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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
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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 (iii) hydrogen

transfer. Generally these three processes occur on
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the same metal center.

I.4.1.1. Activation of Hydrogen.

In all cases of homogeneous hydrogenations
catalysed bytransitidﬁnetals, molecular hydrogen is
activated or split by the catalyst with the formation
of intermediate metal hydride complexes (108~-111).
Four ways of hydrogen activation have been distingu-
ished,

a) Heterolytic splitting to form a monohydride.

This process is illustrated by the following

examples (112—115) where the molecular hydrogen is

IIT

Rh + H Tl gt

+ H

=—— Rh

2
cutl 4 H, == cully™ + gt

ruttl + H, T2 ruttIp~ + gt

split into a negative hydride ion which bonds to the
metal catalyst and a proton which becomes associated
with a.ieﬁis base. 1In this type of hydrogen activi-
atidn, no change in oxidation state of the metal ion
occurs. Reactivity depends on the substitution
lability of the complex, the stability of the hydride

complex and the presence of a suitable Lewis base.
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b) Homolytic splitting to form a monohydride.
In this case, both hydrdgen atoms become
incorporated equivalently into the catalyst molecule

anid as shown in the following example (20), where

2[c§II(CN)5)3' + 0, = 2[uco™™ (cm ) 3"

the fo;ﬁation of hydride complex occurs with the
simultaneous oxidation of the metal. The reactiVity
therefore depgnds on the ease with which the metal'
is oxidized and its ability to expand its coordinaﬁion
number.
c) Formation of a dihydride.

In this case, the hydrogen molecule is
added reversibly and oxidatively to, for example,
a coordinatiwvely unsaturated d8system, e.g. RhC1 (PPh,) ,
(107) or IxCl(CO)(PPh,), (116), where both the

coordination number and the oxidation state of the

RhCl(PPh3)3 + H > H RhCl(PPhj)3

2 €& 2

IrCl(CO) (PPhy) + H, pras— H,IrC1(CO) (PPh3),

metal increase by two units. The activation of
molecular hydrogen-caq take place in two‘possible ways.
The first considers the partial donation of the
bonding electrons of the hydrogen molecule into

suitable, low lying vacant orbitals on the metal ion
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to form a transition state which can be represented
+
2 L]
transferof an electron from the metal to an anti-

The second possibility involves the

bonding orbital of the hydrogen molecule, which,
therefore, in this case, acts as an electron acceptor.
The formation of this dative M-----. H., bond is
favored when the metal has é minimal positive charge
and in the presence of electron donating ligands.
d) Electron transfer,

Finally, a simple redox process may occur

without formation.of a stable hydride intermediate

e.g. (117)

Hg®" + H, —YHg" + 2u"

I.4.l;2. ActiVatidn of Substrate.

In the homogeneous hydrogenation process, it is
generally accepted that a vacant site on the transition
metal complex is necessary. This coordination site
may then be used to activate the substrate and place
the substrate cis to the hydride.

Activation Qf organic substrates has been
studied in detail for the hydrogenation of alkenes
and alkynes (107). In most cases the hydrogenation
occurs’only when both the hydrogen (through a covalenﬁ

£ bond) and the substrate are coordinated to the same
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metal M. It is generally accepted that the substrate

is activated through the formation of a f-complex.

Although several f{~olefin hydrido complexes have been
isolated, there ié”iittle direct evidence for their

formation in the activation process (118).

I.4.1.3. Hydrogen Transfer,

After the activation of hydrogen and substrate
an insertion reaction then occurs. Usually the
substrate is inserted between the metal and a hydrogen

by a four-center reaction followed by formation of a

H H---- C

e v

M—|| &= M---Cc &= M-Cc-C-H
C

€6 -complex. However, formatioﬁ of the latter is not
always observed.and during, for example, hydrogenation
of alkénes by a complex rhodium hydride~(46) no § -~
C-Rh_bonding has béen detectéd by n;m.r. spectrometry.
This‘hydrogenation process is thought to involve the
simultanepus transfer'of_two hydrogens to the alkene

through two three-center transition states.



C 4 °cC H H
. lIIT N
Rh—| =—2 rh'*T| —— g’ + “c-C-
, C \‘ ’J'C /' l
H H

I.4.2. Examples of Homogeneous Hydrogenation.

I.4.2.1. Hydrogenation of Olefins by Ruthenium(II)

Chloride Complexes.

