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ABSTRACT

Co(I) and nickel(I) complexes containing both
bidentate and monodentate tetrahydroborate have been
prepared from the reductions of divalent metal
compounds in the presence of triphenylphosphine with
ethanolic sodiﬁﬁ tetrahydroborate. These complexes,

Co(BH,) (PPh Co(BH,) (PPhj) ,, [Ni(BH,) (PPh,) 3)5

3)3’

and Niz(BH4)2(PPh have been characterised by

3)3
chemical analyses and a variety of physical methods
which were made very difficult by the pyrophoric
nature of the Ni complexes. Two derivatives of
(Ni (BH,) (PPh;) ),, the dimeric [Ni,(PPhj) J(PF ], and
the monoﬁerid”[Ni(PPh3)3(CH3CN)]fPFé] have also been

obtained. Reaction mechanisms for these reductions

are proposed..

1A;\pa£t of‘;mgfﬁay’éf théweatalytic activity éf
group VIII1meta1'tetrahydroborate complexes, the use
of hydridotetrahydroboratotris (triphenylphosphine)-
ruthenium(II), HRu(BHé)(PPh3)3,in the homogeneous
hydrogenation of l-~hexene at 20°C and 1 atmosphere
pressure is reported. The dependence of rates of
'hydrogenatioh oﬁ_catalyét and substrate concentrations,
partiai pressure of hydrogen and triphenylphosphine
concentration are described and the suggested

mechanism is discussed in the light of these results,
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I. INTRCDUCTiON

Very little work has been done on the uses of
sodium tetrahydroborate in organometallic chemistry
compared with its wide application in organic synthesis
although its importance is now beginning to be.realized.
This is particularly apparént in the area of me£a1
recovery (1,2), hémogeneous and heterogeneous catalysis
(3) and synthesis. For example, one of the most useful
methods fbr the preparation of transition metal hydride
complexes involves ;eactions'between NaBH4 and metal
halides,or‘their coﬁplexes (4). Before the formation
of metal hydrides or metal (0) complexes in such reactions,

intermediate complexes involving coordinated BH, are

4
formed and have been isolated (5,6).

In general then, several types of products may
be formed during the reactions ofNaBH4 with metal
complexes (particularly phosphine complexes). The
formation of different types of Complexes depends upon
a number of factors (to be discussed later) but for
Aphoshorus containing ligands, several schemes are
possible which may be summarised by one of the following
reaction outlines (7), (where P represents a‘phosphine
1igana):

1) M(TI, XIIY or IV)Cl/P-?MClPx/Th—éM(BH4)Px

l

 —MH_P = —»
MH_P_Z?MH,P z* MHP *MP_



2) MCLP ——sMHC1Pg&—» MH (BH,)P,—> MH,P —>MH P

3) MHClsz—) MH2 (BH4) Px-—> MH3PX—-—7MH5PX

4) MX(CO)P——sM(BH,) (CO)P —>MH (CO)P,

These schemes, of course, lack detail and concern
only phosphine-metal systems. They are included here
simply to illustrate the types of products which

may be obtainedibyvtetrahydroborate reduction of
metal complexes. ' What follows, therefore, is a
detailed survey of the variety of metal complexes
which‘are formed when NaBH4 is reacted wiﬁh metal
salts in the presence of different ligands,., The
reactions, for convenience, are grouped according to

product type.

I.1. Formation of Hydride Complexes from Metal.Saltg

by the Use of Sodium Tetrahydroborate in the

‘Presence of Ligands other than Phosphines.

Transition metal hydrides can be stabilised in
the presence of certain ligands other than phosphines
which will be discussed in detail later. Examples
of such ligands are cyclopentadiene, ‘carbon gbnoxide
various nitriles etc. The formation of a hydride

complex is facilitated by the presence of an electron

donating ligand which can stabilize a lower than



usual oxidation state of the metal ;f a change of
Sxidation state occurs (8), Since the formation of
these hydride complexes is not readily systematized
according to the reactants and products, the following

sections are classified by metal.

I.1.1. Titanium, Zirconium and Hafnium.

There are only a few repo;ts'of complex hydrides
for members of the titanium triad. Thus, reactions .
of MCl (ﬂ’CSHs)2 (Muzfqér Hf) wlth LiBH,
ether gives M(BH4)2(1T'-C5H5)2 which will react

in diethyl

further with trimethylamine to give the volatile

complexes HM(BH ) (- C5H5)2 (9).

I.1.2. vanadium, Niobium, and Tantalum.

Treatment of VI(CO) FT—me51tylene) with NaBH,

gives HV(CO) Cf—me51tylene) (10). The tantalum complex

H Ta(W -C ) is formed when TaCl_. is treated with

5 5 5
Na(C5H5) and NaBH4 in tetrahydrofuran(ll) and the

niobium analog is prepared similarly(12).

