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3.1 BORON

3.1.1 Boranes

Graph—theoretical techniques can be used to count 2-centre,
2-electron valence bond structures for boron hydrides. The
heats of atomisation can be correlated using a four—term linear
equation. This was based on the numbers of terminal and
bridging BH bonds, nearest-neighbour boron atom pairs, and an
estimate of the resonance enerqy.1

Ab initio molecular orbital calculations were carried out for
H,BXH, HB(XH)2 and (H2B)2X, where X=0 or NH. Gaussian-type
basis functions, (7s,3p) for B,N and O, (4s) for H, contracted to
a double-zeta basis (and augmented with d-orhitals for O and N)
were used. The partial w-bond character was greater for B-N
than for B-O bonds, and for H,BXH compared to the other two
types. In all cases the overall charqe transfer gave Bt-x~
polarity, so that boron was acting as a strong o—donor, but a
weak W—accentor.2

An ab initio molecular orbital study of the C2H4+BH3 reaction
show that hvdroboration reactions go through a two-step process.
First, a loose three-centre n—complex is formed (without an
energy barrier), and then this is transformed to the product via
a four—centre transition state - the latter process being rate-
determining.3

Pyridine complexes of diborane, dichloroborane and LiBH4 were
investigated by conductometric titrations. The diborane complex
is more stable towards hydrolysis than the other two.

Diborane, or a mixture of BZHG and BSHQ' when irradiated by
the R(16) line of the 10.6um transition of a c.w. CO2 laser
(973.3cm_l), undergo an amparent thermal reaction to give BlOHl4’
Up to 65% of the starting material which reacts can be so
converted. If BZHG/BSH9 mixtures are used, less than 1400
photons are needed to produce each BlOHl4 molecule.

The unconventional base bis(trimethylphosphine)-diborane (4)
reacts with BzHG or B4H10 according to equations (1) and (2).

[e)
-20°C + -
2772
room temp. + -
B4H + B,H (PMe3)2 — 53 B3H6(PMe3)2 + B;Hg .. (2)

10 274
CH2C12
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The triboron comnlex cation has never been reported previpusly.6
Pentaborane (9) reacts with an excess of trimethyl-phosphine to

give a mixture of B (PMe )2 and a new hxgho class compound,

The

B n.m.r.

tris(trimethylphosnhlne)trlborane(S), i.e. 3 5(PMe3)2.
latter sublimes under vacuum to give BGHlO(PMe3)2- 11
data were reported for all the borane adducts prepared.7

4 and B4F4 along

a least motion pathway passes through a square-planar midpoint

The degenerate rearrangement of tetrahedral B4H

structure, equation (3). The rearrangement is accompanied by an
orbital crossing of the HOMO-LUMO type, and this produces a

/\ N DN
A N %

sizeable enerqy barrier to the process. Approximate and ab initio

calculations of this barrier yielded a value of about 355kJ mole_l
8

for B4H4, with a smaller value for B4F4

Multinuclear ( H,Ll 19F and 31?) n.m.r. studies have been
carried out on B4H8(PF2X), where X=F,Cl,Br,I or H. Variable-
temperature F n.m.r. data showed that, except for X=H, all the
molecules exist as geometrical isomers (with the phosphine placed
endo or exo with respect to the folded B, framework) at ambient
temperature. At low temperatures rotation about the P-B bond in
the endo isomer becomes slow on the ¥ n.m.r. time-scale, and
rotational isomers were observed - two when X-Cl or Br, only one
when X=F or I. Rotation about the P-B bond was rapid at all
temperatures in the exo isomer.?

Self-consistent charge calculations were carried out on
derivatives of pentaborane(9) to examine multicentre bonding, and
the aovplication of the "isolobal, pseudo-isoelectronic" principles.
Results were able to reproduce known photoelectron spectra quite
well. The HOMO of BSH9 involved apical boron 2p orbitals, and
correlated well with cluster orbitals in 1- [(B HS)Fe(CO)3] and
1- [(B )Co(n CSHS)] which involve mainly metal 3d orbitals.

The next cluster orbital in B_.H however, has no close counterpart

l05 9’
in the metallo-derivatives.
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11
13

B—llB spin-spin coupling
C—{lH,ll
and several double resonance techniques, lJ(llB
to be +18.9Hz in 1-13 )

The first sign determination of a

Bltriple resonance,
_11

constant has been reported. Using
Bb) was found
11

C-methyl-pentaborane(9),(1). Also2J(ln- B,)

13
CH3
|
/B
- ~
H— B—\—B
i
VA
H‘\H///’ H

o

(1)

(-6.8Hz) and lJ(13C - llBa) (+73.1H2) were found for the same
molecule. The signs and magnitudes of the l3C—1H and lH—llB
- - 11

coupling constants were also found in BMe4 and BPh4.
Investigation of the mercury-photosensitized reactions of
selectively deuteriated pentaboranes (including 1—DBSH8 and
u—DBSHs) suggests that the primary reactive intermediate leading
to decaborane (14) and —-(16) is pentaborane(7), from direct loss

of molecular H2. The elimination of H2 from anv pair of H sites
in pentaborane is a random, but not strictly statistical process.
12

No evidence was found for the free-radical intermediate BSHB.

Although derivatives of pentaborane(9) with bridging substituents
u—ER3, where E=Si,Ge,Sn or Pb, have been known fdr some time, no
carbon-bridged analogues u—(CR3)BSH8 have been reported. Calcu-
lations of m.o. energies for u—(CH3)BSH8 were unable to rationalise
the non-existence of such compounds. However, reaction of allyl
iodide or benzyl bromide with BSHB_ gave 2-allyl- or 2-benzyl-
prentaborane derivates, apparently via a short-lived bridging
intermediate.13

Electrochemical studies on the arachno-boranes BiOH10L2 (where /
L=CNMe, SMe2 or PPh3) gave evidence for a new Blo species, formed
in very small amounts. N.m.r. evidence suggested that it might
be a nido-B, H,,L, compound.14

Cyclohexane adds to BlOHIZ(SMeZ)Z to give 9-cyclohexyl-5(7)-
(dimethyl sulphide)-nido-decaborane(ll), BlOHll(CGHll)SMeZ. The
unsymmetrical environment at B(5) gave rise to 2 methyl resonances
in the n.m.r. spectrum. llB and 13C n.m.r. spectra suggested a

similarity in structure between this compound and the parent
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Bloﬂlstez. The present compound reacts with NaH to form
2_
2-(CgHy3)ByoHg ™ -
most likelv positions for nucleophilic attack would be B(8) and
15
B(9).
Single—cryvstal X-ray diffraction studies on the compound

described in the last reference show that the boron atoms occupy

Extended HUckel calculations suggest that the

a nido-decahorane framework, with 8 terminal and 3 bridging
hydrogens (the latter at B(6)-B(7),B(8)-(9)and B(9)-B(10)). The B-B
distances were similar to those in BlOHl3_' The Mezs (at B(5))
aave a B-S distance of 1.89(1)R, while the B(9)-C(of C.H;;)
distance was 1.58(1)8}6

The structures of the isomeric forms of the large neutral
boranes, 2,2'- and 2,6'-bis(nido—decaboranyl), (BlOH13)2’ have
heen determined bv X-rav diffraction. The 2,2'—-isomer, is
tetragonal (space grouo I4lcd), with an intercluster B-B distance
of 1.692(3)8; the 2,6'-isomer is orthorhombic (space group
Pbca), and has a B-B (intercluster) distance of 1.679(3)&.

lH—{llB} and 1lB n.m.r. spectra were reported, and assigned in

detail for the 2,2'—isomer.17
Selective lH—{llB} n.m.r. spectroscopy was used, together with
simple pulse and "partially relaxed" llB and llB—{lH}data, to

assign the lH and llB spectra of icosaborane oxide. These

confirmed its structure as 6,6'-u-oxo-bis(nido-decaboranyl),
(B)oHy 3 50- 7

It has been suggested that the structures of polymeric boranes,
(BH)X, where x is a lgrge integer, may be built up bylghe linkage
of structural units related to those of nido-boranes.
3.1.2 Borane Anions and Metallo-Derivatives
SiF, reacts with a dichloromethane solution of [nBu4N][§H4] to

give the nBu4N+ salts of BH3SiF3_ and BH2(SiF3)2_, equations (4)
and (5). The new anions were characterised in solution by llB

n.m.r. spectra.zo

BH, + 4BH4SiF4 - 4BH3SiF3 + BF, + 432 ce. (4)

2BH35iF3 - BHZ(SiP3)2 + BH4 ... (5)

Complexes of LiBH4 with dimethylformamide, tetrahydrofuran and
21

diethyl ether were studied by coulometric titrations.
The 25°C solubility isotherm has been determined for the system
Mg(BH4)2

—Etzo—toluene. The phase crystallising at all concen-
trations is Mg(BH4)2.2Et20.22 The non-solvated form of Mg(BH4)2
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can be prepared, however, about 99% pure by the reaction of NaBH,
and anhydrous Mgcl2 in Et20. The reaction involves excess NaBH,,
takes place on refluxing for 20-25h, and gives yields of over
gos. 2>

Inelastic electron tunnelling smectroscopy (IETS) was used to
characterise Zr(BH4)4 supported on alumina. The vBH modes
suggest that there are several different types of surface species,
or that there is strong coumnling involving BH4 groups attached to
a common Zr atom. There was also evidence for 2r-O and B-O
vibrations.24

IETS experiments were also performed on Zr(BH4)4/A1203 over the
temperature range 300-475K, to probe its interactions with HZO'
D20 or DZ' The BH4 groups attached to Zr or to Al all show
bidentate coordination, and there was also evidence for O—BH2
groups. Hydrolysis occurs rapidly, even at 300X, but there was
no evidence for H/D exchange on the supported complex in the
presence of D, or D20.25 IETS was also used to study the
interactions of C2H2, C2H4 and MeCH=CH2 with Zr(BH4)4/A1203.
There was evidence for C-C and C-H bonds in the surface species.

Sodium borohydride reacts with M0C13(PMe3) to form MoH(BH4)(PMe3)4.

The BH, ligand is shown by X-ray diffraction to be bidentate, and

4
the solid-phase i.r. spectrum shows \)BHt and VBH ., in agreement
with apmnproximately C local symmetry for the Mo(BH4) unit. Thus,

2V
v_ and v__ (BH_) are at 2290(a;) and 2340 (B;) ch 1, with

V(BHbr) giving a strong doublet at 1885 and 1935 cm—l. Other
vibrational modes associated with the MonB unit gave bands at

1360 and 1165 cm 1.27

The following tetrahydroborato-complexes have been prepared:
(BH4)M I,(PMeth)3 (M=Cu or Ag), as well as the substituted
species [(EtO)BH3]M I (PMePh,) ;. In the solid-phase, i.r. spectra
show that the BH4 unit is unidentate, (2). In solution, however,

an equilibrium is set up between singly—~ and doubly-bridged

species (from i.r. and n.m.r. results).

->M——H—-—B<~H T
1
(2) 5N

_B_ (3)
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(2,9-Dimethyl-1,10-phenanthroline) tetrahydroboratocopper (1),
(3), forms orthorhombic crystals, space group Pnma. The Cu(I)
has distorted tetrahedral coordination, with a bidentate BH4—
ligand. The Cu-B distance is quite short, 2.08(2)8.29

The LiBH4—Y(BH4)3—THF system has been studied by isothermal
solubility at 20%c. Crystallisation regions were found for the
solvates: Y(BH4)3.7THF and Y(BH4)3.3THF, toggther with the
hitherto~unknown species LiBH4.Y(BH4)3.4THF. In the Nd(BH4)

system, crystallisation regions were found for octa-, hexa- and
31

3—THE‘
tetra-solvates.

U.v. irradiation (at 253.5nm) causes photolytic decomposition
of U(BH4)4- No decomposition occurred, however, under the action
of CW lasers in either the visible or infrared regions.32

The structure of Np(BH4)4 has been determined by single-crystal
X-ray diffraction at 130K. The crystals are tetragonal, space
group P42/nmc. The four BH4 groups are arranged tetrahedrally
about the neptunium, with an Np-B distance of 2.46(3)2. The

33

ligands are triply-bridging. Solid—-state, low—-temperature

1

infrared spectra (25—7400cm—1) and Raman spectra (100-2600 cm
of Np(BH,), and Np(BD4)4
symmetry. A normal coordinate analysis gave a very similar
force-field to those for M(BH4)4, where M=2Zr or Hf.34

B3H8— reacts with amine or tertiary phosphine complexes of

could be assigned on the basis of Td

Co(I) or Co(II) halides to give arachno-triborane-ligand adducts,
B3H7L, together with 82H4L2 and BH,L (where L=pyridine or tertiary
phosphine). A similar reaction occurs with trans—[:MI (Co)Cl(PPh3)2],
where M(I)=Rh or Ir. The latter complex also gives a "borallyl"

irr (n3—B3H7)(CO)H(PPh3)2), which could alternatively

be described as a nido-iridatetraborane: [_(IrB3H7)—(CO)H(PPh3)2].35

compound : [Ir

An X-ray structure determination has been carried out on
(0C) ,MnB,H,Br, at ~100°C.  This shows that the B H,Br ligand is
bidentate, with the Br atom attached to the unique boron in an exo-
fashion, (4). The molecular symmetry is Cs' The H atoms in
this compound undergo exchange reactions at a rate suitable for
n.m.r. study. Kinetic activation parameters for intramolecular
hydrogen exchange are: ac¥ (23°C) 51.0 + 0.02 kJ mole—l, AH‘ 44.7 +

1.5 kJ mole !, as® 11.1 + 5.9 J mole™! k1.36



105

0 H,
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_’:Mn//' H==\ B—B
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C H / N
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The complexes (u-X)(OC)s(B3H8)Mn2 (wvhere X=Cl or Br) have been
prepared by the reaction of AlX, with Mn(B3H8)(CO)3 in CH,Cl, or

(for X=Br) from an(CO)sBr2 and “Ie4N+B3H8 . The crystal structure
of the bromo—comwcund has been determined - showing that B3H8 acts
as a bridging bidentate ligand, (§)-37

"letal atom syntheses of metalloboron clusters have been examined,
especially for Co with B5H9, BGHIO or B10H14, in the presence of
various other reactants. Thus Co, with BSHQ and CSH6 gave several
known compounds, plus the new species: l,2,3—(n—C5H5)3Co3B5H5,
8-0-(CgHg)-1,2,3-(n-CgH) yCo4B H, and (13-C0)-1,2,3-(n-CgHg) yCo3B3H,.
The technique also permits the direct conversion of boranes and
alkvnes to metallacarbaborane clusters. Thus, Co + CSH6 + BSH9 + -
2—butyng gives (among others) 2,5—(Me)2—1,7,2,5~ﬂn—C5H5)ZCOZCZBSHS.

Extended Hlckel m.o. calculations have been performed on
trigonal prismatic platinaboranes and carbaplatinaboranes,
[BB{Pt(PH3)2}H8]2_ and [ﬁGCZ{Pt(PH3)2}H8]. The observed confor-
mations of these molecules can be explained in terms of the nodal
characteristics of the frontier orbitals of the constituent

and (carba)borane fragments.39

Pt(PH3)3
B H9 ~ can be converted to the perhalogenated derivatives,
B9X9 ~ (where X=Cl,Br or I) under aprotic conditions, equation 6
"NCS" 390192’ (80-90% yield)
B H. >~ "NBS" . BoBrg2(90-95% yield) (6)
979 > » P9°T9 Y T
2~ .
I, BgIy (70-80% yield)

(where “NCS", "NBS" = N-chloro- or N-bromosuccinimide), all in
CH2C12 solution. The chloro— and bromo—-compounds can be oxidised

(e.g. by thallium(III)trifluoroacetate) to neutral BgXg- The
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intermediate radicals ByX ¥ were also reported — the first
examples of such species.

The Blgﬁlzzllligind i? P;{BIOHlZ { RN
gated hy B, B-{"H}, "H-{""B} and "H~{""B, "Hln.m.r. spectroscopy.
Ny 1955, _1lpy ana P*153(195p:_1y) coupling constants were evaluated,
and used to assign the llB spectrum.41 Variable temperature lH—
PlP} and lH—{llB} n.m.r. smectra show that the (n4—BloH122—) ligand

in this complex undergoes a novel type of dissociative rotation

) (PMe., Ph) has been investi-—

about an axis approximately in the Pt (II) coordination plane.
* value of (79+5)kJ mol™ 1 at 71°c.%2
The crystal structure of (Et3NH)2(B ) has been determined.

This process has a AG
1212
The crvstals bhelong to the space group R3, and the anion forms an
icosahedron which is very close to being regular - the distortions
being much less than in the K' salt. The mean B-B bond length
was l.781(2)x, and this will he useful for evaluating future

theoretical studies.43

Alkali metal tetrahvdroborates (MBH4, where M=Na or K) react
with H3B.NMe, in high-boiling hydrocarbon solutions at 200-250°C.
When the nroduct is extracted with water and precipitated by
CsOH, a 93-95% vield of Cs, B, H can be achieved. This is an

2712712

example of the formation of icosahedral B, H

2- .
£ 12832 from the simplest

possible units.
2B12H15
by liquid HF in an autoclave. Spectroscopic and X-ray powder

KZBIZHIOFZ'HZO can be obtained by the fluorination of K

diffraction data were listed. The infrared spectrum contained
-1 45

bands of the new anion at 405, 690, 885 and 1610 cm ~. The
reaction of K2B12H12 with Jiquid HF in an autoclave at elevated
temperatures leads to further fluorination. From 60-90°C the

. o
product is K2B12H8F4.H20; from 90-150"C K2B12H7F5; and from

150-180°C K2B12H6F6.2H o. This was the first recorded preparation
4

of the last compound.