In acid solutions, ruthenium(II) chloride domplekes
are active catalysts for the hydrogenation of
certain substituted ethylenes (106) via ﬁﬁe formation
of monohydrides. This process is thought to occur
through Scheme II, as discussed above, Thus, the

substrate is activated by interactionwith Ru(II)

/ H
| (qc=cl |
A i S BN
-~ ‘ (fast) ’/ /
‘Trcomplex N
| H H-—-C”
+ 3
H C '
-Ru(—;) = -C:"——— —Rlu—C/ \6— —-Rﬁﬁu (JZ
a8 7 <] N “ "

to form a Mcomplex. Heterolytic splitting of molecular
hydrogen then occurs followed by the formation of a

<§complexthrougha.four center transition state.
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Electrophilic attack by a proton at the carbon attached
to the metal liberates the reduced:olefin and

regenerates the ruthenium catalyst.

I.4.2.2, Hydrogenation of an Olefin by Pentacyano=-

cobaltate (II).

The hydrogenation of butadiene in aqueous
solutions of pentacyanocobaltate(II) (20) is an example
of a reaction which proceeds according to Scheme I

(above) .

2(co™ M) + m, _— 2 (o™ (cm) )"

(aco™ (cn) )37 + cny=cr-cr=ch, —>{(NC) cCo-CH,-CH

3~
=CH-CH, ]
| ' 3- |
(@we) jco-ch, cr=cren, )3~ (HCO(CN)§)> CH ,CH,,CH=CH,,
0 1.2 addition _
£ complex + 92 (Co (CN5) ]3_
-CN™ | | +CN~
CH ’
N 2 3~
n‘\ )
(NC) ,Co «—YCH Cco (cM) ] 5 CH,CH=CHCH,
/1.4 addition L
CH
\ 3-
CH, 2(co(CN)5]

P anred
i ~complex
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The molecular hydrogen is activated by the catalyst
through homolytic splitting followed by activation

of the substraﬁe. The'&—complex, formed by the
reaction of the hydride with the substrate, is
subsequently converted into a M-complex. The formation
of the latter depends mainly upon the concentrations

of CN~. Thus afuhighéoﬁdentrationsformation of the
ﬂlcomplex is uhfavorable and the main product is
l-butene, while at low cyanide concentrations, the
M-complex can be formed easily and the main product

is 2-butene,

I,4.2,3,  Hydrogenation of an Olefin by a Rhodium(I)

Chloride Complex.:

The hydrbgenation of ethylene and other olefins

calalysed homogeneously by RhC1 (PPh in benzene

3)3
solution (119) involves the formation of a cis-dihydride

intermediate, probably by the previously defined

Scheme I mechanism, as illustrated below:

RhCL(PPh,), ZA2YEBE, gncl(PPh.), (S) + PPh
» 3'3 oPL. 3'2 3

' 3

RhCl(PPh3)2(S)'+ H, — H2Rhc1gpph3)2(s)

‘Tl olefin l olefin

RhC1 (PPh3)2(olefin) —> RhC1 (PPh (8) + alkane

)
372
Hy
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I.4.3. Literature Reports on the Catalytic Properties

of Tetrahydroborate Complexes.

When compared with the other complexes (e.g.
hydrides, halides, carbonyls, phosphines and various
mixed ligand complexes) the catalytic properties of
t?trahydroborate:complexes have been relatively little
studied. A number Qf tetrahydroborate complexes are
active for a variety of catalytic reactions but the
kinetics have not in general been studied in detail.
The following is a summary of the available data on
such systemsS.

Mixtures of Ni(II) chloride and NaBH4 in dmf
are effective in the hydrogenation of methyl linoleate
at room temperature under hydrogen at atmospheric
pressﬁre (120).,, although the similar Rh(III) system
is (~10 times) more active under comparable conditions.
The former nickel system is also effectivefin the
homogeneous hydrogenation of alkenes, cycloalkenes,
‘conjugated dienes'and polyunsaturated vegetable oil
fatty acid components (121). Terminal alkenes are
more readily hydrogenated than the internal alkenes
and in both cases, the catalyst is selective and
shows little tendency to cause positional isomerization.

Although the active species has not been isolated,

the color of the catalytic mixture (121) resembles
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that of soluble Ziegler-type catalysts, and on this
basis, it was suggested that the catalyst is possibly
NiCl(BH4)(dmf)3. This system has also been studied
by Stroﬁ;éier and Steigerwald (122), who found that
etﬁ;lacrylate, 1,3~-cyclohexene, l,3—andA;,5-cyclo-
octadiene are hydrogenated to efhylpropionate,
cycioheiahe andc@clooctenerespectivelyiunder mild
conditions (0-100°C, 1 atm pressure).

