containing T1-8 bonds in the range
2.87% to 3.042. Interactions between the sheets are very weak
{Sn---§ 3.158; T1---T1 3.574, 3.6028).3°7

TléSnsz was prepared by fusion of a stoichiometric mixture of
the elements, followed by prolonged heating at 300°C. The crystals
are monoclinic, space group C2/c. The T1 atome are located in
channels parallel to the b axis, and surrounded by nine sulphur
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atoms {T1l-S, 3.073% o 3.807R).358

Phase studies have been carried ocut on the systems lex-Tls {where
X = Cl, Br or I}. These quasibinary systems all contained the
new type of compound Tl X,8

Tl SI was also detected, §9
Crystals of T1,P5, are orthorhombic {space group Pnmaj. The
thallium atoms are coordimated by either five or seven sulphur
atoms (Tl-S: 3,05 to 3.482; average 3.273).360 Phase diagrams
have been established for the systems: T13SbS3—T13AsS3 and TleSz-
TlAsSZ.
the latter a eutectlc,

For X = I, a further species,

The former ggg? a complete series of solid solutions,
The new phase TldGe Selo glves monoclinic crystals, space group
C2/c. The crystal structure contains Tl and adamantane~like
Geqselo4 . The thallium 1s nine-cgoordinated by selenium atoms
(with Tl-Se distances of from 2.115% to 4.049R).362 A study of
the Cu-Tl-Se phase dlagram reveals the existence of the new phases
cuTlse, Cu,T
character.36

ISe2 and Cu4T13e3. All possess some metallic

Te . _ _.Te
\\;;Tl;;’/’
T1

(85)

Reaction of KT1Te with 2,2,2-cxrypt (= 4,7,13,16,21,24-hexaoxa~
l,lo-diazabicyclo[a.a.B]hexacosane) in ethylenediamine, gives
dark brown crystals of {2,2,2—crypt-K+}2(T12Te2}2-.en. X-ray
studies show that the T12Te22- ring has the geometry (85}, with
Te-T1 bond lengths of 2.929% - 2.9843, T1TeTl angles of 75° and
TeTlTe angles of 36°, A sgquare-planar form would have preduced
severe Te-Te non-bonded dj.s1.:t::nrt:ic:ms.36‘I

Studies on the TlBr-PbBr2 system indicated the gggmation of
three compounds: T13PbBr5, T12PbBr4 and Tle2Br5. Single
crystals of the low-temperature modification of T13PbBr5 were
obtained, They were orthorhombie, and belonged to the space group

356
P212l2l.

3.5,2 Thallium{IIT} Compounds

The solvent dependence of 205T1, 13C and lH n.m.r. parameters 1in

dimethylthallium(III} derivatives, HeleX, where X = BF,, Ohkc or F,
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has been measured. The sclvents used were BuNHz, HZO’ MeCN, Mezco, Y,
THF, MeOH, Me,Se and DMF. Attempts were made to corxrrelate the
n.m.r, results with solvent parameters such as the Drago parameters

EB and C, -~ these gave a good correlation.367

205Tl Ehemical shifts for MeleX, (X = N03, BFq, OAct, were also
studied as a function of temperature, solute concentration and (in
some cases} added anion concentration in several solvents. The
changes with temperature are greater than those induced by
concentxation changes, The temperature effects were ascribed to
vibraticnal effects within the Mele+ cation, and/or vibrational
effects involving interaction of the cation with coordinated
solvent molecules.368

The29%T1 spin-lattice relaxation in some dlalkylthallium(III}
derivatives is dominated by the chemical shift anisotropy
relaxation mechanism.359

Crystals of { 2-exo-bicyclo[2.2.1]hept-exo-3-acetato-5-enyl}-
5,10,15,20-tetraphenylporphinatothal 11um{III} are monoclinic,
space group P2l. The crgancthallium group 1s above the porphyrin
ring, with the thallium atom 0.98 above the N, plane. The thallium
atom and the acetato—-group are cis-exc to the bicyelo[2.2.ﬂ
unit.a?o

The behaviour of thallium 1inh zeclites following treatment with czone
has been studied, X~-ray powder diffraction showed that all the
thallium(ITI}) was present as Tl O4s with no T10" or Tl(OH)2+.371

The crystal structure of di-u-pentafluorobenzoatobis[bis{penta-
fluorophenyl) {triphenylphosphine oxide)thallium(III)],
{(CSFS)2T102CC6F5(0PPh33}2, shows that the dimeric structure invelves
unsymmetrical pentaflucrobenzoate bridging {(T1-0 = 2.531% and
2.7893}. The pentaflucrchenzoate groups are also unsymmetrically
chelated to thallium (T10 = 2,389% and 2.53133, which has an cwverall
coordination number of six {irregular geometry).372

Thallium(ITII} acetate reacts with ketones (RCOCHB, R = Me, Et,
nPr, iPr, nBu, iBu, tBu) in methanol, giving thallation at CH
the a-carbon of R {detected by n.m.r.) J(203/205T1—1H) in
RCOCHzx, (X = Tl(OAc)z), is 1independent of R, and about 129CHz, but
in R]‘CH}'{COCH:_l (Rl = H, Me or Et) it 1lnecreases with increasing
chain length.373

Interaction of thallium{IIT}) with DL-glutamic acid {at pH values
0.76 to 2.4, and 25.0:0.1°C) has been studied, If 2= 1s the

3+ forms complexes Tl(HL)2+ and Tl(HL);, the

301: at

deprotonated acid, T1
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logarithms of the stability constants being 8.25+0.07 and
13,.34£0,14 respectively.374

Several new anionic complexes of thallium(IIT) have heen prepared.
They are: [T1Cl.Brpy,] , [r1c1 Br{aniline},]”, [Tlcl Br(quinoline),]”

and [TICL,(quinoline),] . The compounds were analysed by u.v.
375

205

and infrared spectroscopy.

Scolution and solid-state Tl n.m.r. have been used to study the
formation and geometries of Tlx (3-n)+; for X = Cl1 or Br. The
existence of TlCl5 and TlCl6 38 in soclution, and (for X = Br) at
least one specles higher than TlBr4 were shown. TlCl3 1s less-—-
shielded {(by 300-400p.p.m.} in agquecus sclution than in the solid
= implying structural differences.376

Far-infrared transmission spectra of thin films (thickness
approx. 18um} of agueous solutions have hbeen obtained, using a
multiple=scan Fourier-transform infrared spectrometer. Solutions
contalning T1(III} and C1~ {with Cl :Tl ratlos between 4,1 and
6.4) provided evidence for the presence of Tlclsz-.377

211 of the vibrational wavenumbers of TlI have been reported for
the first time, They are {all in em ). Y (al) 128 (Raman,
polarised); Vo {e) 45 (Raman}; v (t } 15¢ (infrared and Raman};

vg(t,) 52 (1nfrared;.373
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