3.1.3 Carba— and other Non—-metal Heteroboranes

MNDO calculations have been carried out for all known carba-
boranes up to (B,C)12 which had not been reported earlier. The
calculated geometries were in good agreement with experiment if
appropriate symmetry constraints were applied.47

1,5-C,B,H; forms a dimer, [2,2'-{1,5-C,B;H,},] and a trimer,
[2,2'—3,2'—{1,5—C2B3H4}2—1,5—C2B3H3] on pyrolysis. Both were
characterised by n.m.r., i.r., u.v., and photoelectron spectra,
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and (for the dimer) Raman spectra. In addition, MNDO m.o.
calculations were performed on both systems. Theory and experiment
both suggest that the dimer possesses a single stable conformation
(of D2d symmetrv) . This results from a m—-type interaction across

the exonolyhedral B-B bond.48

Me e

c//c\\\cm
XC\/
L’\/’ 2\

< BH

H\///

(6)
Photolvsis of the nido-ferraborane, (B4H8)Fe(Co)3, in the
presence of RCZCR gave a good gield of the tetracarbaborane

R4CAB4H4. For R=Me, the species was characterised by mass and

n.m.r. spectroscopy; the structure best explaining the results

was (6). It was also possible to isolate as an intermediate
49

Me,CyB H, Fe(Co)

The initial step in thermal reactions of pentaborane(9) with
alkynes had been proposed to bhe hvdrohoration of the alkyne, to
give an alkenyl-substituted mnentaborane(9) derivative. Such a
compound has now been isolated, i.e. 2-(cis-2-butenyl)pentaborane(9),

(7). Further, this can be converted in high yield into monocarbon

carbaboranes, e.q.(§).5°

H H
H B H
P ? < o=
s cme ™ AN, 020
- B{:‘-Bfﬂ \' H H
H- H B /
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A nitrogen derivative of closo-2,4-dicarbaheptaborane,
[s-Me N-2,4~C,B.H.]Y, (9), is prepared from 5-C1-2,4-C,B,H. and

27476
NMe followed by removal of halogen in a two-step displacement
h}

3

3'
reaction. ™"
Two-dimensional correlated llB—lH n.m.r. spectra have been

renorted for 2,4—C285H7. One striking feature of the results

(the first recorded use of this technique for B-H systems) is the
avnroximate 3:1:1:3 intensity pattern for the llB—coupled proton
quartets. It was mnossible to resolve heavily overlapned 1lB

11 1

siqgnals, and to correlate the resonances of individual B and "H

nuclei which are scalar-counled to each other.52
Ion-molecule reactions of closo-carbaboranes, 1,6—C2B4H6 and

2,4—C285H7, were investigated by pulsed ion-cyclotron resonance

methods. Condensation reactions of the parent jion with itself

for both molecules. 1'6_C284H6

2-
Proton affinities were estimated as follows: 1,6—CZB4H6:870 + 4

kI mol™%; 2,4-C, B H,: 723 + 2 kJ mo1l L. The large difference was
attributed to the fact that the molecule CBSH7 (isoelectronic with
C?B4H7+) is known, but nothing isoelectronic with CZBSHS+ is known.
2B4H6 and 2,4-—

CZBSH7 have been nremnared: 5-Cl-, 3-Cl- and l—cl—czBSH6 (relative

volatilities 3-Cl->1-Cl->5-Cl-), 2—Cl—l,6—C284H5, 2,4—C12—_l,6—C2B4H4

and S'G‘le'czBsHs‘ The assignments of chloro-positions were

are observed - with loss of H2

also condenses with protonated acetone, again with loss of H

53

Monochloro- and dichloro—derivatives of 1,6-C

based on 1 B n.m.r. measurements.54
KBQle or KB
BBHBASZS, BBHBASZSe respectively. Base degradation followed by

< . . . .
lOHllve react with A5203 in basic solution to form

treatment with C5H5_ and CoCl2 converted the former to B7H7ASZSCon.
The reaction of B7C2H13 withslgsI3 and triethylamine produces a
moderate vield of B7C2H9A52.
Molecular orbital studies have been revmorted (using a minimum
basis set) for the known azaboranes arachno-4—NBSHl3, arachno-
BgﬂlzNH and Elgg-lo-N-7,8—C288H11, as well as for the hypothetical
closo sovecies 1,12—NCBIOH11. The PRDDO calculations suggest that
the most characteristic feature of the bonding in these molecules
is the tendency of nitrogen to form polar, and whenever possible,

two—centre bonds.
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Electron diffraction by gaseous 1,10-dicarba-closo-decaborane
(10), CZBSHIO' (10) , gave the molecular structure (based on the
assumption that the C288 skeleton is a bicapped square antiprism,

DAd)’ The following bond distances were calculated: B-C 1.602(2)8;

g
H /1\ H
,;74 :§17B§/

H—BS—8B=
1IN 7\55
H—BB BG_—H

Q\

B(2)-B(3) (basal) 1.850(5)%; B(2)-B(6) (equatorial) 1.829(4)R;
B-H 1.164(14)®; Cc-H 1.14(2)®, with C-B-H 117.5 (1.8)°.°>’
2,3-Dimethyl-4,7-dihydroxy—10-bromo-2, 3-dicarba-closo—-undeca-
borane, Me2C232H6(0H)ZBr, forms crystals belonging to the space
groun Fddd (D%h).
nositions (B(4,7)), with the bromine at B(1l0). The configuration

of the polvhedral cage is intermediate between the closo (CZV) and

The OH groumps were located on adjacent vertex

nido (CSV) icosahedral fragment. The distortion from the former
is attribhuted to donation of electron density from the lone pair
electrons on the oxygens to the m.o. framework of the polyhedron,
i.e. this tends to increase the skeletal electrbn count from the
closo total ((n+l) wairs of electrons) to the (n+2) pairs typical
of nido structures (where n is the number of vertex positions).
The crystal and molecular structures of caesium 9,10a,ll-
trimethyl-7,8-dicarba~nido-undecaborane, 9,10a,11-(CH;) 3-7,8~
C289H9 , have been determined. The crvstals are triclinic,
belonging to the space group Pl. All three boron atoms of the
onen face bear methyl substituents, with one (B(10)), also an H
atom. The methyl group at B(l0) is in an axial position - with
the angle between Me—-B(10) and the owmen face approximately 900.59
B,H,.S , when treated with potassium polyselenide, forms

9712

ByHgSSe. Similarly, with potassium polysulphide (in the presence

of a small quantity of the polvselenide) B9H952 is produced.
llB n.m.r. data suggest that the structures are similar to that of

the previouslv-known 89H95e2. Treating BQHQSe2 or BQHQSSe with



110

trimethylamine, CgHg and CoCl, gives B9H98XCo(n—C5H5), where

X=S or Se. The X-ray structure, for X=Se, shows it to have a
twelve-vertex nido-cage. The closo—compound[Bgﬂgse CO(n~C5H5)]2
is also isolated from the CoCl2 reaction. Base degradation of
Bgﬂgsse (with KOH) followed by addition of aqueocus HCl vields

B7H988e.

6—SB9H11 underqgoes facile hydroboration reactions with alkenes

and alkynes. Alkenes give 9-R—6—839Hlo (R=alkyl) - Alkynes such

as acetvlene, PhC=CH, PhC=CPh or 3-hexvne give 9—R'—6—SBQH10,
where R'=alkenvl. Acetylene undergoes double hydroboration to
form 9,9'-CH, CH- (6-SByH,~) 5. The coordination of R or R' at the
3 910" 2 11 61
. 9 position was confirmed by B n.m.r. results.
Agueous polyselenide or polytelluride solutions react with
B H SMe2 to form BngZX‘ (X=Se or Te). These are oxidised by

913"

12 to BQH11X (in benzene) or BnglX.MeCN (in acetonitrile). The

latter, with X=Se, forms a triethvlamine adduct, BnglSe.NEt3-

BgﬂllSe decomposes on pyrolysis to BQHQSe and BllHllSe. The
formation of Bngzse_ is accompanied by small amounts of BgH;,5e,.

He(I) and Ne(I) nhotoelectron snectra have been reported for
the thiaboranes: l—SB9H9, l—SBllHll, 6—SB9H11, 10—CH3—1—SB9H8,
10-Br-1-SBgHg and 6-Br—-1SBgHg, together with the He (I) spectra
of the related species: l,lO—CZBBHIO, 1,12—C2810Hlo and BlOHl4'
The observed substitution effects can be used to define the

availability of electron density at the 6- and 10-positions of

62

1—SBgH9 relative to other borane frameworks. The nature of the

highest energv m.o.'s for l—SBQH9 was deduced — they consist of a

nair of framework orbitals involving B 2p and S§ 3p functions lying

on the surface of the sphere containing the cage atoms.63

The crystal structure of 9-methylsulphonyl-1,7-dicarbacloso-
dodecaborane (12) has been determined. The crystals are orthorhombic,
and belong to the space group Pnma. The B-S distance in 9—CH3802—
1,7—C2810H11 is 1.8768, and there was no evidence for an abnormally
long B{2)-B(3) distance, as had been found for e.g. 9,10—Br2—l,7—
C,B; . H 64

2°10710°

Gamma-rayv induced polymerisation of a 1l:3 molar solution of
solid l-vinyl-o—-carbaborane and styrene formed a co—-polymer
containing a l-vinyl-o-carbaborane molecule and nine styrene
molecules per co—-polymer molecule. The structure was related to

that of opolystyrene, but with no unsaturated end—group.65
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Both cyvclic, (11), and rolvmeric, (12), phosphazenes containing

carbaborane side chains have been nremared for the first time.66

3.1.4 Metallo—-heteroboranes

The crystal and molecular structures have been determined for
2, 3—‘4e2—l,2, 4,5—- (nS_CSHS) 2C02CZB3H3 and 2 ,3—Me2—1,2 ,4,5- (ns—CSHS) 2~
CoFe(H)C283H3- Both contain seven-vertex, pentagonal bipyramidal
M2C2B3 cages, with Co at an equatorial vertex and Co or Fe at an
apical vertex. In both cases the framework carbon atoms occupy
adjacent equatorial positions. Previous n.m.r. data had suggested
these structures. These results, however, give the first definite
evidence for the presence of ecuatorial metal atoms in pentagonal
bipyramidal metalloboron cages, and the smallest metallocarbaboranes

established to contain M-M bonds.67

Co(PEt3)4 reacts with closo—l,?-C286H8 or closo—l,S—C283H5 to
form 2,2,2—(H)(Et3P)2—2,l,8—CoC2B6H8 and 2,2—(E:t-3P)2—2,1,6—CoC283H5
respectively. The structures were established by X-ray crystallo-

graphy, the former containing a tricapped trigonal prism, with C(l),
B(6) and C(8) occupying capning sites.68

Sealed-tube nvrolysis of [Eigg—u4’5—$trans—(Et3P)2Pt(Hﬂ “ug g
H—2,3—Me2—2,3-C284H4] pnroduces the closo-carba-metalloborane,
Dql—(Et3P)2—2,3—Me2—l,2,3—PtCZB4H4]. X-ray diffraction of the
product showed that the crvstals were monoclinic (space group
le/a). The molecular structure is a highly-distorted pentagonal-
binvramidal cage, with a novel (sz) conformation of the Pt(PEt3)2
fragment. By contrast, pyrolysis of [gigg—u4’5—{trans—(Et3P2)Pt(H)}—
MSIG—H—2,3—CZB4H6 %
yielding [closo—l,l—(Et3P)2-l,2,4—PtCZB4H6].

CoCl
and B.H, in tetrahydrofuran, at room temperature, yields mixed

58
ligand metallacarbaboranes. With CoClz, the chief product was

1 leads to sevmaration of the cage carbon atoms,

or FeClZ, on simultaneous treatment with 2,3—He2C2B4H5~

N
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[ﬂe2C2B4Hd]CoH[MeZCZB7H7J. FeCl2 gives several products:.
"[e4CABBH8 (known), with the new species [Me2C284H4 FeHZ[MeZCZBSHS
and “e4C4BllHl}6 The last was thought to have l15-vertex nido-
—aqge qgeometry.

The crvstal and molecular structures of 4,5,7,8—Ph4—l,4,5,7,8—
(n—CsHS)CoC4B3H3 (in which there are more carbon than boron atoms)
have been studied. The cage framework can be described as a
bicanned square antiprism missing two vertices (one cap and one
eaquatorial wosition). This structure could not be predicted from
simnle electron-counting rules, but it is consistent with some other
eight—atom twentv skeletal electron systems.71

SCCC molecular orbital calculations on [n—(3)—l,2—dicarbolly1]—
tricarbonvimanaanese, (Cb)Mn(CO)3_, confirm previous work on
(Cn)Fe(Cb) in showing that the dicahollide anion should be regarded
formally as a og—electron donor, and only in a secondary manner as a

m—electron donor.72

1-3-r2-6,6- (PPh,),
with (o-styrvl)diphenyiphosnhine, when Rl, R2=H or Me; R =H,

R2=Ph; (o—allylphenyl)diphenylnhosphine, when Rl,R2=H or Me; and
Ph3_nP(CH2CH2CH=CH2)n, when n=1 or 2, Rl,R2=Me, give sixteen—-electron
ruthenacarbaborane complexes, [hxner—closo—RuL(CZB7H7R1R2)]. The
crystal structure of [2,3—Me2—6—(CH2;CHCH2C6H4Ph2P)—6,2,3—RhC2B7H7]
was determined. The C2B7 fragment has arachno—geometry, occupying

Reactions of [hvner—closo—Z—Q —6,2,3—RuCZB7H%]

nine vertices of an ll-vertex octadecahedron, with a Ru atom in a
“non-vertex" position, and within bonding distance of six atoms in
the owen face. The observed distortion from the common ten-vertex
bicanned square antiprismatic structure was probably due to the
perturbation of the polyhedral skeletal bonding induced by the
sixteen-electron ruthenium(II) centre.73
NaC288Hll reacts with [IrCan], (n=2, L=PMe2Ph, AsMezPh; n=3,
L=PPh3) to give eiqghteen—-electron Ir (IIX) complexes l,l—LZ—l—H—l,2,4—
IrCzBaHlo. QhClL3,
comnlexes [2}29—9,9—L2—9,7,8—RhC2B8H11], where L=PPh3 or P(E-tolyl)3,
and the eighteen—-electron Rh(I) complexes [2129—9,9,9—L3—9,7,8—
RhCzBsHll], where L=As%e2Ph, PMezPh, PMe3, AsMe3, SbMe3 or PEta.
In solution, reversible dissociation of [gigg—Rh(PEt3)3(C2B8H11)]
occurs to give [gigg—Rh(PEt3)2(C2B8H11)]. The latter partially

isomerises to [closo—l,l—(PEt3)2—1—H—l,2,4—RhC2B8Hlo] on standing.

on the other hand gives sixteen—-electron Rh(I)
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NaC,BgH,; and [RhHCl(PPh3)3]form [closo-1,1,3-(PPhy) 3-1-H-1,2,4-

RuczBsﬂg], in which a PPhj ligand has dismlaced a terminal B-H of
the carbaborane.74
5,6-Dicarba~nido-decaborane and [Ptz(u~cyclo—octadiene)(PEt3)4]
fForm 9—H—9,9—(Et3P)2—ulo’ll—H—7,8,9—C2PtBBH10. Pyrolysing this
at 100°C leads to loss of H, and formation of 9-H-9,10-(Et4P) -
7,8,9—C2PtBBH9. The structures were determined by X-ray d:i_ffr:actj_on.—l5
(Ph3P)M(C288H11), where M=Cu or Au, or (Ph3P)2Ag(C288Hll), were
prepared from reactions of [S,G—CzBBHll]— with [PPhBCuCl]4,
(PPh3)AuC1 and (Pth)zAgBr respectively. The silver compound
loses triphenylphosphine on recrystallisation to form "(Ph3P)Ag(C288Hll)?
This is a dimer, containing two enantiomeric arachno—AgC238 cages
linked by a mair of Ag-H—-B bridges derived from B-H {(terminal)
qroups.76
The crystal and molecular structures have been determined for
isomer 1 of (PhZPCHZ)zNiMe4C488H8 and isomer 2 of (nS—CSHS)CoMe4C4B7H7.
The nickel commound contains a nido thirteen-vertex NiC4B8 cage,
which is related structurally to a fourteen-vertex closo polyhedron,
by removal of one vertex from the bicanped hexagonal antiprism.
This is the first example of a nido-thirteen-vertex cage. The
cobalt comnound also has unprecedented geometry — an irregular
basket-shaned framework, with one carbon atom bridging three
framework atoms across the onen ton of the basket. The two
compounds are related, since removal of one BH from the MC4B system,
with linkage of two carbon atoms, nroduces the CoC4B7—type.
4—[n5—C5H5)Fe(n5—C5H4)]—2,3,7,8—Me4C4B8H7, from the reaction of
Me,C,BgHg with sodium naphthalenide, FeCl, and Natcp™ in THF,
contains a C,Bg distorted icosahedral cage, very like that of
previously reported Me,C,BgHg species, with a ferrocenyl group at
r3(4).78
A new rationalisation of the unusual structure of CpCoFeMe4C4BBH8
has been presented, which removes nrevious inconsistencies. Tvio
models cannot bhe distinguished - one involving true covalent bonding
interactions involving B(8) and B(2')/B(6'), the other an apparent
or nseudo-double face camping caused by geometric or steric

constraints.79

It has been found that cage exchange reactions can occur quite
easily in formally six-coordinate rhodium(IIIX) carbaborane complexes,

containing C239 cage systems.
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A complete assignment has been proposed for the B n.m.r.
(111.8Hz) spectrum of 3,3-[(C,H.),P],-3-H-3,1; 2-RhC,BgH;;. This
was obtained using data on specificallv deuteriated derivatives of
this, and comwarison with 3,3—(PhaP)2—3—H—9,12—Br2—3,l,2—RhC289H9
and 6—Ph—3,3—(PhBP)2—3—H—3,l,2—RhC239H10. The parent compound
qgqives five llB resonances in tetrahvdrofuran solution, with
relative intensities 1:1:2:2:3 (reading upfield). These were
assigned to B(10), B(8), B(9,12), B(4,7), B(6,5,11l) respectively.

Treatment of the ion-pair [Ir(COD)(PR3)2][nido—7,8—C289H12],
where R=phenyl or p-tolyl, with H2 yvields closo—3,3—(PR3)2—3—H—3,1,2—

81

Irc289H11' and the novel nido—-metallocarbaborane 3,9—[cis—(H)2—
trans—(PR3)3-Ir]-3,9—f—(H2)—n1do—7,8—C289H10.

characterised bv n.m.r. and i.r. spvectroscopy and elemental analyses.

The former was

The crystal structure of the latter was determined for R=p-tolyl.
The iridium atom interacts with the B(3)-H(3) and B(9)-H(9) bonds
to give octahedral coordination about the metal.82

[PtCl(thPCZBlOHlO) (pthczalo}xll)] forms monoclinic crystals,
svace group 12/a. The complex contains a Pt-P-C-B metallocycle,
ohtained by insertion of Pt into a B-H bond of a diphenyl (ortho-
carbaboranyvl)phosphine. The coordination at the platinum is a
distorted square-plane, with the third and fourth sites occupied by
a vnhosovhorus étom of a second PhZPCZBlOHll ligand and a chlorine
atom. The following bond distances were determined: Pt—Cl 2.415(3)3,
Pt-B 2.073(9)8, Pt-P(chelate) 2.279(3)8, Pt-P(non-chelate) 2.305(2)8%.83

3.1.5 Compounds containing B-C or B-Si Bonds
llB 13C 31
r r

Spectroscopic (lH, P n.m.r.; mass) data were reported

for 6 simple phosphanealkyleneboranes, R P+CHR'BH3—, where R'=H,
R=Me, Et, iPr, nBu or tBu; R'=Me, R=iPr.§4 The zwitterion Me3P+CH28H5
forms orthorhombic crystals, space group Pna21. The P—CH2 bond
length (175.6pm) 1is close to the single bond value, compared to that
in Me3P=CH2, 164pm, which has double bond character.