I.1.3. Chromium, Molybdenum and Tungsten.

Hydrides of the type HZM(W=C5H5) (M=Mo and W)



can be formed from the reaction of MCls, Na(C5H5)

and NaBH, in tetrahydrofuran(l12). The binuclear

4
hydrido'anions(HMz(CO)lo)(M=Cr, Mo and W) are formed
from reactions between M(CO)6 and NaBH; in THF (13).

I.1.4. Maﬁéanese, Technetium and Rhenium.

lHM(WfCSHS)Z (M=Re and Tc) can be formed from

the reaction of NaBH, and Na(CSHS) with the

4
corresponding chloride salts in THF (14,15), When
4
in THF and then stirred at 25° for several days, salts

ReéCO)lO and NaBH, are heated together under reflux

of the {ﬁ6Re(CO)12]2- anion can be isolated. The same
anion is obtained when H,Re(CO),, reacts with NaBH, in

cycloﬁexane(l?).

I;l.S. Iron,Ruthenium and Osmium.

The reaction of Rul (r-cH) (CO), with NaBH, gives

4
HRu(Tr'—-C5H5)(CO)2 and the corresponding iron hydride

is prepared in the same way (18). The reaction of
Ru3(C0)12'wit§ NaBH4 in THF gives a mixture of H2Rué(CO)l2
and ‘B—H4R\.‘l4 (co) 12 ‘(19) . No osmium hydrides, other

than those containing phosphines, have been reported

from the reactions of NaBH4 with osmium salts.
-]

I.1.6. Cobalt, Rhodium and Iridium.




When CsCl is added to a mixture of (Co(CN)SHZO]3-
and NaBH, in H,O, NaCsé(HCo(CN)SJ(ZO) precipitates
out from solution. With NaBH in H,O0 at o‘c,
RhClz(en)zf gives [Hth(en)Z]+ which can be isolated
as the tetréphenylborate salt. No hydride complex

of iridium, except thoséfcontainingpmosphines,haVe

been reported,

I,1,7. Nickel, Palladium and Platinum.,

No hydride complexes of these elements have
been isolated from reactions between M(II) compounds
(M=Ni, Pd and Pt) and NaBH4 except when, as will be

discussed later, phosphorus—contalnlng llgands are

present.

I.1.8. Copper, Silver and Gold.

Again, no hydride complexes,without phosphorus-
containing ligands,of these metals have yet been
reported from reactions involving NaBH4.

I.2. Formation of Hydrlde(kmmlexes from Metal Salts

by the Use of Sodium Tetrahydroborate in the

Presence of Phosphorus Containing Ligands.



It is apparent from the preceding sections that
reactionsof’NaBH4 with metal complexes of teftiary
phosphines héve received considerably more attention.
In general, these reactions give three different
types of product, which depend mainly upon the ﬁature
of the ligand, the metal ion and the experimental
conditions.’ Thgsé are metal (0O) ~-phosphine (21),
metal hydride (4), and metal tetrahydroborate complexes
(4). Thé followihg discussion presents a summary
of these reaétions which lead to the formation of
hydride compléxes, and, as in section‘l, the

discussion is arranged according to groups of metals.

I.2.1. From Group IV B to VII B.

There are no reports in the literature on_ the
preparation of complexes in the Ti, Zr, Hf and the
V, Nb, Ta group of metals from tetrahydroborate
reactions, while in group VI B, only two hydride
phosphine complexes have been made using NaBH..
These are the dimethylphenylphosphine (L) complexes
H_WL “

6 3
prepared by the reaction of NaBH

(22) and cis—HMo(W;CSHS)(CO)Z(PPh3) (23),

4 with the correspo-

nding halogen complexes. 1In the Mn, Tc, Re group,
there are many examples of hydrido-phosphine complexes,

However, most of them do not arise from NaBH4

reductions, but by ligand exchange reactions, and this



is particularly true for manganese (24,25). There are
two hydride complexes of rhenium, HgReL, (26, 27) (see

Table 1) obtained from reactions involving NaBH4.

I.2.2, Iron, Ruthenium and Osmium.