Electrolysis of an acetonitrile solution of Na[BH3(CN{] at an
iron electrode gives [Fe{BH3(CN)}2(NCCH3)4], but at a molybdenum
or vanadium anodes, Na[BH3(CN)] is oxidised to Na[BH3(CN)BH2(CN)].
Chemicalszxidation, using H_qzC]_2 or HgClz, also produces the latter
species.

Infrared and Raman spectra were reported for the anion
UF3C)ZBF2]-, including '°B/!'B isotopic data. The assignment was

used as the basis for a normal coordinate analysis.87
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Electron diffraction measurements were reported for cis- and trans-
1 ,2-dimethylborane, (13) and (14). There was appreciable Me...Me

repulsion in the cis compound.88

Me_ _H_ _H H __H.____H
B B B-" "B
g S e e N H 7®
(13) (19)

The crystal structure of the etherate of tetrameric sodium hydrido-
triethylbora .te, NaBMe3H 4.OEt2 has been determined. Alternating Na
and H atoms form the corners of a very distorted cube, with one of the
Na atoms coordinated to the diethyl ether molecule,and all the hydridic
hydrogens bonded to the boron of the BMe3 group, (15). All of the

hydrogen atoms are formally four-coordinate.

The relationship between the B chemical shifts of the trigonal
boranes BRZR (R,R'=Me or Et;R=Me, R'—CH—CHZ,C =CMe,C=CPh), llB, and

the 13C+ chemical shifts of carbenium ions is more complex than at

first thought. However, comparison of 613C data of organoboranes and

. . . . . 90
carbenium ions can be useful in conformational studies.

Microwave,infrared, Raman and n.m.r. ( H,llB 13 19?) spectra have
been reported for (cyclo—C ) 2 and (cyclo-C ) 2. The
following structural parameters were obtained: r(B»F)l 32810.0043;
r (B-C)1.589+0.0048; r(C,-C;)1.49620.003%; F-B-F 115.940.9°; C2-C1-B
115.OiQ.8O,angle of tilt 2~9i1-80- Vibrational assignments were
proposed.91

The crystal structure of ammonium tetraphenylborate has been deter-
mined at 120K. The ammonium ion is situated at a site of D symmetry,
and oriented as expected by simple contombic calculations.g

The boron compounds (alkyl)zB—B(alkyl)2 have been prepared for the
first time; equation (6). The process involves stepwise replacement of

methoxy—-groups by alkyls, where R=Me, tBuCH2 or S:i.!\‘le3.93’94
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Chlorovinylborane (prepared in situ from BCl3 and Mezsn(CH—Cﬂz)z)
reacts under photochemical conditions with Fe(CO)S or CpCo(CO)z,

forms (16) and (17) respectively. The chlorine can be readily

substituted by e.g. OCH2Ph, under basic conditions.95

- I

4 B-C1 | : B-C1

Fe Co
(Co) 5 Cp

-
-

(16) (17)

Attempts to synthesise B(SiMe3)3 from LiSiMe3 and B(OMe)3 in

hexane led to formation of [B(SiMe;),] - This is due to the

formation of the strongly nucleophilic anion SiMe

" by LiSiMe, in
96

3
hexane.

3.1.6 Aminoboranes and other Compounds containing B—-N Bonds

Infrared and Raman spectra, together with a normal coordinate
analysis, were reported for BX214NCS, where X=Cl, Br or I, BCllSNCS,
BBerSNCS and BClzNCO. There is B-N bonding in all cases and
B,N,C and ¥ (¥=5 or O) are colinear. The B-N stretching force
constant was approx. 6.5mdyn. R—l — consistent with some B-N
T-bonding, giving a bond intermediate between single and double.

For BC1l NCO there is extensive mixing of modes involving B-N,
N-C and C O, but for BX NCS the vibrational modes are more localised.

Na[BH (nes)] has been prepared. Tt was found to be a stronger
reducing agent than Na[BH (CN{] 98

Vibrational wavenumbers were calculated for a number of boron-
containing molecules, from BH and BHT to (e.g.) B3N3H6,2 4- C285H7,
BlZlez_ etc. Correlations with observed spectra gave a series
of group corrections. These were used in assigning infrared

spectra of aminoborane, BH,NH,, and B,N,H,, (18), and in predicting

97
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wavenumbers for vinylborane and B2 4 (formally the inorganic

analoque of cyclobutad1ene).99

H

H

\N/ N\
~ / \ H B\B/N B/N

uH.” N /B H I \

/’ \\ B——__—B\\
H N// N/ B\
N

(18) (19)

N.m.r. and vibrational spectroscopic data for the monomeric
iminoboranes R2C = N—BRé (R=CF3; R'=NMe2, Me, iPr, Ph) show that
the C=N-B skeleton is linear. There was no evidence for particular
strengthening of the N-B bond in this allene-like arrangement.loo

Vibrational smectra were reported for (MeZN)zBX (where X=Cl, Br
or I). Some general assignments were proposed, which were fairly
consistent with an approximate normal coordinate analysis. The
B-X stretching wavenumbers were coupled extensively with other
skeletal vibrations involving the boron.lol

Hexakis (dimethylamido) cyclohexaborane crystallises from
residues obtained on dehalogenation of (MezN)chl. This is the
first homocyclic boron compound, and also the first B(I) compound
which does not exhibit electron deficiency.- The BG ring is found
to have a chair conformation, (}._2_).102 ’

The B-B bonds in (MezN)zB—B(NMeZ)Z, (MeZN)ClB—BCI(NMeZ) and
ClZB—BCI2 are cleaved by the chloramines MezNC1, MeNCl2 and EtNClz.
BCl3 or the corresponding aminoborane and diborylamines are
produced.103

An X-ray determination of the structure of ammonia-carboxyborane,
H3N.BH2(C02H), has been carried out. This boron analogue of the
protonated form of glycine has monoclinic iggstals (space group

P2 /c), containing centrosymmetric dimers.

The boron cations A3BH2+X22— (A=py or substituted pyridine;
X=Br,I,PF6) have been prepared by nucleophilic displacement on
Me3N.BHBr2 or dihaloboron adducts of pyridine or substituted
pyridines. The B-H bond in these cations is less susceptible to
halogenation than that in singly-charged boron cations.lo5 It
was suggested that intermediates were formed which were bis(amine)-

adducts of BHBr+ or BBr2+ - and these were indeed isolated.
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Their reactivities were examined, and the reaction scheme of the
106
type shown in equations (8) to (10) was proposed.

Me3N.BHBr2

R-py-BHBr, + R-py — (R-py) ,BHBr' + Br eea(9)

(R—py)zBHBr+ + Br — R-py (R—py)BBH2+ + 2Br ...(10)

+ R-py — Me,N + R-py.BHBr, .--(8)

2-X-Pyridines form adducts with BH3 or BBr, (X=Br,Cl1,F or CN),
except for BBr3/2—cyanopyridine, (20, X=H or Br; ¥=Br,Cl,F or CN) .

Spectral parameters (infrared, lH and llB n.m.r.) were reported.107

x,3.80 N

3

Y

(20)

Dimethylsulphideborane reacts with various Lewis acids
(quinoline, isoquinoline, 2-, 3- or 4-aminopyridine or aniline) to
form borane adducts. These were characterised by i.r., 1H ana
llB n.m.r. spectra. Detailed studies on the aminopyridine

boranes showed that the BH, group was coordinated to the ring

nitrogen.lo8

MezB—N(Me)Li can be used to synthesise a large number of boryl-
amino—element compounds, e.g. MezB—NMe—BMe—NMeZ, MeZSi NMe—-BMe2 2
Me,B-NMe-SiMe,-NMe-SiMe,Br, etc. 09

Hg[NMe-BMe | and MeHg-NMe-BMe,
prepared from MezB—N(Me)Li and HgC12 or MeHgCl. . They do not
decompose on heating below 80°C, although very sensitive to air
and moisture. There is no evidence for association via Hg-N or
B—-N interaction in eéither the gaseous phase or in solution.llo

N.m.r. and photoelectron studies were reported on the new
bis(boryl)hydrazines, XMeB-NMe-NMe-BMeX (where X=F,Cl,Br,SMe,NMe2
or Me). The 14N n.m.r. results can only be rationalised in terms
of planar coordination at the nitrogens, while the He(I) photo-—

electron spectra are consistent with a gauche conformation.lll

are both volatile compounds,
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The preparation, n.m.r.(lH, B,13C), mass and i.r. spectra were

reported for the ureidoboranes, (21, R'=R"=R'"=pPh or Me; R'=Ph or
iPr, R"=R'"=NMe2; R'=iPr or Me, R"=R'"=Me).112
N-Sulphinylamines react quantitatively with (methylthio)organyl-

boranes according to equation (11), i.e. insertion of N=S into the

R-N=S=0 + 3Ré

p— p— —— — - '=
(R=t-Bu,Ph,2~-F C6H4,C6F5 etc; R'=Me)

BSMe - RN(BRé)SSMe + MeSSMe + (MeZB)ZO ... (11)

B-S bond, and complex redox reaction. The products are monomeric.113

Triethylenediamine (TED) precipitates BF,; from diethyl ether
solution as TED. 2BF;, and from THF as TED.BF;. N,N,N', N'-
Tetramethvlethylenediamine (TMED) and TED precipitate BH3 from
both diethvl ether and THF as THED-2BH3 or TED.28H3. From
diethyl ether, TMED precipitates A1H3 as TMED.2A1H3, while in THF
the TMED reacts with A1H3 to form TMED.A1H3. The last is somewhat
soluble, so the precivitation of AlH3 is incommlete in this case.
TED, however, precipitates A1H3 quantitatively from both Et,0 and
THF (as TED.A1H3)-114

3.1.7 Compounds containing B-O Bonds

Ab initio self consistent field m.o. calculations on H,BO

suggest the optimised geometry of (22) for the radical.llg

H_, 119pm
123° (\B—O 133pm
7
(22)
Infrared (gas, solid) and Raman (liquid, solid) spectra were

reported for divinvlboronic anhvdride, [(CH2=CH)2B]20. 160/180

isotonic shifts were used to assist in arriving at an assignment,

although the molecule possesses Cl sypmetry. The B-O-B unit
anpears to bhe linear, which is also in agreement with llB and

n.m.x. data; thus there anpears to be (p-p)7 bonding between the
116

13C

boron and the oxygen.
The infrared and Raman spectra of three crystalline forms of

metaboric acid, H302 have been obtained. The behaviour the
antisymmetric v (OH) mode, and the in- and out-of-plane deformations
(6§ (OH) and vy (OH) respectivelv) show that hydrogen bonds of
different strengths are present in these 3 forms - in agreement
with X-ray diffraction results. The remaining vibrational modes
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could be related to the analogous modes in borates and polyborates
117

of known structure.

Studies of solubility, viscosity, density and refractive index
of lithium metaborate agueous solutions, and its interactions
with formamide and dimethylformamide have been carried out. The
incongruently soluble compounds 2LiBOz.HCONR2.2H20 (R=H or Me)
were identified.118
HCONRZ—KBoz—H201{5=H or Me) at 25°C; there was no evidence for
anv new phases.

Solubilities were determined in systems

Boron acids form 1l:1 complexes with a variety of bidentate

- +
RB(OH)2 + HZL;:zRB(OH)L + H30 ... (12)
(R=m—N02C6H4—, Ph,0H or Me)

chelating ligands according to equation (12). Stability constants

were calculated by pH titration methods, and the reaction kinetics
were measured at p=0.1M (KNO3) and 25°c. The ligand H2L = oxalic
acid, malonic acid, salicylic acid, tartaric acid, catechol,

mannitol etc.lzo

17O chemical shifts have been reported for thirty B-O compounds,
containing three—coordinate boron. They could be interpreted in
terms of B-0, (p-p)7w interaction. The decrease in w bond order
was found to be in the seque;gi: (R,B) ,0 > (RBO)3 > R,BOR > RB(OR)2
> B(OR)3 (where R=Me or Et).

Li[B(SO3Cl)4] forms monoclinic crystals, space group P21/c.
There is approximately tetrahedral coordination at the B, with B-O
distances of 1.460(3)—1.478(3)8, and unidentate chlorosulphato
122 3C1)4] has
monoclinie (Cc) rather than triclinic (Pl) symmetry reported by
Mairesse and Drache (Acta Crystallogr., B34 (1978)1771).123

The crystal and molecular structures of an—CSHS)(CO)Fe(CHBCO)—
(i—C3H7CO£]BF2 - a metalla—-g8-diketonate complex of boron - have

ligands. It has been pointed out that K[B(SO

been determined. The crystals are monoclinic, belonging to the

space group PZl/c. The BF, unit is attached to the ferra-B-

diketonate through the two gxygen atoms of the metallachelate ring.
This ring is in a boat conformation, and is the second example of

a non—-planar metalla—f-diketonate ring structure, giving relief of
internal angle strain within the ring due to the bonding preferences

of the iron and boron.124
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If a metalla—-B-diketone, e.g. [c1s—(OC) Re (CH CO)(RCO)]H
where R=Me,iPr or CH,Ph, or [Cp(0OC)Fe(CH CO)(RCO)]H, where R=Me or
iPr, reacts with BX2Y (X=halogen, Y¥=halogen or phenyl) to give the

(metalla-g-diketonato)B(X) (Y),(23); 12 of these were reported.
In addition, [c1s—(OC) Mn(CH3CO)]L1 reacts with gaseous BF3 to
125

give (mangana—acetylacetonato)- BF,.

Me Me

c—o Ne—o
2 N LR G
MT « BZ fac—(OC)3Re——C——O——B——X
N Y V|
Y Me
R c—o
(23) ue
(24)
BX; reacts (in CH,Cl, at -50° to 0°C) with the triacetyltricar-
bonylrhenate dianion according to equation (13). These have
Li, [fac— (OC) jRe (CH,CO) 5] + BX,—>2Lix + (24) -e. (13)

(X=fF,C1,Br,I).

unusual electronic structures for neutral four-coordinate boron
complexes. The boron atom is formallv bonded to two anionic
oxygen donors and an anionic halide atom, with the fourth
coordination site occupied by a neutral oxygen atom acting as an
adduct molecule. However, electron delocalisation renders all
three oxvgen atoms equivalent, while maintaining formal neutrality
of the boron atom.-2®
The crystal structure of (24, X=Cl) has been determined: the
crystals are monoclinic, space group le/m. The results confirm
that the triacetylrhenate ligand does act as a trioxygen, vicinal,
bifurcated chelating ligand towards boron.lz7
The potential surface has been calculated for the 8203 molecule
using a restricted Hartree-Fock approximation with a minimal STO-3G
basis set. The equilibrium geometry was calculated to be Coy ~
with bond lengths in reasonable agreement with those found from
electron diffraction: (25), r(0;-B;) 1.241%; r(0-B;) 1.341R;

—O— o _ o 128
B,-0-B, 1427, O,-B 17 © 177
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‘//B{/'\Ez 5/5\0
of No, \I
(25) (26)

Raman data have been obtained for vitreous and molten B203 in
the temnerature range -196° to 1594°C. The vitreous material is
largely composed of boroxol rings, but in the melt the boroxol
ring concentration decreases with increasing temperature, and is
small, near 1600°C.129

It had been nronosed that the hymothetical bipyramidal B203,

(26), could be a major component of 8203 vapour. Ab initio SCF-MO
calculations show that it is a highly strained structure - and
130

could only be a very minor contributor to real systems.
Phase studies have been reported for the following systems:

131 N 132 . 133
BZOB_LaZOB_VZOS : 8203 CoO L120, B203 Cu20 L120. _
srszos crystallises, like Ca33206, in the space group R3c - as
134

deduced from X—-ray powder diffraction studies.

Thermochemical measurements have been reported on the Co0-B,0,
system, The enthalpies of formation (AHfo) of the cobalt borates
(referred to solid CoO and liquid 8203) were determined by oxide
melt solution calorimetry in 2Pb0.8203 melts at 973 + 2K. The
values were as follows: Co38206, -81.4 + 1.6kJ mol_l; COZBZO" -64.7

-1 -1 135 >
+ 1.3kJ mol ; CoB4O7, —-20.7 + 1.5kJ mol .

I.r. and Raman spectra were listed for solid H3BO3, Na[B(OH)4],
NaZ[B405(OH)4].8H20, Na[Bsos(OH)4].3azo, K[B 0, (OH) 41.2H,0,
(NH4)2[B405(0H)4l2H29, B—NH4[BSOG(0H)41.2H20, NH4[B52 (OH)4]'2667H20'
and NH [B o (oH) 1. Data were also obtained for H BO,, H BO,,

11,4~ 587 "439 11 3 a8, 3 03
wa[*'B(oH),], Na[*%B(oW) |, Na,[''B,0. (0m),] .8H,0, Na,['¥B,0. (0m) ] .

11 10
8Hi?, (NH,) , [ B405(0H)4].§gzo, (NH,) ,[""B,0¢ (OH) ,] . 21,0,
k[ Bsos(on)q].zrxzo and K[“"B_O¢ (OH) ,].2H,0. The spectra were
interpreted by comparison with known structures, by comparisons
within these compounds, and from observed isotopic shifts.136

Both H20 molecules and OH groups were found by lH n.m.r. in
crystalline hydrated tetraborates. The llB n.m.r. spectrum of
Na2B4O7.lOH20 contained an unsymmetrical broad line due to two
boron atoms in trigonal coordination, and a symmetrical narrow

line due to two boron atoms in tetragonal coordination (by water
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molecules).137

EuB ,0. is orthorhombic, with crystals belonging to the space

4aY7
group anzl. The structural framework is built up from a three-
dimensional, (B407)°° array of BO4 tetrahedra. The Eu2+ is nine-

coordinated, by oxygen atoms.138

Solubility, density, viscosity and refractive index measurements
have been made on the liquid phases of the (NH4)2B4O7—(H2N)2C=X -
139
Hy
in (NH,) ,B,0,~HCONR,-H,O systems, for R=H or Me, at 25°C and s0°c.
Phase studies revealed simple eutonic behaviour for all of the
following systems: LiB Og-LiX-H,O (X=Cl,Br or 1) ; 14t (x=NO,~, NO;7)
MB_O0,-M,SO,-H,0 (M=Li,Na or K);l 3 MB_O,~hexamethylenetetramine-
578 2V74 2 144 578
H,O (M=Li,Na or K).