The use of NaBH, in the preparation of hydride-

4
complexes of the Fe, Ru, Os group has been more extensive

and Table 2 presents a summary of reactions which have

been studied and the complexes obtained. Thus,iron(II)
chloride reacts with triethylphosphite and sodium tetra-
hydroborate in methanol at —78° to give HzFe(P(6C2H5)3]3‘
(28)., With ethyldiphenylphosphine or butyldiphenylphosphine,
NaBH, and iron(II), H

FeL, is formed under hydrogen or argon,

4
while H

2 3

2Fe(N2)L3 is formed under nitrogen (29),

The reaction of RuCl, (PPh with NaBH, and H, in

3)3 4 2
a benzene/ethanol mixture gives RuClz(Co)(PPh3)3, where

the carbonyl ligand is apparently abstracted from the
solvent (32), This compound may also be formed from

the reaction of Ru(III) chloride, triphenylphosphine,

aqueous formaldehyde and NaBH, in EtOH, but in the

4
absence of formaldehyde, H2Ru(PPh3)4 is obtained (33).

3)3 W1th-NaBH4'1n a benzene/
water mixture gives HRuCl(PPh,),+C.H. (32), while with

3+ PPhy and NaBH, in EtOH, H,Ru(PPh,),

(34) , These reactions serve to illustrate the fact,

The reaction of RuClz(PPh

RuCl is formed
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which will become increasingly apparent in this

thesis, that quite different compounds may be formed

4

are made in the experimental conditions,

from reactions involving NaBH, when only minor changes

H,O0sL is usually made from the reaction of

3

merv.-OsCl3L3 (L=tertiary phosphine) with NaBH

(35), but when Na

4 in ethanol.

2OsCl'6 is used in a similar reaction,

Hzos(PPh3)3 is formed (33). When OsCl4L2 (L=tertiary

phosphine) is treated with NaBH4'in ethanol, it gives the

hexahydride complex, H Ost, but in the presence of

6
other tertiary phosphines, arsines or phosphites, tetra-

hydride complexes of the type H4OSL2L' are produced (35),

I.2,3. -Cobalt, Rhodium and Iridium.

The reactions. between NaBH, and this group of metals
have also been well investigated and the many resulting
hydride complexes are listed in Table 3. Thus, Cobalt(II)

chloride can be reduced by NaBH, in ethanol in the

4
presence of triphenylphosphite to give HCo(P(OPh)3]4

(36). This is also true for the triethylphosphite
analog (37). The reaction of Cobalt(II) chloride with

NaBH, in. the presence'of PPh3 under nitrogen yieids

4

HCo(Nz)(PPh3)3 (38) 4 which, in H readily undergoes

2’
reversible displacement of coordinated'N2 to give
H3C0(PPh

3)3,(52,53,54).
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The latter can also be made by the reaction of CoCl,,
PPh3hand NaBH4 in EtOH under either argon or hydrogen
(42,43), The diethylphenylphosphine analogue can also
be formed under similar conditions (42,43,44). The
complex'CoBrz(dppe)2 reacts with NaBHé in EtOH to
give HCo(dppe), (39). With 1,1,1-tris (diphenyl-
phosphindmethyl)éthané, as the Eérresponding ligand,
NaBH, reacts with Co(BF,),*6H ‘
(H3cO2L2)f (40) .

,0 in EtOH at 0°C to give

When rhodium(III) reacts with NaBH4 in the

presence of“PPh3gand aqueous formaldehyde in ethanol,
the catalytically important complex HRh(CO)(PPh3)3
is formed (33,45). In the absence of aqueous

formaldehyde, however, only HRh (PPh is produced

304
(33,45). Starting with Rh(I), further Rh(I)

monohydride'complexes may be produced; for example,

the reaction of RhCl(PPh3)3 and NaBH , in ethanol

gives HRh(PPh3 (46) , and, under analogous conditions,

P3)3
‘the corresponding DBP complex (47). In cold aqueous

4

solution, RhCl(DMGH)z(PPh3) reacts with NaBH, to give

HRh(DMGH)z(PPh3) (48).

There are many iridium hydride complexes formed
from reactions involving a variety of Ir(I), (III)
and (IV) compounds with sodium tetrahydroborate.

For example, HIr(CO)(PPh3)3’is formed from the reaction

of NaBH, with IrCl(CO) (PPh in ethanol (49). This

4 3) 2

same compound can also be made from the reaction of
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NaBH4 with Na3IrC16i2H20 in the presence of PPh3 and

aqueous formaldehyde in 2-methoxyethanol (33). When
an ethanol solution of Na3IrC16, PPh3 and NaBH4 is

heated under reflux, mer—H3Ir(PPh3)3 is obtained

(33). In contrast, a similar reaction involving

Na3IrCl6 éroduces‘the penta-hydride HSIr(PPh3) (55).

Under an atmosphere of carbon moﬁoxide, IrCl(CO)(PPh3)3

reacts with NaBH, in EtOH to give HIr(CO)z(PPh3)2

4
(49).

I.2,4, Nickel, Palladium and Platinum.