The crystal structure of the europium (II) bromoborate,

O (where X=0,S) systems. Phase equilibria were also studied

140

2

EuzBsogBr has been determined. It is isostructural with the
Ca(II)analogue, and belongs to the snace group Pnn2 (orthorhombic).
The structure consists of a three-dimensional (B509)m network,
built up from B0, , units (BBO4+ZBO3) sharing corner oxygens. The

Eu and Br atoms are in tunnels of the (B509)m framework, extending

along the _g—-axis.145

YCo(B02)5 has been isolated from the ¥,04,-Co0-B,0,4 system.
Its crystal structure reveals the presence of BSOlO anions,
consisting of 3BO4 and two BO3 units. l4ghe Y and Co cations were

situated between layers of the anions.
An improved synthetic route has been reported for boracites,
complex cage compounds of formula M3B7013X. The reaction is

7LiBO., + 3MX, + H,0 =+ M3B,0,.X + 5LiX + 2LiOH ... (14)

2 2 377713

shown in equation (14), where M is a divalent metal and X a univalent
anion. About 15% excess of H20 was beneficial, and the reactions
were complete in 50-60h., at 20-30 atm. pressure and 250-300°C.
Yields were good, thus for M=Ni, X=I; M=Zn, X=Br and M=Mg, X=Cl
yields in excess of 95% were achieved.147

3.1.8 Boron Halides

The BF, radical can be generated by the reaction of SFs(g) or
BF3(g) with solid boron in an effusion cell at 1600-1800K.
Thermochemical studies gave the standard enthalpy of formation,
AHG ,gg(BF,) = -502 + 8 kJ mol”™ 1 (about 85 kJ mol”! less stable

than previously accepted values). The FB-F bond is weaker than
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48

either the B-F or the F,B-F bond.>*

2
The difluoroboron cations DD'BF2+, where D=H or F, D'=MeO or
N02; N=MeO, D'=N02, were detected, by lgF n.m.r. measurements, in
149

benzoate ester/BF3/BCl3 systems.

The reaction (15) occurs spontaneocusly in the system hexamethyl-

2HMPA . BF €=3BF2(HMPA); + BF, (15)

3 4 st

nhosphoramide—BF3 (HMPA=hexamethylphosphoramide) . The degree of
ionisation for the reaction was 0.13 in CDCl, solution at 27%c.
The crystal structure of BF3 has been determined. It is
surprising that this simple compound has a structure which is
fundamentally different from the other boron trihalides. The
crystals are monoclinic, space group le/c. The boron has
effectively trigonal bimnyramidal coordination with three fluorines
at 1.26—1.318, and two at 2.68 and 2.718. This linking to
adjacent molecules gave a three-dimensional array.151
BF3, but not B2H6, reacts with acyclic or cyclic polyethers to
form Lewis acid-base adducts. The stoichiometries of these
adducts are very variable, and appear to be sterically controlled,

e.qg. BF

3:L=3.9 for L=18-crown—-6; 1.7 for L=dicyclohexano-1l8-crown-—
152
6.

Adiabatic electron affinities were measured for several boron
trihalides, from a determination of threshold kinetic energies for

Cs + BX, »~ Cs™ + BX,~ ..

3 (16)

(16). A crossed molacular beam apparatus was used. For BFg,
BC13, BCl,Br, BClBr, and BBr 4 respectively the electron affinities
are O0.0; 0.33; 0.69: 0.92; 0.82 eV (all + 0.02 eV). These
values were used, via-an ionic energy cycle, to give B-N bond
energies for BX3.NMe, adducts; these were in reasonable agreement
with values deduced from n.m.r. measurements.153

The formation and characterisation of (ns—CSHS)Fe(CO)z— [C(=O)CH3]-
MX3 (where M=B, X=F,Cl,Br; M=Al, X=Br or CH3) were used to obtain
a comparison of basicities and reactivities of the carbonyl
function in ketones, a metal acetyl, and polynuclear metal
carbonyls. Towards BF3, the following order of basicity was
deduced:lS§CH3)ZC=O>(ns—CSHS)Fe(CO)2[C(=O)CH3]>(n5—C5HS)2Fe2(CO)2
(u-Co) . '
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Ab initio calculations (using two—-exponent Roos-Siegbahn and
Huzinaga-Dunning basis sets) were used to give potential surfaces,
equilibrium geometry and stabilitv values for LiBE‘4.155

The thermodynamic parameters of the thermal decomposition of

LiBF, on sublimation, (17), have been determined:
LiBF4(solid) + LiF(solid) + BF3(gas) ees (17)

o _ -1 o _
AH298 = 20.7 + 0.6 kcal. mol v ASZ98 =47.9 + 1.1 e-.u.

The enthalpy and entropy of solid LiBF4 were also calculated:

A = 1439.4 + 0.7 kcal. mol *; 89, = 21.3 + 1.1 e.u.>®

is formed in almost guantitative yield by refluxing

(o]
Hy98

BH2C1.SMe2

an equimolar mixture of BH3.8M92 and CC14. It can be used t§57

vroduce dialkylchloroboranes by the hydroboration of alkenes.
High-resolution (ca. 0.035 cm_l) infrared spectra of BCl3 or

BClZF have been obtained in solid argon or krypton. The narrowness

of the lines enabled features due to different isotopic species to
158

be resolved. For BCl3v2,v3,vl + Vg vl+v3 and 2v3 bands were seen.

The infrared swnectra of Ar/BX3 (where X=Cl or Br) mixtures
deposited on a CsI window at 10K and undergoing simultaneous proton
radiolysis showed boron isotopic absorptions due to Vg and Vg of
HBX., i.e. the vaSBX2 and inplane deformation respectively.

2
Irradiation of BX3 with a windowless Ar resonance lamp gave bands

assigned to V3 of BX3+. Radiolysis and vacuum u.v. photolysis both

gave bands due to v, of BX2. The loB/llB data suggested a bond

angle of 125 + 5° for these species.159

The vibrational spectra of AsR3.lOBX3 (R=CH3 or CD3; X=Cl or
Br) and ASR3.nBX3 (R=CH; or CD,; X=Cl, Br or I; n=10/11, natural
abundance) have been reported. The vBAs modes were in the range

640-740 cm_l. For X=I,Br and Cl, the k(B-As) force constants are

2.84 2.26 and 1.70 mdyn. 8! respectively. The order of B-As bond
strengths was the same as that determined previously by calorimetry.160
le) + -

At about 4307C, [Et3NH] [BloBrlo] forms the new compound
MeBgBra (apparently via a radical mechanism). Varying the
conditions produced the previously unknown boron subhalides:
EthBra, MeZBgBr7, Me(Et)BgBr7, and smaller amounts of Bgsrg. The
boron chemical shifts of BgBr9(—60.4 p.p-m.) and MeBgBr8 (-62.2 p.p.m.)
show that the boron atoms are very deshielded compared to similar

nine-atom frameworks containing (2n+2) framework electrons.161
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3.1.9 Boron-containing Heterocycles
Pure pentavhenvlhorole, (27; PPB), can be svnthesised from 1,1-

dibutyl-2,3,4,5-tetraphenylstannole and PhBCl2 in toluene (yield
95%). Reduction of this with metallic potassium in THF gives

9

Ph Ph Co
Ph / \ Ph Ph Ph
t Ph Ph

ph B

e .

(28)

brownish-red Kz[_PPB], containing the 6-m-electron anion pPB2".
In addition, PPB reacts with CpCo(CO)2 to form (gg).lsz
l~Tert—buty1—3—methyl—2—phenyl—A3—l,2—azaboroline, (29) 1is

prevared by the route shown in (18). The product is a colourless
Me H20 Me_ g:Me3
C=CH—CH2C1 + HZNCMe3 —_— /C=C*CH2~Q
c’ : KOH Cl H
PhBC1, ... (18)
Me CMe, + NEt Me CMe
“c=ci-ci,-n] 3 e—2~ c=cu-cH,n]_ Cl.HCL
cy” B-Ph  -50°C s B
ci cy” p
Cl
J+x
(29)
liquid, b.p. 52-53°C (1 torr.). It is soluble in inert solvents,
H
I —— C~__
2? Q?Z Me3C\N’CH‘CH g HC ? CMe3
- - AN ~_.B—-Ph
Me C'\\B/’N CMe, §~S:9%\\\Fe// Fe ¢
- C e
' Ph 1 \ / \
Ph Me /
OC P C0
(29) o
(30)
but moisture sensitive. With Fe(CO)5 it forms (30), in which the

5 163

n>-bonding mode is confirmed by X-ray diffraction.
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Mi>”‘*<fe
Ccl1—B B—Cl Cl—=n B—ci
~N . N N
X / AN
Me Me
(31)
(32)

The bifunctional molecules (Me3Si)2x, where X=S, NMe or NMe-NMe,
react with the diboryl compounds C12B—CR=CR—BC12 (R=H or Me) or
C12BCH2CH2BC12
NMeNMe) and (32).

Compound (33) is obtained in 67% yield by the ligand transfer
reaction of Co(CSHSBMe)2 with an(CO)lO. Treatment with CH3COC1/
AlCl3 forms both (2-acetyl-l-methylborinato)tricarbonylmanganese

and the tricarbonyl (toluene)manganese cation.165

to give the new ring compounds (31; X=S, NMe or
164

B-Me Me281 B-Ph

©l

l

Mh__ Ni
/ \“ co
oc co Ph-B SiMe,
(33) (34)

Cyclopentadienyl (1,4—-dimethyl—-1,4-dibora-2,5-cyclohexadiene) cobalt

is prepared by equation (19). A crystal structure determination of
the product showed that all six atoms of the cyclohexadiene ring are

— o
/ \ CpCo(CO)2 <:Z§§:;7 20°C <<Z§§:;7

MeO-B B-OMe —mm—— Co —_ Co ... (19)

N/ 80°c l MeMgT ‘
MeO—-B B-OMe Me-B B—Me
\/ -/

within bonding distance of the cobalt, but that the boron atoms
bend awav from the metal atom.166

Nine new complexes of the type MLZ' where M=Ni, Pd or Pt;
L=X(CH=CH)2B—Ph, X=Me2C, MeZSi or (CHZ)Z, have been prepared.
X-ray structure analysis of the compound with M=Ni, X=Me,Si shows
that it is a sandwich—tgpe bis(ys—divinylborane)metal complex,
with C2 symmetry, (34). All of the complexes are much more stable
thermally than the corresponding 1,5-cyclo8ctadienyl metal

167
complexes.
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Free energies of rotation about the B-C(mesitylene) bond have
been determined by lH n.m.r. for several 9-mesityl—9,lO—dihyﬁro—Q-
boranthracenes, (35, R=Me,CH,OH, COOEt, SiMe., Ph or CH2CMe3).
Both in solution and in the solid state they adopt a ground-state
configuration in which the mesityvlene and bora—-anthracene rings

are anproximately Derpendicular.168

R

H, _R R
2 DME
N
Rl——B B— Rl Me B Me
; = Ter
Me @ Me
R R
NS 2 2

(36)

(35) (37)
1,4-Dimethyl-2,3,5,6-tetra-n-butyl-1,4-diboracyclohexa~2,5-diene,
(§§,R1=Me, R2=gBu), can be obtained by the addition of methylborylene,

MeB: to 5-decyne. The methylboryvlene is generated in situ by the
system C8K/MeBBr2.169

The photoelectron spectra and one—electron reduction behaviour
of 1,4-difluoro-2,3,5,6-tetramethyl-1,4-diboracyclohexa—-2,5-diene,
(36, R1=F, R2=Me), and its isoelectronic analogue duroquinone, have
been compared. The latter qgives a very stable anion radical
(durosemiquinone), but the former only a short-lived intermediate.
Potassium metal, however, produces a secondary anion radical, which
can be stabilised by dicyclohexyl-18-crown-6(which complexes the K’
produced) . This species is believed to be the radical anion of
2,3,5,6-tetramethyl-1,4-diborine, (37)where DME=dimethoxyethane),

a hitherto unknown benzenoid heterocycle.17o'171

Et Et Et Et
Neoe” —
Pl Me - BQ( B - Me
Me - B B - Me
-7 R e B
AN (Co) 4
R R
(38) (33)

3,4-Diethyl-2,5~-dimethyl-1,2,5-thiadiborolene reacts with

hydrazines to give (38, R=R'=H or Me; R=H, R'=Me). X~-ray
diffraction shows that the ring is planar. These diazadiborins

react with (MeCN);Cr(CO); to form (}2).172
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Hydrostannation of (dialkylamino)dialkynylboranes by means of

dimethylstannane gives reaction (20) (R=Me, R'=Me or Et; R=H,

'=Et).
Rl
,jz/ ,——Y_ R*
CI
7
R2N B\C + MezanZ——aRzN - B SnMe2 ... (20)
> \\———Zi
C\ R"
R'

The products are 1,l1-dimethyl-1-stenna-4-bora-2,5-cyclohexadienes,
and they react with alcohols to give the analogous alkoxy-deriva-

| A0
>

W-0~-w

(

(40)

The crystal structure of bis(4-dibenzoborepinyl)ether, (40),

has been determined. The crystals are orthorhombic, space group
Pca21, and the B-0 distances are 1.340 and 1.3478, corresponding
174

to partial double bond character.
1,2,4-Triaza—-3-sila~5-borolidines can be prepared from N,N'-

dilithio—N,N'-dimethylhydrazine and Br (Me)B-NMe-SiMe,Br or by trans-

R R R R
>N—N< }N—N<
R - B SiR, + ECl1;/>R ~- B E - C1 + R,5iCl, ... (21)
Ny /s
N N
R R
silylation of the permethyl derivative of this ring system. The
175

silicon atom can be replaced by E(P or As) by reaction (21).
Four tris(amino)boranes, (41), with ethylene and/or trimethylene
bridges, have been prepared. Predictions that the smallest member
of the series, lO—bora—l,4,7—triazatricyclo—[5.2.1.04'lo]decane,
would be very strained were supported by the observation that this
compound only exists as a tight dimer. l11-Bora-1,4,7-triazatricyclo
[5.3.1.04’11]undecane exists as a dimer in solution, but as a monomer
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in the gas phase. X-ray studies of 1l3-bora-1,5,9-triazatricyclo
{7.3-1.05'13)—tridecane show that it has a stable, planar BN,
skeleton.176
TN
N N Fe(CO)
NG, G
N
' 7~
N B \\CMe
] 3
Me
“(al) 2
(42)

LiCH=CHCH,NCMe,;Li and MeBBr, react to form A3—1-tert—buty1—2—
methyl-1,2-azaboroline. This is isoelectronic with CSHS—’ and a
forms a complex with Fe(CO)s, (42). Thii 2as bridging carbonyl

7

groups and exists as cis and trans forms.

o ©)
¥

c=C ]——-1( N P
Me - B //,B - Me -—aggizlg—- oo
I CN
(C0)3

(43) (44) (45)

—B B—
AN Vg
i

N

740N
1
N_.
/
P
(46)

(43), (3,4-Diethyl-1,2,5~trimethyl-1,2,5—-azadiborclene) is
obtained by the reaction of the C2BZS analogue with heptamethyldi-
stannazane. The new compound acts as a four—electron ligand in
forming the complexes (44)-(46)- Unlike the CZBZS ring system
this does not favour the formation of "triple—-decked" sandwich
complexes.178

A cyclic derivative of carbohydrazide, containing boron, has been
reported for the first time, equation (21). The vBH band is very
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NHNH NHNH
7/ 2 A / N
ocC + BH; —— ocC //BH + 2H2 c.. (22)
NHNH

AN
NHNH,,

broad, centred at 2395cm—1, as is VNH (definite maximum at 3190cm—l).
Support for the proposed structure came from the preparation of the

B-phenyl derivative, (47), characterised by mass spectrometry and

n.m.r.l79
NHNH Me
0O =20C B-Ph N N.
NHNH \B - N/ ~
g .
(47) Me
(48)

Thermolysis of a mixture of 1,3-dimethyl-1,3,2-diazaboracyclo-
hexane with nyrazole produces 1,3—-dimethyl-2-(pyrazol-1‘'-yl)-1,3,2-
diazaboracyclohexane, (48). Spectroscopic data confirm that it is
a monomer, and therefore the first known example of a pyrazolyl-1-

horane containing a trigonal boron atom.l8o

X o
NS

Me B
1
(——— N/ ™~ T———Me
B

O // \\\\ B— X
X P2
Me

)

N

N

~_~
>
Vo)
~—

Derivatives of l-aza-2-bora—-3—-oxacyclopentane are easily
prepared by cleavage of N-Si and 0-Si bonds in disilylated ethanol-

amines by halogenoboranes. The B-hydro—- and B-halogeno compounds
are associated in the solid state, and partially so in the liquid
181

and gas phases also, e.g. (492, X=H,F,Cl or Br).
Permethylated silaborazines are prepared from BrMeB—NMe—SiMe2 or

BrMeB—N(SiMe3)—SiMe2Br, as in (23). This type of ring can, in

turn, bhe used to generate phosphaborazines, since phosphorus halides

replace the Si!“!e2 selectively, as in (24). The P-X bond is more
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Me Me Me Me
| . i \B /
B—-Br MeBSl—— N\ —N
Me~N + B— Me — Me—-N B—-Me .. (23)
N /
Si-Br Me_,Si— N Si— N
3 1 N\
Me2 . Me Me2 Me

reactive than the P-N or B-N bonds of the ring, and this allows

selective nucleophilic substitution reactions to occur at the

Me Me Me Me

N / AN 4
B—N —N

/ AN N .

Me~-N SiMe, + PCl,——> MeN pP-Cl + Me,SiX -..(24)

B——N B—N

/ N J/ ~

Me Me Me Me

phosphorus. N.m.r. data of the new compounds suggest that the

. 182
rings are non—-planar.

Bis (biureto)boric acid, (50), is prepared by the thermolysis of

a mixture of biuret and boric acid. There is no change in the
v{(C=0) of biuret on complexation, but v(NHz) of the free
ligand disappears. vBN is seen at l390cm_} All of these
ohservations are consistent with the structure as shown.183
9 § - Ph
wt HN//C\\ﬁ\B/\\C’/NH ‘éN/B\N§
\\\c // N MeZSQtN N4;S[‘fle2
sy Bg B
0 Ph
(50) (51)

The eight-membered ring compound (51), i.e. 1,1,5,5-tetramethyl-
3,7—dipheny1—lk6, SAG, 2,4,6,8,3,7-dithiatetra—azadiborxocin, was
prepared by the reaction of dichlorophenylborane with §,S-dimethyl-

N,N-bis(trimethylsilyl)sulphodi-~imide. The crystal structure was

determined -~ the compound forms orthorhombic crystals (space group
Pbca) . The eight-membered ring departs significantly from
planarity.184

1,5-Dichloro—-3,7-bis(trifiuvoromethyl)-4,8-bis(2',6'-dimethyl-
phenyl)—2,6,9—trioxa-4,8—diaza-l,5—diborabicyclo-[3.3.l]nonadiene
(52) , forms monoclinic crystals, space group P2,/e. The molecule

2- The eight-membered ring was

is structurally analogous to B4 2 -
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folded by 104° about the B-B vector. The boron was bonded more
strongly to the bridge oxygen (139pm) than to the other atoms i.e.
B-0(C) (155pm), B-N(160pm), B-C1(182pm) . %>
R CFP
\\N £3 o] o] o Cc-M
=== === — —Me
Cl——B——O——F——Cl ///B\\\
$==?=2N\ (0] O-N=C-Me
CF3 R
(52) (33)

2-Alkoxy-1,3,2-benzodioxahoroles react with various monofunctional
bidentate oximes, e.g. furfuraldoxime, pyridine-2-aldoxime,

diacetylmonoxime, salicylaldoxime and a—benzoinoxime to give new

complexes, in all of which the boron is four-coordinate, e.g. (§§)?86
Infrared, u.v., lH, 13C and llB n.m.r. spectra have been reported

for disubstituted diphenylboron chelates derived from salicylalde-
hyde azomethines, (54, where R=H, Me, Et, OH, NHZ, NHPh, NMez, Ph

etc.)-187
H O R’ N
0—BPh, R 0-BR, =
(54) (55) (56)

Diphenylboronic acid anhydride or boron trihalides (F or Cl)
react with bidentate chelate reagents, e.g. (55, where R=Ph,
R' = oH, R? = H; R=F, R'=H, R2=CH3 etc.). Tridentate chelates
react similarly (at high temperatures) to form (56, where R=Ph,

R'=Me or OMe:; R=F, R'=Me). All were characterised by elemental
analysis, infrared, lH, llB and 19? n.m.r. spectra.188 Mass
spectral fragmentation patterns of these chelates were also

reported.189

The bis(diphenylboron) chelates (57, R=H,Ph; R2=(CH2)4, (CHZ)S)

are prepared from diphenylboronic anhydride and the boron free

nickel complex.190
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2 2
Ph R R
Bz \O O O//
R o” o _R \B/ Ny
— 7 ~ —
R R o o
R \ / R
O, (o] O// \\O
Np/ L & N rt
B AN AN
Ph c Ni c
2 ¢ ¢
P T N
(57)
(58)

Trimethoxyboroxine or dimethylammonium pentaborate dihydrate
react with nickel glyoximates to form monoboroxino-chelates: (58,
where (Rl)2=(CH )5, R2 = Me; Rl = Me or Ph, R2=H). The B:Ni
ratio was 3:1.1 1

N,N'-N'-Triorganyl-N-trimethylsilylthioureas react with XBR2

(X=halide) to form N,N'N'-organyl-thioureidoboranes, (59, R1=Ph,
2__3

R“=R”=Et,nBu,Me or Ph) and isothioureidoboranes, (60, R1=Me, R2=R3=
Et; R1=Et, R2=R3=Et or Ph; R1=R2=Ph, R3=NMe2, etc.)-lg2
2 2 3
S R R R
E - \__~ ~
tZN——-C B ) B
N N3 PN 1
N R S N - R
él \\\\Céf;
1
(59) NEt,
(60)

A series of boron-substituted 1,3,2-dithiaborols, (6la, where
X=Me,Ph,Cl,Br,OMe,OCMe3,SMe,SCMeB, NMe,, NEt,, N/SiMe3)2), has been
prepared by various routes. N.m.r. results suggest that this type
of compound can be regarded as a 6w-electron system. Nevertheless,

mass spectral behaviour shows considerable similarity to that of the
saturated analoques (§lb).193

S S S S
\\B//
]

(61b)

B el
2 AN
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Crystal structures have been determined for (62} and (63):
both contain planar ring structures, and can therefore be described

/S———S\ Me\ /Me Me\ l;"le CIZl /Me
Me —B B— Me N—N SNTN—B—N
~.. s ~N Cl-B l B-C1
N B B ~ //
r'4 s \ / N\ N— B—N—N
e Me Me s 1 | N
s Me Cl Me Me
(62)
(63) (64)
as five—-membered 6W-electron systems. 3,5-Dichloro-1,2,4-trimethyl-

1,2,4,3,5-triazaborolidine, however, is a tricyclic dimex in the
solid state, (64).1%%

A new boron/sulphur/silicon heterocycle has been obtained by
reaction (25). The product reacts with excess ClB(NMez)—B(NMez)Cl

Mez\ /Mez Cl\ /NMeZ MeZN\ /NMez
Si—sSi B—B -SiMe,Cl1, B—B -..(25)
/ \ + / N < 5 / AN
~ S Me, N Cl S\\\ s
si” si”
Me
2 Me2
to form (65). An SZSi4 ring system, on reaction with PhBCl2 gives
195
(66) .
MeZN\\ //,NMez Mezsi SiMe2
= / \
Ng s s
AN Ny
/B__B< ;
Ph
MeZN NMe2
(66)

(65)

Reaction of [CpFe(CgH),)],%n with 1,2,5-thiadiborolene gives (67).
This in turn reacts with excess potassium metal to form (68), and
this new anion reacts with MCl2 (M=Fe or Co) yielding four-decker

sandwich comp].exes.lg'6
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e~ £

Fe ——2Zn
i Fe
/ \ B
-B B— \\
N P
i 12 B
(67)
M
\
B
Lo :
Fe ]
Fe
-~
LT (69)
(68)
(B52)8 is formed by fusion of a mixture of B,S,; and Sg in vacuo
at 100-300°C. X-ray analysis shows that it is a planar porphin-

analogque, (29).197

3.1.10 Boron Carbides and Nitrides; Metal Borides
13C2 (which had

revealed the presence of linear C—B-C units and distorted B12

A detailed study of the crystal structure of B

icosahedra) has been followed by a determination of static

deformation density maps for regions of interest in both units.198
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and (B both form tetragonal crystals;

C.Ti
2 199

(Byo)y 1.86 1274%2V1. 20

space group P42/nnm.
Boron nitride films have been obtained by pyrolysis of a variety
of boron/nitrogen comwounds (e.q. i—PerBBrz, (ClBNH)3 and M03NBF3).
Infrared results show that hoth hexagonal and cubic forms of BN
are present, and that a lower pyrolysis temperature produces more
of the cubic modification.2%°
Infrared spectra (200-1500cm
and "312A52"' and their loB—enriched analogues. The structures
are in fact disordered, and about 10% the P or As atoms replaced

by boron, compared to the ideal stoichiometry. A normal coordinate

1) have been reported for "BlZPZ"

analysis was carried out, using the idealised atomic arrangement
and a simple valence force field. The results were in reasonable
agreement with experiment, including lOB/llB and P/As shif-ts.zOl

Electron smectra (i.e. ESCA; X-ray-excited Auger, or XAES; and
electron-excited Auger, or EAES) have been reported for the iron
hborides FeB and FezB. The surface comnositions were the same as
those for the bulk swpecimens. There are no significant binding
enerqgy shifts of the Fe or B ESCA core levels, compared to the free
elements. There had therefore been no major charge transfers
between Fe and B. This was confirmed by XAES and EAES. There
vas evidence for B-B bonding (covalent) in FeB, but the boron
atoms appeared to be isolated in Fe28-202

It has been possible to rationalise the observed heats of
formation of MBZ (M=5Sm,Gd,Lu,U or Al) in terms of the energg3
contributions from electron populations in various levels.

A self-consistent band structure has heen calculated for ZrBz,
using the Korringa—Kohn-Rostoker method. Extensive charge
transfer was not needed to explain the observed properties of the
comoound, and considerable similarities were found with intercalated
graphite.zo4

The te}nary metal borides MRu3B2, where M=Ce,Pr,Nd,Sm,Gd4d,Tb,Dy,
Ho,Exr,Tm,¥h,Lu,¥,Th or U, crystallise with the CeCo3B2 type of
structure. Above 300K typical M3+ paramagnetic Curie-Weiss
behaviour was found for most systems.205

A crystal structure determination has been reported for LaBZCZ'
It forms tetragonal crystals, belonging to the space group P42c.
The structure consists of two planar, infinite layers. Within
the ordered B-C network, each atom is bonded to three other atoms

giving aromatic—-like, fused 4- and B-membered rings. Each 4-



138

membered ring contains two borons and two carbons, in opposite

nositions. Each 8-membered ring contains (alternately) 4 borons

206

and 4-carbons.
ErB4 has been studied by single—crystal neutron diffraction.

At room temperature it crvstallises with a UB, type of structure
207

(smace groun P4/mbm) .
SmFeB4 crvstallises in the space group Pbam. It is a new

4 tvre. It is the first time that the

nositions of the boron atoms have been established crystallographi-

cally in such a structure.208 )

ternary boride, of the YCrB

The crystal structure of LaIr4B4 has also been determined. It
is tetragonal (space group P42/n) and isotypic with NdCo4B4.
ThIr ,B, and ThOs,B, are also isotypic with this, but URu4B4 and

4B4 4B4
UOsB 209

crystallise with LuRu,B,-type structures.

4
3.2. ALUMINIUM

3.2.1 Aluminium Hydrides

4

Theoretical calculations suggest that insertion of Al into Hzo
to give HAlOH is exothermic by 38kcal mol”t or more. Further,
there exist reaction paths leading to HAIOH which are fully
attractive, i.e. with no energy barrier.Zlo

The electronic structure of the A1H2Al bridge of the (Me2A1H)2
dimer has been calculated using an ab initio SCF procedure.

Compared to diborane, the ionic, a1’ H22- al1" structures are more

significant, in addition to the usual covalent, three-centre bonds.211
Ab initio molecular orbital calculations have been reported for
LiAlH,, in which the AIH4— anion is connected to the lithium by
one, two or three hydrogen atoms. It was suggested that it is a
structurally non-rigid molecule, with respect to the relative

motion of the anion and cation.212

27A1 and 7Li n.m.r. studies (in the concentration range 0.0075
to 3.75 molar) have been carried out on ether solutions of LiAlH4.
The aluminium signal only gives fine structure due to Al-H coupling
at concentrations less than 0.15M. The chemical shift 627A1 is
only slightly concentration dermendent, however. The results were
consistent with multiple-ion formation at higher concentrations,
with ion-pairs at lower concentrations.213

Electron diffraction experiments on gaseous Al(BH4)2Me show that
it is monomeric, with a planar CAlB2 skeleton. The aluminium is

five-coordinate, with bidentate BH,; groups. The planes containing
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the Al(u—H)ZB units depart from being normal to the CA182 plane
by approx. 5°, i.e. the overall symmetry is C,, not C, . The
following structural parameters were determined: 2al1l-C, 194.1(0.9)pm;
Al-B, 215.2(1l.6)pm; Al—Hb, 182.0(0.9)pm; B—H2124pm; B-H_ , 120pm;
B-Al-B, 121.5(0.7)%; H_-Al-H_, 70.3 (0.4)°.2!

The crystal structure of A1, Zr—u—hydrido—(triethylalumino)—[tri—
(cyclopentadienvl)zirconium(IV)], Cp3Zr—H—AlEt3, has been determined.
The crystals bhelong to the space group Pcmn, and the Zr—Hu and Al—Hu

distances are 188,177pm. respectively.215

1H, 7Li, 13C and 27A1 n.m.r. studies of lithijium tert-butoxy-
aluminates in THF solution have been carried out. The 7Li results
3Li(£BuO)2AlH2;:::f2Li(EBuO)3AlH + LiAlH4 ce. (26)

were not very informative, but the others showed that Li(EBuO)AlH3
does not exist in high enough concentration to be detected. The
equilibrium (26) is set up, for which Keq=2-2 x 10—2.216

3.2.2 Compounds containing Al-C or Al-Si Bonds

Non—-empirical guantum mechanical calculations have been carried
out on AlCH3, AlCH2 and AICH, thought to represent the simplest
aluminium-carbon single, double and triple bonds. For Al1CH, the
Al-C single bond length is predicted to be 2.0138 (cf. 1.968 in
AlMe3). For AICH2 and AlCH, however, the ground states do not
contain Al=C or AlZC bonds, but a simple single bond (AlCHz) or a
bond with only slight "multiple" character (A1CH). The Al=CH2 and
A1=CH states were calculated to be 21lkcal mol—l, 86kcal mol t
above these respective ground states. Dissociation energies were
calculated as 68(AlCH,), 77 (AICH,) and 88(ALCH)kcal mo1” 1 217

The crystal structure of [NMe4][AlMe3I] has been determined.

The crystals belong to the space group Iba2, with bond distances:
Al-C(1l), 1.96(4)8; al-c(2), Al-Cc(3), 2.04(3)8; Al-I 2.66(1)%.

The last is very close to the value found in AlMezIz_, and both are
longer than in neutral Me3N.AlMe2I:2.SBR.218

Triethylaluminium reacts with potassium in hexane at 20°C to give
the radical species Et3A1K. At higher temperatures this forms an
aluminate complex K[AlEt4], via a radical dimer, [Et3A1K];.219

Trialkylaluminium compounds undergo photoreaction with dephenyl-

acetylene, according to equation (27), where R=Et, iPr or iBu.zzO
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R
1
[Ph'?“Ale] Ph_ _Al__Ph
Ph-C=C-Ph Ph-C-AlR, — I /"\:
* Ph- Al Ph (27)
2/n(R3AL) Ph \S/A]_RZ l{
/C\
R,AL Ph

Tricyclopropylaluminium dimer forms monoclinic crystals, space
group P2l/c- The Al—Ct and Al—Cbr distances are as expected
(1.9448, 2.0748 respectively) . The terminal and bridging cyclopropyl
1

groups all have rather long Ca—cB’ and short CB-CB distances.

Me X

a1 M(dioxan)
"/ ~
Me Y
(71)

The compounds Mez(MeCEC)2A1M (where M=Li or Na) and Mez(MeBCCEC)ZAlLi
have been synthesised, which form stable 1:1 complexes with 1,4-

dioxan. The latter are monomeric, with a strong covalent interaction
between the alkali metal and the alkynyl groups (71, X,Y= same or
222

different C=CR groups), even in polar solvents.

(72) (732)
— 5\ .+
\Al ——— Li
(73b)

Depending on the stoichiometrv and the reaction conditions
1,2,3,4-tetraphenyl—-1,4-dilithiumbutadiene reacts with aluminium

trichloride to form (72) and (73). The latter is mainly present

in the spiro-form, (Zéb)'223

The new polycyclic aluminium compound (74), whére B=THF or EtZO;
R=Me cr Et, has been prepared by a series of reactions starting

from 1,4-diphenylbutadiyne, dialkylaluminium halides and lithium.Z22%
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B\ /R Ph\ THF
Ph Al Ph c E

R ™ c—c-~ c/ % \‘ ¢

— R Al Ph

~ a1l \6=—-c/ a1 NS
B’/’ \\\\\Cfiz\\ \\C:==&:f\s ﬂ g
/
/ Al Ph / ~N ,// N\
/7 \ Ph Al c\
Ph R° B '\ \C\
Et  THF o
(74)

(75)

1,4-Diethylaluminyl-1,4-diphenyl-3-cumulene cyclises on u.v.
irradiation to qgive the 1,4-dialuminacyclohexane derivative, (1§).22
The complex (76) forms crystals belonging to the space group

5

P212121. The results confirmed the structure, which had been
suggested on the basis of 1y n.m.r. results.225 It was possible
Cl Et
7 (=)
\\\ \\\Et Et\\ P N //’Et
c—-cH Al—————-lAl\
Et / /
H, \Al// Et \\\~ Et
SEt ?H
(76) CH,
Nzf
) ﬁ

to confirm the structure of di—(ns—cyclopentadienyl)—2,2—bis(diethyl—
alumino)-ethylzirconium cyclopentadienide, (77), by X-ray diffraction?27

Tris(trimethylsilvl)aluminium, coordinated with Etzo or THF, is
formed by the treatment of chlorotrimethylsilane with aluminium and
THF/benzene

Al + 3Me3SiCl + 3Li 65°C, 78 Al(SiMe3)3.THF + 3LiCl ... (28)

lithium in THF/benzene or Etzo, in the presence of mercury, e.g. (28).
The unsolvated compound can only be formed by the reaction of
tetrakis (trimethylsilyl)—-aluminate with aluminium chloride in

228
pentane.
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The sodium or potassium salt of tetrakis(trimethylsilyl)-
aluminate is formed by the reaction of M(=Na or K) with Hg(SiMe3)2
and Al(SiMe3)3.Et20, equation (29). The vibrational (infrared

and Raman) and n.m.r. (1H,13C) spectra were reported and discussed.229

. . Et,0 .
24 + Hq(SiMe;), + AL(SiMey) jEt,0 7270 5 mM[Al(SiMey),] ... (29)
pentane

3.2.3 Comnounds containing Al-N or Al-P Bonds
Alkylaluminium compounds react with certain aza—-aromatics and

alkali metals to give persistent paramagnetic species, such as (78),

which could bhe characterised by e-p.r-23o

AlMe Et
) N
c1" "2
A1r1e2 \N/
7N\
(78) Me Me
(79)

The crvstal and molecular structures of (79), a neutral, chelated,
four-coordinate aluminium compound, have been determined. Two
types of Al-N bond were shown to be present; the Al-N(Me ) distance
was 1.963% (a typical single bond value), while the Al- N(Et)

distance was 1.7703. The latter showed that there is a significant
m-interaction between the lone pair on the (planar) nitrogen and
231

the aluminium.
The stable new N-alkyliminoalanes, [Me,N(CH,) N(AlH,),],.THF
and [Me NCH, (CH )CHN(A1H2)2]2.THF have been prepared from AlH..THF
or NaaAlH, and the corresvonding amine (or its hydrochlor1de).2 2
3-—Diméthylamino-n—propylamine » 2—dimethylamino-iso-propylamine

and 3-methoxy-n-pronylamine can be used to synthesis poly(N-alkyl-

iminocalanes) by a variety of routes. They gave products with
open cage structures even under drastic conditions involving direct
reaction of hvdrogen, the amine and aluminium metal.233
' R R
R'(H R \\Al/,
N~—a1 o7 Sngk
R—_ ./ ~R'
A/ \
R (o] Al
\ e R
Al (o]
a N R
R® _N AL
R R

(80)
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IH, l3C n.m.r. and i.r. swvnectroscopy and cryoscopy were used to
study the organoaluminium amides, (80; R=Et, R'=CHZPh or Me;
R=Me, '=CH2Ph), formed by the thermal decomposition of coggiexes
of tetraalkylaluminoxanes with benzylamine or methylamine.