There is only one example of the formation of
a Ni(I)'hydride complex from the reactions related

to these NaBH, reductions. This involves (Table 4)

4
derivative, NaBHMe3, which reacts with

4
Niclz(PP) to produce [HNi(PP)]2 (56) . The proposed

the NaBH

structure, 'as shown below, is consistent with the

fact that the complex isdiamagnetic and that it shows

N1 N1

(JP\\ 7 AN -~ PT)
p” \H/ N p

a proton signal at ¥=21.4 in the n.m.r. spectrum due
to the bridging hydrogens.

There are a number of NaBH, produced Ni (IT)

4

hydrides known. For example, NaBH4 reacts in
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THF/EtOH with NiClzLZ(L=PCy3 or PPr%) to give trans-
HNiClL, (58). TT-Allyl'coﬁplexes of Ni. (II) also

react with the NaBH4 derivative, NaI?HMe3 (59) to give
Ni(II) hydrides as listed in Table 4.

The oniy NaBH, produced palladium hydrides known

4
are the two complexes of palladium(II) HPdClL2

(L=Péy3,‘PPr§) made from reactions of NaBH, with the

corresponding chloride complexes (60)., For platinum,

2PtL2 have been made from

the reaction of-NaBHé with either PtC12L2 or HPtClLZ-

(61), (L=bulky tertiary phosphine).

the dihydride complexes, H

I.2.5. Copper, Silver and Gold .

There is one well characterized complex
reported in this group. Thus the reaction of

{CuCl(PPhB)]4 with the NaBH, derivative, Na[HB(OMe);],

4
yields the interesting metal cluster H6Cu6(PPh3)6 (62).
This compound was shown by X-ray crystallography to
have an octahedral arrangement of Cu atoms and apical
phosphines, The hydrogens were not located, but it is

thought that they bridge six equivalent, slightly

longer Cu-Cu bonds of the octahedron.
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I.3. Formation of Tetrahydroborate Complexes.

As well as being a powerful reducing agent and
an excellent source of hydride ions in ﬁhe synthesis
of metal hydrides, the BH4 group will also coordinate
to metals to form essentially covalent complexes

such as'M(BHA)n (63), e.g. Zr(BH It is also

4)4' ‘
likely that in the reaction of metal salts with NaBH

4
in water in the absence of other ligands, intermediate
compaunds containing coordinated tetrahydroborate

are involved, e.g. Ti (BH (64) or Ni(BH,), (65)

a3
which then ﬁndergo further rapid decomposition by
water to give the metal boride. These intermediate
BH4' complexes can be stabilized by carrying out the
metal reductions in the presence of certain ligands,
and, for example, complexes such as Ti(BH4)(W_C5H5)2’
zr (BH,) (T-CgH.) (9), Ni(BH,),(A) (A=cyclic tetramine)
(66), RuClz(BH4)(Py)2(dmf) (Py=p§ridine) (673, and

a number of complexes involving phosphines, e.gq.

HCo (BH,) (PCy,), (68), HNi(BH,) (PPrl), (69). This
section is a detailed survey of metal—BHiligand systems
and is divided into two parts. The first concerns

the synthesis of tetrahydroborate complexes and the

second part discusses the various ways in which the

BH, group can coordinate to metals.
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I.3.1. Synthesis of Tetrahydroborate Complexes,

The tetrahydroborate complexes are of particular
interest because of their potential as homogeneous
catalysts. These complexes range from well characte-
rized species such as HCo(BH4)(PCy3)2‘(68) and
HNi(BH4)(PCy3)2A(69) to compounds which have not
been isolated but which are thought to be the
catalytically active intermediates in certain reactions.
An example of such a postulated intermediate is
NiCl(BH,) (dmf) 5 (70).

This thesis is particularly concerned with the
conditions under which these intermediate complexes
containing coordinated BH4 are formed in reductions

by NaBH, both of metal salts (particularly group

4
VIII B) in the presence of various ligands and also

of metal complexes. The isolation of unstable, low
valent intermediates should mainly depend upon three
factors (5).

i) Ease of reduction of metal ions: For example,
the stability of M(I) is in the order Cu>Co>Ni>>Pd
and Pt (5).

ii) Nature of the ligand: It appears, for example,
that triphenylphosphine can stabilize Co(I) and Ni(I)

tetrahydroborate complexes (5), while with other

phosphines (e.g. tricyclohexylphosphine,



triisopropylphosphine) only Co(II) and Ni (II):

tetrahydroborate complexes are produced (68,69).
(iii) Experimental conditions: It is well
established that divalent metal halides in the presence

of phoéphines are reduced by NaBH4 under reflux

producing, generally, metal(é) complexes, e.g. M(PPh3)4
(M=Ni, fd, Pt) (71). By carefully controlling
reaction conditions, such as temperature, time and
molar ratio of reactants, a' number of intermediate
products have already been isolated (5).

This section of the introduction to this thesis
gives an account of the variety of known BH4 complexes
and also of the factors which control their formation.

As in the previous section, the BH, conplexes are

4
classified by the group of the metals.

I,3.1,1, Iron, Ruthenium and Osmium,

In this group, ruthenium is the only metal
for which tétrahydroborate -complexes have so far
been isolated (see Table 5). It is interesting that

in reactions between Ru(II) and NaBH, in the presence

of PPh3, no BH4 complex has been isolated under

conditions analogous to those used in Co(II) and

4
are formed (5) (see later). In fact, no Ru(I)-BHé

Ni (II) reactions where univalent metal BH, complexes



21

@ouai9I9y

€£0a + 1Auoqreo- (11)ny

tyga + TAuoqres - (II)ny

€4da +oPTIOTUD (II)ny oniq

3 mhm

ydd + ¢ (fyaq)’r1ony

msmm + MHUSM

sjusbeay

HdeN

“HEeN

HgEeN

HdeN

HYg®eN

‘nyg JO SoxoTdWOD 93eI0qOIPAURIFOI-OPTIPAH

'S 91qeL

14

Ammwmvmﬁoovﬂqmmvsmm

€

(

€

nmmvﬁouqummVsmm

mﬁmnmmvawmmvsmm

soxaTdwo)



- 22 -

complex has yet been identified. Thus, NaBH4 reacts
with the blue Ru(II) chlecride solutions (72) (1l:1
mole ratio) in the presence of a six-fold excess of

'PPh and produces HR.uCl(PPh3)3 as the sole product

3'

(32). However, when much more NaBH, is used

4

(Ru:NaBH,~1:10) the yellow diamagnetic complex,

4
Hﬁu(Bﬂé)(PPh3)3 (6)bis formed. The same product can

also be synthesized from the reaction ofNaBH4 with

Ru(II) chloride hydrate (~~10:1) in ethanol in the
presence of a 6 molar excess of PPh3 and from the reaction
between NaBH4 and RuClz(PPh3)2 in the presence of

PPh3 in EtOH. The other two known Ru(II)—BHé complexes,
HRu (BH ) (CO)L, (L=PPh,, PCy,) (6), are formed from
reactions between NaBH4 and the red Ru(II) carbonyl
ethanolic solutions (73) in the presence of an excess

of the appropriate phosphine (6).

I.3.1.2, Cobalt, Rhodium and Iridium.

Table 6 lists a variety of BH, complexes formed

4
by these three elements. For example, the reaction

of NaBHé with Co(II) chloride in the presence of PPh3
in ethanél produces the vyellow, paramagnetic
Co(BHé)(PPh3)3 (5) which on recrystallization from
nitrogen saturated benzene and n-hexane resulted in

the uptake of varying amounts of dinitrogen and the

formation of what is presumably Co(BH4)(N2)(PPh3)3.
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The reflectance spectrum of Co(BH4)(PPh3)3is consistent
with a ds‘tetrahedral system., It is very interesting
that, when the above reaction is carried out in the
presence of PCy3 in a mixture of toluene and‘ethanol,
no reduction of the Co(II) occurs, the only product

being HCo (BH,) (PCy;), (60).

Rhodium complexes of BHZ have been characterized
in oxidation states III, II and I, (Table 6). Thus,

treatment of HRhC1l,L, (L=bulky tertiary phosphine)

272
with'NaBH4,gives (76) H

2Rh(BH4)L2. Addltlon of

NaBH, to 'a solution of RhC13(Py)3 in dimethylformamide

4
or in dimethylformamide-chloroform gives a

tetrahydroborate complex of composition Rh(BHé)Clz—
(dmf)-(Py)2 (77). In dmf, this complex absofbs hydrogen

and produces Rh(BH4)C12(Py)2(C5H5NCl), containing

piperidine hydrochloride (77).
The Rh(II) complex, HRh(BHé)L (L=9-tolyl3P) is
made by the reaction of an excess of NaBHé with a

mixture of RhCl,L., and L in EtOH (46). Some air-

272
stable Rh(I)—BH4 complexes have been reported by

Vasigk and éowérkefs(74). These are trans-Rh(BHé)—
(CO)L2 (L=PPh3, PCy3) and they are made from the

reaction of NaBH, with trans—[Rh(A)(CO)LZ](A=C10 ~,Cc17)

4 4
in a benzene\ EtOH mixture. A highly unstable Rh(I)

complex Rh(BH4)(PEh3)3 hags been made from the reaction

between NaBH, and RhCl(PPh3)3'in a mixture of béhzene

4
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and EtOH (46). The preparation of this complex is
very susceptible to slight variations in experimental
conditions, and when the reaction time is extended
slig‘htly,.HRh(PPh?’)3 is formed. Another example of
the way different ligands affect the final reaction
prbduct is illustrated by reactions between NaBH4 and
trans—RhCl(éb)(PPh3)2 in ethanol which gives