Aluminium, gallium and indium trimethyls react with equimolar
amounts of phosphoric or phosphinic acid amides, HN(Me)P(=Y)X2,
where ¥=0 or S; X=F, Cl or Me, to give dimeric or monomeric
dimethylmetal derivatives of the acids. The monomers were
MezM(S)PN(Me)Me2 - the others were dimeric. For the dimers
MezAl(Y=)PN(Me)Me 1

the "H n.m.r. spectra could only be interpreted

2’ 235

by assuming the presence of two structural isomers.

3.2.4 Compounds containing Al-O or Al-S Bonds

Reaction between M(=Al,Ga or In) and Nzo in an argon matrix
leads to the formation of MO species. The electronic spectra of
) were

these have been reported. The matrix shifts (v v

gas_ matrix
determined in each case, and they decreased in the segquence
Al>Ga>In. For the O0-O transition (BZZ+X22) the figures were
-1168cm ' (M=Al), -617cm ' (Ga), -532cm t(In).23°

The Raman spectra of polycrystalline boehmite, y-AlOOH, and its
deuteriated analogue, together with previous infrared data, were

said to be consistent with the recently discarded space group

D2h (Amam) . A separate report, however, comes down in favour
of the space groups D%g or Cgh.238
Alee6 and nitric oxide react to form (81), with triclinic
crystals, space group Pl. The ONN(Me)O unit gives rise to a five-
Me
o—nN"~
7
MezAl\\
z(O————N
Me3Al
(81)

membered chelate ring, as shown, with the Me3Al coordinated to the

nitroso—oxygen. The position of maximum basicity at this position
in the ring is confirmed by ab initio calculations. In the

presence of bases, (8l) rearranges to {AlMe[ONN(Me)OJZ}, with five-

coordinate aluminium, and {Al[ONN(Me)O]3}, with six-coordinate

.. 239
aluminium.
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Solubilitv was investigated in the Al(OEt)3—Ba(OEt)2—Eﬁ0H
system at 20%c. Two congruently soluble complexes were found:
Ba[Al(OEt)412, and crystalline Ba3[Al(OEt)6]2.24o

Tetra—alkvlaluminoxanes, R4A120, where R=Me, Et or jiBu, react
with acetylacetone (Hacac) to form a variety of acetvlacetonate
derivatives. The acac ligand has a destabilising effect on the
aluminoxanes (as the mixed derivatives disproportionate to

Al(acac)3) and so the stabilities lie in the sequence:

R4A120>R3(acac)A120>R2(acac)2A120>>(acac)4A120
The nature of R also affects the stability: i-Bu>Et>Me.
Addition of tris(1,1,1,2,2,3,3-heptafluoro-7,7-dimethyloctane-
4,6-dionato) lanthanide(III), Ln(fod)3, where Ln=La,Pr,Nd,Sm or Eu,

to a benzene solution of tris(acetvlacetonato)aluminium III,
27

241

Al(acac)3, enables Al nuclear magnetic resonances due to free

and complexed Al(acac)3 to be seen at 25°C. Chemical exchange is
slow on the n.m.r. time-scale, and the separation of the paramagnetic
shifts into contact (CS) and pseudocontact (PCS) contributions

implies a fairly large CS contribution, and that the hyperfine

splitting constant of the aluminium is positive.242

A 13C n.m.r. study of trans-tris(trifluoropentanedionato)-
aluminium(III) was used to follow the fluxional behaviour of the
B—diketonate complex. Free energies of activation (AG¥) were
calculated for the exchange of all the units in the molecule.

All were very similar, suggesting that all the exchanges occur at
43
comparable rates.
The effects of temperature and concentration changes on the

nuclear magnetic relaxation times of 1H and 27A1 in the aluminium

nitrate-hexamethylenetetramine system have been reported.244
Phase relationships were studied in the Al(NO3)3—CsNO3—HNO3—H20

system at 25°c and HNO., concentrations of 10,20,30 and 40 mass %.245

3

In addition, solubility measurements have been made on Al(NO3)3—

CSNOB_HZO and Al(N03)3—CsNO3—HNO3—H20 systems at SOOC.Z46
MAl(HPO4)2,H20 (where M=K or Ag) have been synthesised. The

structures and thermal changes (in the range 20-1000°C) were

studied by infrared and lH n.m.r. spectroscopy. The decomposition
7.247 The compositions and properties of
aluminium fluoride phosphates, AlHX(P04)Fx.nH20 (from the H3PO,—
A12(804)3—NH4F—H20 system at 80°C) have been determined. I.x.
spectra were reported for the species with x=1, n=2 or 3.248

products are MAlPZO
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M(P02F2)3, where M=Al or Ga, can be prepared from the corres-
ponding trihalides and difluorophosphoric acid. Infrared spectra
and their physical vroperties show that both are polymeric.249

Stopped—-flow Fourier—transform n.m.r. and conventional n.m.r.
line-broadening experiments were used to determine rate data for

DMSO exchange with the [M(Dmso)6]3+ (where M=Al or Ga) ions in

nitromethane—d3 solutions. Dissociative mechanisms were proposed
in each case. When M=In, the exchange rate is too fast to follow,
250

even at low temperatures.
The reactions of Na[Al(S04C1),] with Lewis bases such as H,0,

NO3_, NOZ_ and F~ have been studied. In the first 3 cases, there
is an analogy with the reaction of Na(SO3Cl), suggesting
nucleophilic attack on the sulphur. In the last case the aluminium

seems to act as an acceptor, to give A1F4_ and SO3C1_-251

Improved svntheses have been reported for Al(ClO4)én—3)_, where
n=4,5, or 6, i.e. reactions of anhydrous HClO4 with stoichiometric
mixtures of I\lCl3 and NH4ClO4 or AlCl3 and NH4C1. The infrared

and Raman spectra of Al(ClO4)g_ show only unidentate ClO4 groups.
The other species have more complex spectra, and both uni- and

bidentate ligands are present in each case. For Al(cloq)g_ the
structure is probably analogous to that of Al(NOB)g_, with one bi-
252 :

and four unidentate ligands.
Another review of methods for preparing aluminium perchlorato-—
complexes has appeared. The formation of [AlClz(Clo4)]—,
[aic1,(c10,),17 and [A1c1(c10,) 17 was detected by ?’Al n.m.r. in
solutions containing a13*, c1” ana clo ~, in CHC1l, or CH,CI,.
The infrared spectra of [ A1(C10,)1?7, [al(c10,) )2 (as Li, Na or
Ca salts) and Al(ClO4)3.3L (where L=H,0, THF or MeNO,) were all
interpreted in terms of the presence of only unidentate Clo4 groups.
Al(Cl0,) ; contained only bidentate ligands, while [Al(ClO4)4]_ and

[Al(ClO4)5]2_ (as K,Rb or NH4 salts) contain uni- and bidentate

perchlorates.253
Al(C104)3 dissolves in CHQCOOH, (CH3CO)20, CH3OH or CZHSOH with
complete replacement of ClO4 by solvent molecules. NOC1l or

N204 on the other hand, give nitrosyl perchlorate and an aluminium
chloro—- or nitrato—-complex. In MeCN,THF and MeNOZ, the ClO4
groups remain coordinated to the aluminium, but are now unidentate.
All three C104— groups are alsoc unidentate in Al(Cl0,),.3H,0.

The complexes ("Bu,N)[Al(C10,),] and ("Bu,N),[Al(C10,) ] were both
nrepared - both were soluble in CHCl3 and CH2C12. 4
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Lithium tetrakis(thiocarbamato)aluminates were prepared as in

equation (30), where X=0 or S; ¥=S; R=n-Pr, iPr, nBu, iBu, cyclo-
. + - .
LiAlH, + 4 [RNH; RNCXY ]-Li[ALl (XYCNHR) ,]+4H, + 4RNH, ... (30)
CGHll' in dry Et,0 as solvent. Their infrared spectra contained

bands as expected for metal monothio- and dithiocarbamates.255

angle crystals of BaAll g8l 12 4 are hexagonal (space group
P63— 6 ), with a large unit cell (a=1043.4pm, c=879.4pm). The
narent RaA1204 structure resemhles that of BaGa204,222t differs
from it in having a unique tetrahedron orientation.

The crvstal structure of a-— A1203 has been determined at 300K
and 2170K. There are significant changes with temperature in the
nositional narameters of the aluminium atoms, but only slight
changes in those of the oxygen atoms. At 2170K the aluminium
atom moves towards the vacant octahedral hole between oxygen

lavers, and the distorted hcp plane of oxygen atoms becomes more

257
regular.

An X-ray powder diffraction examination of sz[MZO(OH)G]' where

M=Al or Ga, showed that both are orthorhombic, with probable space
qroup Aba2.258 NaAl3(OH)6(CrO4)2
belonging to the space group R3m. It is isomorphous with the Fe(III)
259

forms rhombohedral crystals,

analogue — i.e. it possesses the alunite structure.
The crystal structure of (H;0)[Al;(H,PO,)  (HPO,),].4H,0 contains
lavers consisting of AlO6 octahedra sharing vertices with OZP(OH)2

and O P(OH) tetrahedra. The spaces between the layers are
occupled by H3O ions, while the HZO molecules are held between
260

neighbouring lavers (by hvdrogen bonds).
The formation of sodium polvaluminate (B—alumina) in Al(OH)3/
Na2CO3/NaF mixtures was studied by X-ray diffraction, DTA-TG and

mass sovectrometry. Replacement of C032- by F leads to the
disapnearance of monoaluminate and the B" phase from the reaction
261

products rich in sodium.
3.2.5 Aluminium Halides
Mass and i.r. spectra and X-ray data suggest that the phthalocya-

nines AlPcF and GaPcF are polymeric, with (M—F)x backbones.262
Al1PcCl, AlPcBr, AlPcI, GaPcCl and InPcCl are all monomeric.

A fluoride-sensitive electrode has been used to study complex
formation in the Al(EDTA)—F——HZO system. The mixed complex
A1F (EDTA) 2~ was identified, and shown to have a stability constant

of (5.5+0.6)x10% at 25°C and 1=0.2.263
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Single crystals (tetragonal, IZc2) of B—RbA1F4 have been
prepared by hvdrothermal synthesis. The structure is closely
related to that of tetragonal tungsten bronze, being built up from
two [A1F4/2F2_]m1ayers of AlF, octahedra connected by 4 corners.
At 588K the crystals undergo an irreversible transformation to the
stable a-form. This involves concerted w/4 rotation of four-
octahedra grouns about the c axis.264

i i
F—Al—F —Al—F
F F’/’é F F/f
F—Al F———él——-F

1
F F

(82)

,F;," turns out to be Ba6[(F4AlF2/2)4]P4, where the
tetrameric anion has the structure (82). This is the first example
of such a structure in an aluminium-containing species.265

A1X3.2MeCN (where X=Cl or Br) are isomorphous and can be
formulated as [Al(MecN) (x])°*[a1x,],% .MecN.  skeletal vibrational
assignments were proposed for the cations, based on analogy with
Al(MeCN)63+, and from data obtained by H/D substitution. The

compounds A1X3.1.66MeCN (X=Cl or Br) were also prepared; their

"
Ba3Al F

spectra suggest they are simply non-solvated analogues of the

above.266

The e.m.f.'s of concentration cells with chloroaluminate melts
have been estimated. There remains a great need for experimental
measurements of transport numbers in such melts, especially those

with organic cations.z67

Raman studies on LiCl-CsCl and CsCl—AlCl3 melts show that
chloroaluminate and sulphide ions react at about 400°C at a 1:1
ratio to form clear solutions. The glassy compound (CsAlSCl2)oo
was isolated. The possible existence of homologous chain-like
ions Alnsn—1C12n+2 N7 (n>3) was proposed, together with [AlSClzjﬁ—
(for large n only). The ions give a strong, polarised Raman band
near 325cm—l, assigned to stretching of AlClz—S—A1Cl2 units. In
neutral and acidic chloroaluminate melts the ions dissociate to
form dissolved species [Alnsn—1C12n+2—m](n—m)—' anflsolid AlsCl.
The solutions give a polarised Raman band at 292cm ~, due to the

- ~_ S~ .~ s 268
doubly-bridged /AL\CkAl\\unlt.
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Raman snectra were obtained for nine molten SbC13/AlCJ.3 mixtures

(and the pure components), together with three A1C13/NaC1/SbCl3
mixtures. The AlCl3 melt contains Al Cl6
was no evidence for SbCl or AlC1 in the mixed melts.

4
Infrared spectra have been reported for acidic and basic

D h) units. There
269

aluminium chloride/l-butylpyridinium chloride melts at room temper-
ature. A1C14_ modes show a splitting of Vg i.e. the Td ions are
distorted in the melt. In a 2:1 molar ratio melt A12Cl7 bands
are seen, and theyv are consistent with the presence of a bent

Al-Cl-Al bridge.2’©

A(I)M(III)Cl4 (where A(I)=Cs,Rb,In,Tl,NH4; M(III)=Al or Ga) are
nrepared by heating 1:1 mixtures of AC1 and MCl3 in glass ampoules.
271

All crystallise with the barytes structure.
Single crvstals of LiAlCl4.3502 are orthorhombic (space group

Pnam) . The structure is built up of parallel Li (SO chains,

° 2)e/2
with almost ideal tetrahedral AlCl4 in the intervening spaces.
The structure is closely related to that of LiCloO .3H20.272 The
crystal structure of NaAlCl4 (space group le 121) has been further
refined, to give improved R values. The data were used to assign
Raman spectra of polycrvstalline and single crystal samples of

R 273
this compound.

The ecuilibrium (31) has been studied. Measurements on

CuClz(s) + A12c16(q);::3 CuA12C18 ... (31)

CuA12C18 as a solid-phase confirmed this formula for the gaseous

molecule. However, small amounts of CuAlCl and CuA13Clll were
also pbresent in the gas phase.274
Crystals of CuA12C18 have been prepared. They are monoclinic

(space group P21/c), and contain square planar Cu(II), as shown in
(82), although there are two more distant chlorines, giving a
distorted octahedral arrangement. The coordination at Al is
approximately tetrahedral (Al—Clt=2.082; Al—Clbr=2.2OR).275

Cl« Ccl

///’ \\\\ ////Cl\\\\ ,"

,/’ \\\ //’ \\\ //’ \\~
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Electronic abhsorption spectra have been reported for the vapour
rhase complexes formed by ErCl3 and MCl3 (where M=Al, G or In).
They gave no conclusive results as to the identities or the

structures of the complexes.276

X-ee-Ti-—---X
X~ yd AN _X
Al Al\\
X, X X X
(84)
CpTiCl3 reacted with two equivalents of ethylaluminium compounds
to form trinuclear complexes CpTiAl,Clg _Et (x=1-4). These
were characterised by their e.p.r. and visible (d-d) spectra. All

had the general form (§__4_).277

A mass-spectrometric study of the equilibrium (32) in the gas

—_
2A13C19v———-.>A12C16 «-. (32)

phase gave the following results: aH®(298)=10.1 kcal.mol—l;
ps® (298) =40.8 cal.mol_lK_l. The gas phase above A12Cl6 at its

sublimation point contains 1 mol.% of A13C19.278

C0A13Clll (as its molecular ion) has been directly observed for

the first time by mass spectrometryv. Measurements of the
CoCl,(5) + 1.5A1,Cl_(g) ——= CoAl,Cl;, ... (33)

equilibrium (33) gave the following thermodynamic data: AH® (556) =
+2.9 kecal.mol™Y; As®(556) = —4.8cal.mol. 'k 1.27°

Conductivity studies on the AlBr,-CH,CN system (at 25°,
2A1Br, + 4CH,CN —=AlBr, (cHoN) 27+ AlB§4_ , ... (34)
and H20 concentrations in the range 4x10 to 10 “mole/l.) have been
carried out. The dissggéation mechanism (34) was able to ration-

alise the observations.

3.2.6 Intermetallic Phases containing Aluminium

Mn4Al11 is triclinic (space group Pl1), and its structure contains
lavers of Mn and Al atoms. The Mn-Al and Al-Al distances were
281

very short - both within and between the layers.

The new phases Pd2.4_2.9Al, Pd2.99_3.3A1, Pd3.8_4.15A1 wvere o
prepared from molten mixtures, with subsequent annealing at 600°C,

or by reaction of the elements in the presence of I, at 600°C.
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They were identified by X-ray powder diagrams. The existence of

PdsAl3

The latter had a tetragonal layer structure (space group I4/mmm),

and was a metallic conductor, with preferred conductivity parallel
282

was confirmed, and the new compound Pd5A1I2 also prepared.

to the lavers.
AGCuzMglz_xSi7 (or h-Al1CuMgsSi) forms crystals with a disordered
structure. The probable idealised space group is P63/m, but the
data could be explained by the space group P€.283
X-ray investigations of several samples in the U-Cu—-Al system
showed the presence of two new disordered ternary phases: UZCu3A1
(hexagonal; P63/nmc; MgZn, type) ; and UCuAl2 (tetragonal; I4/mmm;

variant of TiAl, type).283

3.3 GALLIUM

3.3.1 Compounds containing Ga-C or Ga-Si Bonds

lH and 13C n.m.r. spectra have been reported for

Raman, infrared,
Ga(CH=CH2)3, In(CH=CH2)3 and related species. Molecular association
via vinyl bridges, using a7l ~complex type of linkage can be ruled
out. In (CH2=CH)2MX,(X=C1,OMe or C=CMe), only terminal vinyl
ligands are present.285

Various base adducts of EtGaFe(CO)4, i.e.Bn(Et)GaFe(CO)4, have
‘been prepared. Where n=1, B=THF, the compound is dimeric, but
for n=1, B=bipyv or TMEDA, n=2, B=py, they are monomers. all
contain four-coordinate gallium and 5- or 6- coordinate ir:on.286
Ga(CstiMe3)3 can be prenared from GaCl3 and Me3SiCH2MgCl in
ether solution. It is a monomer in benzene solution, and acts as
a weak Lewis acid. EtZGaI and CH2N2 react together with
Me3SiCH2HgCl in ether to produce EtzGa(CHZSiMe3).287
A new series of neutral organogallium(IXII) compounds has been
prepared: Ga(CHZSiMe3{nX3_n, where X=Cl1 or Br, n=3,2, or 1l. All
were characterised by various analytical and spectroscopic
techniques. The parent compound (n=3) was made as described in
the previous reference; the halo-derivatives were made from it by
elimination reactions with HCl or HBr and by exchange reactions
with GaCl3

or Br are dimers; that with n=2, X=Cl is a polymer. Apparently

or GaBr3. The compounds with n=2, X=Br or n=1, X=Cl

the structure of the last is unusual. Two possibilities are a

"ladder" polymer, (85), and a linear arrangement, (§§).288
(Trimethylsilyl)methyl gallium(I) .compounds have also been

reported: MGa(CHZSiMe3)2 (where M=Na or K) and MGa(CHZSiMe3)2-

MeOC2H40Me (where M=Li or Na). They were characterised by elemental
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R : i
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Ga—Cl
1
R ; ' R R c1 R R _Cl_
l
Cl1—Ga N Ga:/ i:pa:: Ga\\
' [}
R ! 1\\\R cr” R R c1— R
N 1 [
Ga—<Cl
R 1 (86)
1 —
(85)
. . 1 13
analysis, cryoscoony, infrared, H and C n.m.r. spectroscopy-

They are of a novel type, incorporating low-oxidation-state main
group metal anions. The reactions to give them seem to involve
a reductive elimination between Ga(CHZSiMe3)3 and alkali metal
hydrides. They appear to contain covalent units: [:KGa(CﬂzsiMe3)2]2,
[NaGa(CstiMe3)2]3 and [LiGa(CHZSiMe3)2.MeOC2H4OMe]X.289

Another new compound to be reported is Ga(SiMe3)3. This is
made by the thermal decomposition (on sublimation) of Li{Qa(SiMeB)d].
XEt,0, which is in turn made by reaction (35). The Raman spectrum

of Ga(SiMe3)3 contains bands at 312 cm t (v Gasij) and 349 em™ 1

Hg/Et20714d
-4Lic1 7

5Li + 4Me,SiCl + Ga

3 Li[pa(SiMe3)4].xEc 0O ...(35)

2

(vasGaSiB). Only the latter has an infrared counterpart -

consistent with the presence of a planar GaSi3 skeleton.290

3.3.2 Comnounds containing Ga-N Bonds

A detailed study has been made of the microwave spectrum of

trimethylaminegallane, using the following isotopic variants:

14 69 14,71 15,69 1571
(CH3)3 N GaH3, (CH3)3 N’ "GaH (CH3)3 N GaH3, (CH3)3 N'"GaH,,

’
(cHy) ;N *N®%can, ana (CH3)314N7zGaD3- r_ was found to be 2.111 *
0.002A for the Ga—-N bond. Infrared and Raman spectra were also
15 .
3)3NGaH3, (CH3)3NGaD3 and (CH3)3 NGaH3 in the
solid state at low temperatures. These could be interpreted

recorded for (CH

satisfactorily by assuming C3V symmetry. A normal coordinate
analysis showed that the Ga-N stretch and the NC3
deformation were extensively mixed, and that the Ga-N stretching

symmetric

force constant was 2.44 mdyn-R_l.zgl
Gallium trichloride or tribromide reacts with 2,6-dimethyl- or
2,4,6-trimethyl-N-trimethylsilyltrifluoroacetonilide to form (87),

where X=Cl or Br:; R=2,6-Me2C6H3 or 2,4,6—Me3C6H2. Interesting
by-oroducts are (88). The formation and reactions of a number of
292

other aminogallanes were described.
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CF
R R\N——(l:—g
i s \ - Me X
CF.—C—N L .. Q2
3 ™ Gax, X-ga—0—Ga ue Ne_me
0==C—N_ 7z N . L,
R Me ,N——N\\
(87) CF3 Me Me
(88) (89)

Trimethylgallium and -indium react with N',N"-dimethylacethydra-
zide and N',N" ,N'"-trimethylacetimido hydrazine respectively, to

give (as a first step) monomeric dimethylmetal compounds, with

five-membered skeletons, (83, M=Ga or In: X=O0 or N'"Me). These
immediately add a further alkyl-metal molecule. lH n.m.r.,

infrared and Raman spectra were presented and discussed, and the
structures were ccnfirmed by X-ray diffraction.293
N.m.r. studies of interactions of Ga(III) with the antibiotic

bleomycin showed that the metal dismnlaces a proton from the g-amino

group of the diaminopropionamide fragment of the drug.294
c1 Ccl
(90) N\ (91)
= Ga =
~
o ﬁ‘ (Z\ AN
9006 i
TS e
~ H
N e
3 ~CeHyy N c u

6~-Cvclohexylaminonaphtho 2,3—a]nhenazine—8, 13-dione, (90, =L)
forms a complex (GaClB)ZL. Infrared and electronic spectra, and
conductivity measurements show that it is ionic in type, and the
nossible structure of the cation is (2;)-295

Molybdenum and tungsten carbonyl complexes containing the biden-
tate chelating thiomethoxymethyl group and tridentate chelate

gallate ligands have been orepared and characterised, (92, M=Mo or

W; R,R'=H,Me). The crystal structures of the complexes where
R=H or Me, R'=Me were determined; the metal atoms are seven-

. 296
coordinate, as shown. { -

H R(E;7R

eSS ]

/
N N 0 Me,Ga CO
Me_ \\\8,C 2790 ,<// %
ﬁa M—S—Me . (o] NR2 o
CH

\_/NR'z
(92)

2 - (93)
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The preparation and physical properties of octahedral and
trigonal bipvramidal complexes containing tris-chelating ligands
[MezGa(N2C5H7)(OCHZCHZNR'Z)] where R'=H or Me have been described.
Thus, [dimethylbis(3,5-dimethyl-1-pyrazo gallato-(N(2),N'(2))]-
[dimethvl-(3,5-dimethvl-1l-pyrazolyl) (N,N-dimethylethanolamino-
(qallato(N(2),O,N(3))]nickel(II) forms triclinic crystals, space
groun P1. The coordination about the nickel is distorted trigonal
bipyramidal, with two nitrogens from the Me_ Ga(N_C_H.) ligand in

2 2°5°7°2
. s s 297
equatorial positions.
Cycloheptatrienyl molybdenum and —-tungsten dicarbonyl complexes

including dimethyl (l-pyrazolyl) (ethanolamine)gallate ligands have

been prepared, (93, M=Mo or W). They are monomeric, and pseudo-

octahedral at the metal. The organogallate ligand is so arranged

as to give fac-bonding, while the C7H7 ring is n3—coordinated and
298

fluxional.
Trimethvlgallium and N,N-dimethvldithio-oxamide react to give a

2:1 complex, as two configurational isomers. 1H n.m.r. and
vibrational spectra were used to characterise these as (94), the
E-form, and (95), the Z-form. Both contain planar, fused five-
membered ring systems.299
e Me
fvie\\ /N\C’S\ —_Me Me\\ /S\C/N\ /,I‘ie
Ga l Ga’ Ga | Ga
we” \S»-C\l\ll/ e ue” \S/C\r:l/ e
Me Me
(94) (95)

3.3.3 Compounds containing Bonds between Gallium and Elements

of Group 6

Infrared spectra have been obtained for alkali metal metagallates,

MGao, (M=alkali metal), together with those for the lower gallates

Li_0.5Ga,0, and M,0.6Ga,0, (M=Na,K,Rb or Cs). Some assignments
2 273 3002 2~3
vwere proposed.

Ba[Ga(OHZ)ZO]2 forms monoclinic crystals; thermography shows
that its thermal stability is less than that of the corresponding
aluminium compound. vGaO infrared bands were assigned.301

Crystals of V2Ga05 (i.e. V(III)V(IV)GaOS) are monoclinic, space
group C2/m. The structure is built up of B—Ga203—like columns of

GaO4 tetrahedra (containing all of the gallium atoms) and Vo6



154

octahedra parallel to the c axis. 02

The Ga,0,;-Li,0-5i0,-H,0 system has been studied, revealing the
existence of a lithium gallium hydroxide silicate with a 2:1 layer
structure. This was described by the crystal chemical formula:
Li2x+y{Gaz_xL16§Si4_yGayOlO](OH)2}.nH20, where x=0.6 to 0.8;

y=0.3 to O.1.

It is possible to carry out an estimation of gallium, as the
salicylato-complex [Ga(C6H4OCOO)3]3_, by means of square-wave
Dolarogranhy.3o4

Stability constants, chelate protonation constants, hydrolysis
constants and formation constants have been determined by potentio-
metric measurements on agueous solutions containing gallium(IIT)
and one of ten multidentate ligands containing combinations of
nhosphonate, acetate, phenolate and tertiary amine donor groups.
In some cases it was possible to infer propable coordination sites
and the stereochemistry of metal-ligand interactions, e.g. with
glycine—N,N-bis (methylenephosphonic acid), (=H5L), the species

formed aprpears to be (2§).305

(96)

Equilibria between Ga(IIX) and the 5-nitrososalicylate anion
(HA”) have been investigated by spectrophotometry in acid solutions
(pH 1 to 2.5). Two complexes were identified, with formation

[cantdlu*] _ 0 5 43 noi-l _[Ga(ua)2+] _
[Ga3+][HA_] = ! Kl [Ga3+][HA_]

500 + 55 dm°mol L. both at 25°C and I=0.1 mol. dm 3. The kinetics

of formation and decomposition were determined by a temperature
. 306
jump method.
Sodium and mixed ammonium/sodium salts of cupro(II)- and mangano
(II) undecatungstogallate(III) have been prepared e.g. (NH4)6 5

Nao-7iHl_8Cu06Ga04W110301. X-ray structural situdies are in

constants: Kl =
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agreement with a Keqggin—-type structure for both of the heteropoly-
tungsten anions.307 Several salts have been isolated which
contain the nickel (II) undecatungstogallate(III) anion,

. 6.9- R R
[H2.1N106Ga04W1103] - Single-crystal X-ray structural studies
for the NH4/Na salt shows that this anion also possesses a Keggin-

308
type structure.

The crystal structure of BaxT18—2xGalO+2x031 has been studied

by high-resolution (3R) electron microscopy. The tunnel structure
contains elements of the hollandite, rutile and B-gallia structures,
309

intergrown coherently to give a tetragonal unit cell.

MGaZS4 (where M=Ca,Sr or Ba) are formed by heating the correspon-
ding oxogallates with H,s. The calcium and strontium compounds
from orthorhombic, the barium cubic crystals. It is also possible
to form M3Ga256.3lo

PbZGazs5 forms orthorhombic crystals (space group Phca). The
sulnhur atoms are in positions of four—- and five-fold, the Pb in
eightfold, and the Ga in four—-fold coordination. The structure
is built up of alternate sheets: one built up of Gas4 tetrahedra,
the other with the formula (Pbs) .>11

The Cd-Ga—-Se system has been studied - the CdSe-GaSe, CdGaZSe4-
GaSe and CdSe—-Ga sections. The last is not quasibinary (due to

312

the formation of GaSe and Cd). The phase diagram of the

Cl-Ga-Te system has been constructed: the compound GaCl3.TeCl4
was identified.>13

3.3.4 Gallium Halides

M.>. calculations on third-row main group compounds, including

GaF3 and GaH3 show that an STO-3G bhasis set gives good agreement
with experimental equilibrium geometries. The smaller STO-2G set
was not nearly so good.314

Infrared and Raman spectra of "HGaClz“ (and the deuterio—analogue)

show that it is a dimer, with all the hydrogens terminal. The
number of bands suggests that the arrangement is cis—, i.e.(97).

vGaH ‘is seen at 2047cm ' (1465cm * for vGaD), compared to bridging

vBH near 1600 cm-'l — showing the absence of bridging hydrogens.315

H Cl .H Cl. Cl .Cl
S~ - ~ 7 S / \ P

Ga\\\ Ga Ga\\\ Ga
c1?” c1”” Na cr”” a1 Na1
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N.g.r. spectra have been reported for GaC13. Cl and Cl

71Ga oneé line each, confirming the
316

each give three lines, 69Ga and
symmetrical dimer structure (98).
Electrochemical studies of the chloride donor-acceptor properties
of GaCl3 and InCl,; have been made. Both formed HEC14(E=Ga or In)
in THF or 1,2-dimethoxyethane - they reacted as strong acids in
both solvents.>%’
KGaCl4 exists in three enantiotropic forms: KGaC14—I - stable
below —-25°C; -1I, stable from -25°C to 130% (KAlCl, type of
structure); -III, stable from 130°C to 259°c (m.pt.).318
Tensimetric studies have been made of the GaCl3—PC15 system.
There was no evidence for GaClB.PCl5 in the gas phase. The
thermodyvnamic characteristics of dissociation of crystalline GaCl3.PC15
into gaseous GaCla, PCl3 and Cl2 are: Aﬂg = 73.5 kcal.mol_l;

o _ 31
AST = 99.6 e.u.

Cl~_ l P N

“Nb” “Ga
c1/ I ~a” o
c1i

(89)

The Raman svectra of molten and solid NbClS.GaCl3 show that it
is present as a discrete molecule in the solid and in the melt just
above the melting point. The structure appears to be (99), i.e.
an octahedron and a tetrahedron sharing an edge. Increased
temperature lead to dissociation into the components (NbZCllO and

320
Ga2C16).

3.3.5 Intermetallic Phases containing Gallium

The new intermetallic compound K3Ga 4 is orthorhombic (space
group Cmcm) . The structure can be described in terms of a
packing of two types of polyhedron (one with 11, the other with 12
gallium atoms), linked in a non—compact fashion, with the potassium
atoms in the resulting holes.321
A new metastable phase, MgGaZ—m, is formed by solidification of
a supercooled Mg/Ga liquid alloy; it is isotypic with Caln,.

The phase diagram of the Mg-Ga system was corrected.322
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A study of the gallium-rich sides of the systems Nd—-Ga and
Ce-Ga revealed new compounds MGa6 (where M=Nd or Ce). Both are
tetragonal, with lattice parameters: (M=N"'Q4d) a=5.9962, c=7.62OR;
(M=C1) a=6.038, c=7.6328.323

3.4. INDIUM
3.4.1 Compounds containing In-N Bonds
Dimethylindium—-pyridine~2-carbaldehyde oximate forms orthorhombic

crystals, space group Pbcn. The molecular structure is (100) i.e.
a dimer, consisting of five fused rings, of which the central one
is an InONInON unit. The indium is five-coordinate, with a
distorted trigonal bipyramidal form.324

Me2

/O———Iqé—— CD

HC=N N
N\ /
O N—/}'In——o/ Nen
Me2
(100)

Electrochemical oxidation of anodic indium in non-aqueous media
containing a halogen can give either Inx3 (X=C1l,Br or I) or the
adducts of the trihalides with neutral ligands (depending on the
solute present). Details for the preparation of the MeCN, py,
2,2'-bipy and PPh3 adducts were given. The vibrational spectra
of InX3.3MeCN (where X=Cl or Br) were consistent with the presence
of the fac-InX;N; isomers. For InI,.2MeCN, the data indicated
the probable formation of [InIz(MeCN)4]+ [InI4]_.325

The first crystal and molecular structure determination of an
indium pophyrin has been reported, for (5,10,15,20-tetraphenvl-
porphinato)indium(III) chloride. It forms monoclinic crystals,
space group P2l/n. The In is five-coordinate, square pyramidal,
with the chlorine as the axial ligand. Bond distances are:
In-N(mean); 2.156(6)%; In-Cl, 2.369(2)&. The porphinato-core
is somewhat expanded (average radius 2.067(3)R). The macrocycle
is non-planar, with the amount of "doming" similar to that for the
Fe(IIXI) high-spin porphyrins.326

A potentiometric study of equilibria in the systems In(NTA)Z—
In(EDTA)X, (X=SCN , 32032_, so32', NO3_, NH;) , and NTA=njtrilo-
triacetate ion, established that the mixed dinuclear complexes

[in (EDTA) X, ) (EDTA) are formea. 327
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Methyl (tetranhenylporphinato) indium(III), In(Me)ltpp), is
monoclinic (space group P21/c or P21/a). The indium forms a
square based pyramid, with In-N, 2.06(1)R, In—-Cl, 2.13(1)3. The
In atom lies 0.78(2)% and 0.92(2)R from the plane of the four
nitrogens and from the porphinato plane respectively. These are
the highest values found in metalloporphyrin chemistry.328

Indium(III) complexes have been prepared with salicylidene
aromatic Schiff bases. The large molar absorbance of the 1:2
In(III) complex with salicylidene~o-hydroxyguinoline can be used to
determine micro-amounts of In (down to 0.57 g mi~1).32°
3.4.2 Compounds containing In-0O, In—S or In—-Se Bonds
The equilibrium between In203 and gaseous Cl2 has been studied

at temperatures from 500°C to 700°C. The temperature dependence

of the equilibhrium constant is given by the expression: ane=2.34—
(2550,/T) . 33°

The vibrational spectra of the double oxides 4OCaIn204 and
CaIn,0, have been studied. The isotopic shifts enabled vInO

274
and vCaO modes to be differentiated.331 A number of barium

44

indates were isolated from the BaO—In203 system: BaSInzos,

Ba3In206, BazInZOS, Ba41'n6013 and BaIn204. Their vibrational

spectra were reported, and for BaIn204 it was suggested that the
indium was five-coordinate.332
In(acac)3 forms orthorhombic crystals (space group Pbca). They
are isomorvhous with Fe(acac)3, with an average In-0O distance of
2.132(8)8%, and an 0---0 ligand "bite" distance of 2.905(8)&.333
Solubility has been investigated in the In(NO3)3~HNO3-H20 system
at 20°C, 30°c, 40°c and 50°C. The heat of solution of In(NO3)3

In(N0.) ..4.50.0 222°C 1 (nG.)..3,250.0 299°C5 (1 0(NOL),.H.O
30300 2 373~ 2 2 3747772

o (o] (o)
i88°¢C, In,0(NO,), 2207, InO(N03)>333—99 In,0; ... (36)

H2°% = -7.15 + 0.21kJ mol™!, while the thermal

decomnosition of hydrated indium nitrate follows the scheme (36).3

in water is : A
34

The low-temperature form of (NH4)3In(SO4)3 is monoclinic, space
group P21/c. The indium atoms have distorted octahedral coordination,

with an average In-0O distance of 2.1258. These units are linked
to give In(SO4)3— columns of pseudo—-trigonal symmetry.335
In,0, or In(NO3)3.5H20 both react with V205 to form only one

indium wvanadate, InVO4. This was found to have three crystalline

modifications, with transformation temperatures: InV04(amorphous)
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241°C4 1avo, (1) £82°C5  1mvo, (D) 7169C, - 1nvo,(III). The last
melts incongruently at 1134°c. Thallium(IIXI) gives TlVO4 in only
one form, isotvpic with InVO4(III).336

The low-temperature form of Invo, forms orthorhombic crystals
(space group Cmcm) . The structure is built up of chains of
InO, octahedra, linked by VO, groups. The 6 oxygen atoms are all
at 2.160% from the indium, but the InO6 is not a regular octahedra
having a symmetry approximating to D2h:337

The equilibrium diagram for the FeS—Inzs3 system has been
constructed by DTA, microstructural examinations, X-ray diffraction
and microhardness measurements. The spinel-type compound
FeIn254 is formed.338 Phase diagrams have also heen determined
for the CoS—-Inzs3 and NiS—InZS3 svstems. The previously known

congruent compounds MIn,sS (M=Co or Ni) are formed most rapidly
by solid phase reactions. 39

The hitherto unknown compounds Rb Inzs6 and Rb,In are formead

S
6 477275
by a dismnroportionation reaction, starting from Rb and InS. The
Rb4In285

RbGInZSG forms monoclinic crystals (C2/m). The In2566— unit is

forms triclinic crystals (space group El), while

the basis of both structures (i.e. two edge—-sharing InS4 tetrahedra) .