HRh (CO) (PPh in the presence of PPh3 (45), while

33
the tris—(trimethylsilylmethyl)phoéphine, (siphos),
yields, under similar conditionms, Rh(BH4)(C0)(Siphos)‘2
(75) . |

The Ir(IIT) complex, H2Ir(BH4)L2 (L=bulkyl tertiary
phosphine) is made in the saﬁe manner as its rhodium
analog discussed above (76). Finally, two Ir(I)

complexes, Ir(BH4)(CO)L2 (L=PCy3 (74) and siphos (75))

have been made from similar reactions.

I.3.1.3. Nickel, Palladium and Platinum.

The BHé‘complexes of the Ni group metals are
listed in Table 7 and , to give a complete picture,
this table.indludes_some compounds with non-phosphine
ligands., The\two compounds trans-HNi(BH4)L2 (L=PCy3,
PPJ’-‘%)  are made from similar reactions involving NaBH

4
and trans HNiClL, (69). The very interesting

diamagnetic Ni(I)complex,Ni(BH4)(PPh3)3, is formed
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when NaBHé(G—lOM'excess) is added to NiCl(PPh3) in
ethanol (5).

‘Besides tertiary phosphines, Ni—-BH4 complexes
may be stabilized in the presence of various tetra-
dentate amines (78). For example, a bis—tetrahydroborate
compound is formed when NaBH4 is added to an aqueous

solution of the peréhlbrate of the nickel complex(I),

C‘H2 CIH2
Me2C —— NH == CMe
-/ N ¥ AN
HZC Ni2+ CH2
N SN/
MeC =N N\— CMe2
[ 'S
HZC CH2
(I
H2C CH2 _
i l i
Me2C -— NH NH —— CMe
/N A \
H2C N; : CH2
N SN L
MeC ~e— HN H— CMe,,
g | |
' HZC CH2

(IIa)A and (IIb)

(IIa is an isomer of IIb)
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CH, —— CH
2 ¢ 2
I l
Me_,C — NH NH

H2C
‘\\ vl K\
MeC == N NH
2
| |
H,C

(III)

Various other BHé—amine complexes are listed in
Table 7 and these are derived from the above
structural units. There appears to be no reduction
of Ni(II) to lower valent states in these systems.
There are no Pt~BH4 complexes reported, and
the two known Pd—BH4 complexes{ trans--HPd(BHé)L2
(L=PCy3, PPr%) are formed (69) in reactions

totally analogous to those of the corresponding Ni

systems discussed above.

I.3.1.4. Copper, Silver and Gold.

The first Cu-BH, complex was prepared by Cariati

4
and Naldini (79) and, using similar methods, the range
of complexes, with composition Cu(BHé)L2 (L=tertiary
phosphine) , has been recently extended by S.J. Lippard

and D.A.Ucko (80). These and certain other related
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compounds are listed in Table 8 and all contain

Cu(I). In each case the complexes are made' by reactions
between ﬁaBH4 and Cu(I) chloride in the presence of

the appropriate phoSphine. Similar reactions with
Cu(II) lead.also to Cu(I) complexes. Uncomplexed

silver (I) tetrahydroborate is only stable below-30°C,
but stabiiization may be achieved by addition of

triphenylphosphine yielding Ag(BH4)(PPh3)2 (82).

I.3.1.5. Other Transition Elements.

Tetrahydroborate complexes of metals other than
group VIII B and group I B have also been'reported.

They are listed in Table 9.

I.3.2. Structural Analysis of Tetrahydroborate

rComElexes.

I.3.2.1. X-ray, Electron and Neutron Diffraction.

There are four obvious types of MBH4 geometries
shown beloﬁ, and the existence of all except type V,
the monodentate case, has been established by.eithér
X-ray, electron or neutron diffraction methodé.

The ionib structure IV is known for a number of alkali

metal tetrahydroborates (63,88) and it is reasonable
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to presume that in the ammonia complexés such as

Cr(NH3)6(BH4)3, CO(NH3)4(CO3)(BH4), Ni(NH3)6(BH4)2,

Zn(NH$)4(BH4)2 f89), the’BH4 is also ionic.