The space group of crystalline InSS4 is Pa3. It possesses a
three~dimensional network structure, built up from corner-sharing
Inzs3 tetrahedra (one In at the centre, and the second In at the

341
common corner of 4 tetrahedra).

Culn. S, forms cubic crystals, space group FZBm, with a spinel-

tyne stiugture. This paper confirms earlier, preliminary

conclusions.342 Bi3In5812 crystals are monoclinic; with space

group C2/m. The structure is built up of irregular In/S tetra-

hedra, with mono- 2gd bicapped trigonal Bi/S prisms, forming chains
3

along the y axis.
The ASZS3-InSe system has been investigated, and the phase
diagram constructed. Two compounds — InAs,S,Se and In,As_,S.,Se
273 377727373
344
were observed.
Equilibrium diagrams were constructed for the PbInZSe4—Se and
InSe—PbIn25e4 sections of the In-Pbh-Se systemn. The InSe primary
crystallisation field accupies the largest area.345

340
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3.4.3 Indium Halides

Raman snectra have been ohtained (at up to 1200K) from the
vapours over liquid indium halides, InAlX, and "InX," (X=Cl or Br).
InX vapours give 0,Q and S vibration/rotation contours, with
maxima at 305 cm_l (X=Cl), or 213 cm_l
contours were also seen. Over InX2 and InAlX4, the results show

(X=Br). Pure rotational

that the complexes exist in the vapour, but that some dissociation,

Im;x4 () == InX(g) + EX3 (q) e (37)
(X=Cl or Br)

ecguation (37), also occurs.346

LzInCl (vvhere L=2—[(dimethylamino)methy#]phenyl) is fermed from
LiL and InCl3 in ether solution. The complex forms orthorhombic
crystals (swmace group P212121). The indium has distorted trigonal-
bivyvramidal geometry, with an InCZCl equatorial plane (In—-Cl=
2.465(1)8; In-C(1)=2.144(3)®; 1In-C(2)=2.154(3)]), and apical In-
bonds (In-N(1)=2.442R%, In-N(2)=2.482%).3%7

Phase diagrams have been constructed for the systems InCl3—MC12—

H,0, where M=Be, Mg, Ca, Sr, Ba, zn, Cd or Hg. In many cases

iﬁ wvas not possible to confirm the existence of previously reported
double salts. The only double salts definitely detected were
2BeCl,.InCly. (4-5)H,0; MgCl,.InCl,. (6-8)H,0 and CaCl,.InCl,.7H,0.348

Electrochemical oxidation of indium metal in cells of the type:
Pt /RX + CH3CN/In+ produces RInX, compounds. If 2,2'-bipy is
nresent, then the products are the adducts RIan.bipy (R=Me,Et,Ph,
CHZPh; X=Cl,Br or I - but not in all combinations).349

Investigation of the extraction systems TOAH+X_/benzene—InX3-HX
(vhere X=Br or I) showed that TOAH InX, and TOAH'Inx, .TOAH'X
were nresent in the organic phase (T0A=tri—n—octylamine).350

The indium(II) compounds In2X62_ (where X=Cl,Br or I) and
haloagen (Yz;where Y=Cl,Br or I) give anionic mixed halogeno-
complexes, InX;v . In(I) ions are oxidised similarly, to give
InX2Y2 . Infrared and Ram:n data confirm that all are monomeric
mixed-ligand species. Typical figures are:[ﬁnCl3Br)_, C3V symmetry:
(A)) v),320; v,,226; v4,103 em *; (E)v,, 330; v ,113; v, 80 cm 1;
EnBeréY C2V symmetry: (Al)vl, 215; Vyr 149; Vi, 77; Vg, (60 -

-1
calculated) ; Vg 48 cm " ; (Bl/Bz) Vgr 229; Vo, 187; Vg 65; Vg

51 cm_1.351
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Ether, pyridine and aniline adducts of. the mixed halogen complex
acids HInX,T (X=Cl or Br) have been reported. They were character-—
ised by analvtical, conductometric, spectroscopic (infrared,
ultraviolet) and X-ray powder diffraction data.352

115In n.m.r. results have heen reported for InX4_; In2X62_;

InX4_ + X_; InX,Y—; IanYz—, where X#Y¥=Cl,Br or I, in various non-
g
aaqueous solvents. The results confirmed and extended previous
353
work.
C1l
Cl Cl

\~ n’,—/
Hzo"/i \“01
c1

(101)

Raman and infrared svectra have been reported for KzInCls.HZO.
The svmmetry of the [InClS(Hzol]_ anion is C2V, and a complete
assignment of the skeletal modes was proposed, by comparison with
K3InC16.H20, KZInC15 and K2InC15.020. The crystal structure
shows the anion to be (10l), with In—0=2.210(5)g and In-Cl in the
range 2.4658 to 2.4868.3°4

K[InBr4(H20)2] forms monoclinic crvstals, space group P2l/c’
Discrete [InBr4(H20)2]_ ions are present; the H,O molecules lie
trans, and the In-O distance is 2.2613, with In-Br distances of
2.606 and 2.6218.3°>

Interactions in the In—-I-Te system have been studied by DTA,
X-ray diffraction etc. The phase diagram was constructed, and the
compound InTel identified.356

3.4.4 Other Indium Compounds

InCl3 and GaCl3 react with Li[CH(SiMe3)2] (=LiR) to form white,
crystallire MR3 (M=Ga or In). InBr or InCl (in diethyl ether)
react with Li[ N(SiMeB)Z] or InBr (in diethyl ether) with LiR give
only metallic indium, together with organic derivatives. The
crystal structure of In[CH(SiMe3)2]3 has been determined. Discrete

monomers are present, and thus this is the first crystallographically
357

authenticated example of a monomeric heavy Group 3 metal trialkyl.

Cu,In, forms triclinic crystals (space group P1l). The indium

7773
atoms form an approximate layer arrangement (also containing some

Cu atoms). The remaining copper atoms are situated roughly half-

way between these layers.358
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InMoGSe8 and InZMlSSe19 are bhoth rhombohedral (space groups R3,
R3c respectively. The former is isostructural with PbMoGSB, while
che latter is a stacking variant of the hexagonal Inm3M0155e19
nhase.359
3.5 THALLIUM

3.5.1 Thallium(I) Compounds

Cyclopentadienylthallium(I) reacts with several electrophilic

olefins to give new organothallium(I) derivatives. Thus, with
tetracyanoethvlene, Tl+[C5H5C(CN)C(CN)2]_ is formed, while 1,1-
dicyano—-2,2-bis(trifluoromethyl)ethvlene gives Tl+[C5H4C(CF3)2CH(CN)2]_
Both products are useful synthetic reagents in the field of metallo-
cene chemistry.360

A germylmercury complex of thallium(I) can be prepared according

DME
2 [(cgFg) jGe] ug + T2 sSoe—=p Hg + 2[(c6F5)3Ge]2Hg.T1[Ge(c6F5)3]
... (38)

to eguation (38). The product is actually present as a DME (= di-

methoxyethane) adduct.361

The formation of soluble complexes of T1(I) with carbonate ions,
in solutions containing 0.5 to 1.0M Na,CO, at 20.00 + 0.01°%c, 1=3.4
and pH = 12.5 + 0.1, has been studied. T1(CO;) and Tl(co3)23'
are both formed, with (average) values of the cumulative stability
constants: 3.23 + 0.33 and 1.30 + 0.38 respectively.362

(NH4) H,PO, forms tetragonal crystals, space group I42d.

0.67710.33%279% 363
They are isostructural with (NH,)H,PO,.

Thallium(I) tetra-acetatothallate(III), Tl[Tl(C2Hz02)4], crystals
are monoclinic, space group P21/c. The anions TlI I(CH3002)4 -
contain bidentate acetato—groups, and they are linked together by
seven-coordinate Tl ions (TlI—O = 2.88 to 3.158). The T1% lone
pair shows no stereoactivity. This is consistent with a hypothesis
which suggests that TlI will form short bonds, have a small coordin-
ation number and a stereocactive lone pair when the counter-ion is a
strong base. Otherwise, the bonds will be long, the coordination
number >6, and the lone pair will show no stereoactivity.364

The crystal structure of thallium(I) tellurite(IV) has been

determined. It is orthorhombic, space group Pban, and the lone
pair of 717 is stereochemically significant. There are two types
of T1* in the structure: Tl(l)O3L and T1(2)04L (where L represents

a lone pair).365
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T1 Cr208 is formed by the reaction ofITl §§207 with3261arge
excess of Cr03. It is formulated as T1 Tl (Cr04)2.

Multinuclear n.m.r. experiments have been carried out on 1,10-
diaza-18-crown-6 macrocyclic complexes with 71t (also Li+, Nat ana
Cs+). Tt forms the most stable complexes of the series.367

The kinetics of dissociation have been measured for the thallium
cryptates (221T1)7, and (222T1)% in water and in MeOH/H,0 (90/10)
mixtures, in the temperature range 59 to 35°c. Their behaviour
was compared with that of (222K).+ The ligands are (102,m=1,n=0):
221, and (102, m=n=1):222.3%8

AN

T1

{——\ /

o] \Sc cS
4 NOow
/\/0%\/ O%/\/ \ Co/
L\\_O [0} 7/ \\
( / N N

SC CS

(102) 7

2

(103)

NCS-T1-SCN

h3P
\\\ ///
Co
SN
NCS — Tl - SCN PPh

(104}
205Tl n.m.r. spectra have been reported for toluene solutions of
eleven TlI alkoxides (including 5 previously unreported compounds),
T1(OR), where R=Et,n-Pr,n-Bu, n- CSHll' n- C6H13' CHMez, CH(Me)(CHz)ZMe,
CH(Me)(CH2)3Me, CH,CHMe,, CMe,CH,Me oxr CH,Ph. All of the spectra

were consistent with a predominance of tetramers[{Tl(OR)}4] in

solution. Three—-line spectra resulted from 203T1 205'1‘1 spin—-spin

203,,, 205

coupling. The coupling constant J( T1l) was in the range

2170-2769Hz. 3%°

Co[‘I‘l(SCN)Z]2 has been prepared from Co(NCS)2 and T1SCN in
CH2C12 solution. Its infrared spectrum shows that only bridging
NCS groups are present, suggesting the polymeric structure (103),
analogous to Co[Ag(SCN)Z]. Evidence was presented for the
formation of adducts with a number of Lewis bases e.g. monomeric
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co[T1(scN),],.2pPh,, (104).37°

Fusion of a stoichiometric mixture of TlZS,PbS and GeS2 produces
monoclinic crystals of lePbG§§4 (space group P21/a). The .
structure is built up of GeS, tetrahedra, held together by Tl
and Pb2+ cations. The thallium ions are eight-coordinated by
sulphurs, at distances between 3.085 and 4.0558, to give a very
irregular coordination polyhedron.371

leMogsll belongs tc the space group R3, and its structure
consists of chains: MoGSS—Tl—Tl-Molzsl4. There are 2 different
types of Tl atoms, one 7- and the other 8-coordinate (by sulphur
atoms).  The T1-T1 distance is 3.572(2)R.37?  T1,Fe s, can be
prepared from a T1S/Fe/S mixture. The crystals are orthorhombic
(space group Ibam). The coordination polyhedra about Tt is a
distorted cube of sulphur atoms.373 Monoclinic (C2/m)TlCu3S2
crystallises with the CsAg3SZ—type of structure. Cu,s, "tubes"
are present, with the Tl+ ions between the resultant sheets. The
mt ions are irreqularly 7-coordinate (by sulphur atoms).374

Tl(I)U(IV)F5 forms monoclinic crystals (space group le/c).

The structure contains sheets in which the uranium is nine-
coordinate (a tricapped trigonal prism). The Tl+ ions also have
nine nearest neighbour fluorine atoms-375

X-ray photoelectron spectra have been reported for T1lX (X=Cl or
Br) in their simnle cubic and face-centred cubic crystallographic
modifications. The two forms give distinctly different spectra.376

TngSClll (one of a series of MHngll, where M=Tl,K,Rb,Cs,NH4;
X=Cl or Br; phases) forms monoclinic crvstals, belonging to the
space group C2/m (Cgh)' It is best formulated as a double salt:
T1X. 5HqCl,. 377 T1,Hg4Cl ¢,
crystals (I4/m). It consists of HgCl4 tetrahedra and linear HgCl2
units (with four longer Hg—Cl bonds to give a distorted octahedron).

The structure is closely related to that of T14ng6 (where X=Br or
378
I).

on the other hand, forms tetragonal

Rhombic "a—T12C13" has been shown by X-ray diffraction to be
the mixed valence species Tlg TlIIIC1§ - The TlI is 7-9 coordinated
by Cl atoms (at 306-383 pm); the ppT1T
by Cl's (250-265pm).>72

Phase equilibria have been studied in the MI,-T1lI (where M=Sn or

has octahedral 6-coordination

Pb) systems. A number of compounds were identified, including

TlMI3, which are isostructural, belonging to the space group Cmcm.380
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3.5.2 Thallium(III) Comnounds
1 13

H and C n.m.r. parameters have been reported for the organo-
thallium(IXY) derivatives RTlX2 and Rlex, where R=Me3CCH2 or
MeBSiCHZ; X=Cl, Br or OZCCHMez. The crystal structure of
[Me3SiCH2]2T1C1 was also determined; the molecule is dimeric, with
each four-coordinate T1 bonded unequally to two bridging Cl atoms.381

An X-ray diffraction studyv shows that (DHC6F4)2T1C1(OPPh3) is
dimeric, again with unsymmetrical chlorine bridging, i.e. T1-Cl=
2.541%, T1-c1'=2.936R. The thallium atoms are approximately
trigonal bipyramidal, the equatorial positions being filled by two
carbon atoms and the more tightly bound chlorine.382

The hydrolysis constants of T1(III) in aqueous acetonitrile have
been determined over a range of CH3CN concentrations. The rate
of hydrolysis increases with increased [CH3CNJ.383 The kinetics
of reduction of T1(III) by acetamide, formamide and N-methyl
formamide have been studied at 7OOC, in acidic perchlorate media.
All rates are first order in each reactant, but independent of the

concentrations of ’I‘lI or NaClO4. A free radical mechanism was

prop05ed.384

Crvstal and molecular structures have been determined for
diethyldithiocarbamatodiphenvlthallium(ITII) and diphenyltropolonato-
thallium(ITT). The former is orthorhombic, space group Pca2l,
and contains monomers. The thallium is four—-coordinate, with a
C~-T1-C angle of 148°. The latter compound is triclinic (p1),
containing dimers, with five—-coordinate thallium, bridging oxygen

atoms, and a C-Tl-C anqgle of 1630.385

R
\
C=
Ve
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] —
0— 10 >c-R
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Palladium(II) and thallium(III) carboxylates react to give
PdTl(OZCR)S, where R=Me,Et or i-Pr, or PdTl(OZCR)Z(OZCR')3,
R=Me, Et, i-Pr, Ph; R'=Me, Et or i-Pr. These are the first
examples of heterobinuclear valladium compounds lacking CO or
rhosphine ligands. The lH and 13
PAT1 (O,CR) ; species had the structure (105).

TlCl3 reacts with RLi to form T1R2Cl (where R=C6F5, m— or p-—
CgFqHs 2,4,6-CgF3H,, p-CoFH, or m-CF,CgH,) . 287 T1R X, T1x, and
(T1X4) react with RLi (where R=C6F5 or C6C15) to give anions of
the types: (T1R,)”, (T1R,R})” or (TIR.)> . TICl, and (T1R,)
give (¢-Cl)TIR,C1), (where R=C F) or (TlRC13) (where R=C/Clg) -
Addition of X (X=Br or SCN) to TL(C,Clg); produces [T1(C.Cl.) X] .

A separate report has been made of the preparations and properties
of R,T1X and R,LT1X, where R=C_F o— or p—C6F4H; X=Br or Cl;

2 2 6 57

L=Ph3P0, biny-or Ph3P. R2T1X are monomeric in acetone, and in

this solvent R2LT1X undergo partial dissociation, with loss of L.

where

C n.m.r. data suggested that the
386

388

RleX are dimeric in benzene, while R2LT1X (L=Ph3PO or bipy) show

slight association. Solid R2T1X are polymeric, with five—-coordinate
thallium. Solid R2T1X are dimeric, with 5—(L=Ph3PO) or 6- (L=bipy)
coordinate thallium. These are inconsistent with previous reports

of structures for the pentafluorophenvl derivatives. 3%’

The structure of (106) was revealed by X-ray crystallography.
The T1-Cl distances are in the range 2.364—2.4522, with T1-0 2.36
and 2.408.3%0

o]
=
/

0
=
\/
[
O%o—P—020)>n=
|
0
’—l

20

(106)



167

K’I‘lCl4 forms tetragonal crystals, space group I4l/a. The
coordination at the thallium gives a distorted tetrahedron, with a
T1-Cl distance (average) of 2.433(3)8, and Cl-T1-Cl angles of
106.9 (1)° and 114.8(1)°.3°Y  Na TIC1,.12H,0 forms trigonal crystals,
space group R3m. The thallium is coordinated by six chlorines, to
give a slightly distorted octahedron (average T1-Cl distance
2.593(3)R).392

A previously reported premaration of (pyH)2T1C15 has now been
shown to give instead the well-known species (pyH)3T12C19.393

Crystals of KTlBr4.2H20 are cubic, space group Fm3c. Discrete
T1Br, ions are present, with a T1-Br distance of 2.554(3)8.

They are very close to being regular tetrahedral.394

3.5.3 Other Thallium Compounds
The gaseous Tl2 molecule has been identified by Knudsen cell mass
snectral experiments. Its dissociation enerqgy was measured, and

found to be Dg(T12)=60-7kJ mol_l, with an overall uncertainty of
-1 395

not more than 16 kJ mol
The Pb-S-T1 phase diagram has been studied by D.T.A., X-ray

diffraction, microhardness and e.m.f. measurements. Equilibrium
diagrams of the T1 S3—PbS, T1S-PbSs, les—Pb and T1Pb-S sections
396

were constructed.
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