H,
+ - 7
M BH M~-H~-B tuuny
4 ~N
’ H
(IV) (v)
\) H \\ H H
) \c‘ v o / \
M B M-=H &~B—H
\\\ l,' \\‘~
\ H » H s '/' H \
(VI) (VII)

There are a number of transition metal tetra-
hydroborate complexes where the presence of bidentate
BH4‘groups(structure VI) has been confirmed, examples
being Zr(BH4)2(ﬂ"—C5H5)2 (9), HCo(BH,) (PCy;), (68) and

Cu(BH4)(PPh3)2_(90) as well as uncomplexed Al(BH4)3
(88). The tridentate‘structure VII is mostly found
with large metal ions,Asuch as in uncomplexed

zr (BH,), (91) and U(BH,) q-CgH:) (92). In addition
to these four basic structures, the existence of
tetradentate BH4 groups has now been established (93)

in the molecule Be(BH,),, the structure of which is

shown below:



(VIII)

These compounds, where the mode of coordination
of the BH, groups has been established,.beCOme
important model systems so that, by comparisons of their
physical properties, (particularly infréred spgctra,
see later) with the physical properties;of other

complexes, the structures of the latter may be deduced.

I.3.2.2. Nuclear Magnetic Resonance Spectfa_

The proton n.m.r. of the BH4* ion consists of

four peaks of equal intensity due to the coupling

between the protons and thell

B nucleus (63). 'In the
proton n.m.r. of diborane, thete;minéifprotons and

the bridging protons appear as two separate signals
(94,95), but this is not, unfortunately, generally

true for metal complexes of BH4“. Thus the proton n.m.r.
spectra of many metal BH4 complexes show magnetically

equivalent hydrogens due to fluxional behavior,

ie. rapid internal exchange of the BH4‘protons. Attempts
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to resolve the proton signals by running the spectra

at low temperatures have not led to significant
improvements (96,97) in terms of structural elucidations,
In other cases, e.g. the nickel and palladium complexes

HM(BH,) (PR (R=Prl or Cy) (69) the resonance of the

3)2

BH, protons could not be observed because of the quadrupole

4
broadening by boron, For Cu(BH4)(PPh3)é (98) , the

hydrogens of the BH, group appear as one extremely

4
broad signal at 298#K but at low temperatures a broad
singlet was observed due to thermal decoupiing of the
boron quadrupole nucleus, However, some nonfluxional
tetrahydroborate complexes have been reported (76) where
the signals for the bridge and terminal hydrogens of BH4_
are resolved, At 300° K, the iridium complex H,Ir (BH,)-
(PRB)Z' (PR3=bulky tertiary phosphine),gives a broad

singlet at $=-6.87. wWith lH— llB double resonance,

the peak at §=-6,87 is sharpened and a new singlet appears
at.g¥6,86. At 222°K.£he singlet at S;—6.f9 (previously
ca,-6.87 above) sharpens as does the peak at §=7.05
(previously ca.6.86 above and not observed at 300" K
without 11B coupling). The signal at §=-6.87 is thought
to be the resonance of the bridging protons of IerB

and the peak at $=6,86 is for terminal B-H. The Rhodium
analog shows a similar spectrum with bridging RhHZB
protons at g;—4,53 and terminal BH protons at 5;3.9.‘

Thié indicates that the tetrahydroborate complexes of

HZM(BH4)L2 (M=Rh or Ir, L=bulky tertiary phosphine)
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have a static structure as shown below.

PR3

HQW“ l' \§§7 //r
/Iw o N
PR, -

(IX)

In general however, proton n.m,r, spectra have given only
very limited information about the mode of coordination
of the BH4 group.

I.3.2.3, \Vibratibnal'Speétra;

In the absencg'of structural data from diffraction '
methods, infrared spectroscopy is the most useful
technique for distinguishing between the different
structures of tetrahydroborate complexes. The appro-
ximate frequency ranges expected for the infrared active
bands of the structural types IV, V, VI énd VII are
shown in Table 10 (99).

A careful inspection of the data in Table 10
would suggest that’it.shouldnot be too difficult to
distinguish between the various structural types by
infrared means. There are a number of reasons however

why this is not always the case. For the ionic
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structure (IV), usually 2 strong bands are observed
in the infrared spectrum. The triply degenerate
antisymmetric B-H stretching frequency appears as a
broad band at ~2250cm L, and the sharper antisymmetric
BH, bending frequency at ~Jloocm-1, For example, the
infrared spectrum of sodium tetrahydroborate shows these

1 (100). For T1 (BH,)

two absorptions at 2270 and 1080cm
the antisymmetric B-H stretching frequency occurs at
218001!1—l L the lower Vaiuve probabiy arising from
hindered fotation of the hydroborate ion in the
crystal 1lattice (101). Transifion metél complexes
such as Ni(NH3)5(BH4)2 and _Nien3(BH4)2 show the ionic
, yéHé- at ~2250cm L (7). |

The infrared spectra of the proposed monodentate

BH, complexes are shown in Table 1ll. When these data

4
are compared with the expected‘monodentate frequencies,
type V in Table 10, it is apparent that none of the

compounds listed show the expected B-H _ stretching

b
frequency in the ZOOOcm-l region. In the cases of
HRu (BH,) (CO)L,, it is possible that this band may be
coincident with the Ru-H or the Ru-CO stretching
frequehcies, and its absence from the other complexes
will be discussed in detail 1later. -

From the‘data on the bidentate structure VI,
Table 10, it could be concluded that, since the expected

strong’broad.absorption in the 1300—‘15000111—1 range,

due to the Miﬁﬁ:fB group, is unique to structure VI,
H .
b
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this absorption could be used to assign unequivocally
this mode of coordination of the BHé group. The
infrared spectra of the bidentate BH, complexes are

listed in Table 12. All these complexes show the expected

symmetric and antisymmetric)’)B-Ht at 2400—26000m-1

b (which

, but the frequency

and the symmetric andvantisymmetric‘/B~H
sometimeévovérlép) at.165(v)—215.0cm;'1 -
associated with the bridging unit is conspicuous by
its absence.

Of the complexes listed in Table 12, only Al(BH4)3
and HCo(BH,) (PCy;), show this band in the 1300-1500cm *
region. Even Cu(BH4)(PPh3)2,'for which the structure
has.also been confirmgd asrhaving bidentate BH4, does
not show the bridging stretching frequency. A‘possible
'reaspn for the apparent absence of this band is that
it occurs in a region of the spectrum which is either
obscured by ligand Vibrations or where assigment is
made difficult because of the number and complexity
of ligand vibrations (80).

Apart from the:absence of the frequency associated
(gg:B group, the infrared spectra of the tridentate
structure (type VII, Table 10) are quite similar to

with M

those of the bidentate structure VI. The spectra of
the tridentate species show a single sharp B-Ht stretching
vibration at ~2560cm compared with a doublet in the

bidentate case. Thei.r.spectra of some known tridentate
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tetrahydroborate compounds are listed in Table 13.
As mentioned previously, polymeric tetradentate

BHAQ coordination has been reported in Be(BH,), (104).
The major infrared difference between a tetradentate,
bridging BH4_ group and a bidentate BH4— is clearly
that the former would have no B-H, frequency. Thus

the spectrum of Be(BH4)2 shows bands at 2350 and

2330 em™* (y%~Hb), 1320 cm ™t (bridging stretching) and
1130 cm™t (§B-H), Infrared spectral evidence has also

led to the follow1ng structures belng proposed.

A '/\/
l\/\ |\/\

3
_Another exmple for the tetradentate bridging BH4-

n

complex is the cationic Cu(I)-BH, complex, [(Ph3P2Cu—
(BH4)Cu(PPh3)2)+, which only shows the bridging B-H

stretching frequency at 2140 cm™ 1 (128).

Cu Cu

+
L\ /H\ /H\ /L]
It is therefore clear from this discussion that
a very careful assessment of infrared spectral data
is necessary before structural assignments can be made

and even then unambiguous conclusions are often not

possible.
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I.4. Homogeﬁeous Hydrogenation.

Since the first homogeneously catalysed hydrogenation
reactiondwas observed by Calvin in 1938, (105) and
particularly since the Rh and Ru work of the 1960's
(106,107) this field has undergone very rapid expan-
Sion;L Numerous reactions have been studied , and for
comprehensive surveys of homcgéneous hydrogenation,
the reader is referred to those';égfté;rby Halpern
(108) , Harmon (109), Volpin (110) and James (111).

The following is a Verngrief summary of the features

of homogeneous catalytic hydrogenations relevant to

this thesis.

I.4.1. Mechanism of Homogeneous Hydrogenation.

In hydrogenations, it is possible to distinguish
between reactions where the sequence of‘activation
of hydrogen, activation of substrate and transfer of
hydrogen to the substrate are different. For example,

in Scheme I,
M+ H, —>M*H
M'H

+ S F———-»,S‘M-H2

S‘M-H, —> SH, + M



- 48 -

the activation of hydrogen takes place first through
the formation of a hydride which then reacts with the
substrate before final transfer occurs.

In Scheme II,

M+ S —— M-S

M:S + H, —— Hy*M-S

2 2

H,- M-S :‘—*HZS + M

2

the activation of hydrogen occurs after the activation

of substrate, While'in‘Scheme“III,

M+ S z—/—» M-S

M+ H, T M-H,

M'S + M:H, —— " M+ SH, + M

the activation of hydrogen and substrate is effected
separately . Irrespective of the sequence of reactions,
however, it is clear that in the reduction of a
substrate, three basic processes must.occur: (i) acti-
viation of hydrogen by formation of M-~H bonds,

(ii) activation of the substrate and (i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>