The'complex RhClz(BH4)(Py2)(dmf), whiqh is

obtained from RhC13Py3 and NaBH, in dmf, is also an

4
active catalyst for homogeneous hYdfogénations of
both straight chain and cyclic alkenes (77). The
hydrogenation rates of the terminal olefins, e.g.,
1—pentene, l-hexene, l—héptene and l-octene, are only
marginally affected by variation in molecular size,
but the cycloalkenes, e.qg. C;élopentene, cyclohexene,
CYC1ohepteneiandfcycléoctene,show very significant
rate variations with structure. 1In addition to the
hydrogenation of these olefihs‘and of methyl-
phenylbutenocate (120), various steroid 4—en—3-oﬁes,

-

as well as -N=N-, -N=C and NO, groups, have been

2

successfully hydrogenated with this catélyst (123).
Finally, HCo(BH4)KPCy3)2 is an active and

selective catalyst for hydrogenation and isomerization

at room temperature and less than atmospheric pressure

(68). Initial rates are in the order of l-olefin >
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styrene)2-alkene)isoprene, butadiene. Isomerization

causes a marked decrease in the hydrogenation rate.-

I.5. Aim of Work.

It is clear from these introductory sections

4
to many different products depending on reaction

that reactions of NaBH, with transition metals lead
conditions. While metal hydrides are the most widely
studied'group of products, there are a significant
number of complexes involving coordinated BHé-,

which may be stabilized by the presence of certain
ligandé, especially tertiary phoaphines. Preliminary
studies have suggested that coordinated BH4 complexes
are formed as intermediates inathe reduction of
transition metals by NaBHé'in the presence of phosphines
and indeed, a mechanism for such reductions_haé been
_proposed (5) . Furthermore, a number of metal -BH4
complexes have beén shown to possess catalytic
properties, especially in homogeneous.hydrogenations,
but little kinetic data are available.

The main objects of the work described in this
thesis are to fufther investigate the reductions of
some group VIIT metals (especially Ni and Co) by NaBH4
in the presence of phosphines. Of particular interest
and importance are the conditions necessary for

the preparation, isolation and characterization

-
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of low valent intermediates which, in turn, should
lead to a better understanding of the detailed
mechénism of the reduction of metal salts by NaBH, .
Furthermore, the‘potential catalytic properties of
the reduction products are of great interest, and
this thesis presents a preliminary study of this
topic in the form of kinetic data on one transition

metal -BH, complex.

4
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IT. EXPERIMENTAL

II. 1. Chemicals.

Sodium tetrahydroborate, hydrated cobalt(II)
chloride, CObalt(IIf perchlorate and nickel (II)
chloride were obtained from British Drug Houses Ltd..
Hydrated ruthenium (IIT) chloride was obtained from
Engelhard Iﬁdustries and sodium hexafluorophosphate
and sodium tetraphenylborate from Alfa products,
Ventron Corporation. All the above chemicals were
used without further purification. Triphenylphosphine
was obtained from Aldrich Chemical Co. Ltd. and was
recrystallized from hot ethanol before use.

The complexes CoXZ(PPh3)
(X=C1, Br or I) (125), and RuCl,(PPh

2_(_X=Cl, Br or I) (124),
NiX, (PPh,), 3) o
(107) , were prepared by standard literature methods.
Due to thé oxygen sensitivity of the complexes,
all reactions were carried out in a glove box which
was continuously flushed with dry, oxygen free nitrogen
at a rate of 3 1. per min.. When not in use, the
glove box was maintained at a positive pressure of
nitrogen to minimize the’'inward diffusion of air.
Reagent grade benzene was heated under reflux

with calcium hydride for three hours and then dis-

tilled. 1-Hexene was distilled after
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first stirring with iron(II) chloride for ~12 hours
and then heating under reflux with calcium hydride
for three hours. All other solvents were reagent
grade, All solvents were degassed with oxygen free
nitrogen and stored over type 4A molecular sieves in the
glove box.
In the catalytic reactions, ﬁydrogen gas
(Matheson Gas Co.) was passed through a'deoxocatalyst

tube before admission to the vacuum system.

IT.2. Instrumental Procedures.

‘All samples used for physical measurements were
protected from atmospheric oxygen. Infrared studies
were carried out on a Beckman IR12 infrared spectro-
photometer. The samples.Qere mounted as nujol mulls
between polyethylene plates (200-650 cm-l) and between

sodium chloride plates (650-4000 cm '

). The spectra
were calibrated with a polystyrene reference film.
Electronic (éolution and reflectance) spectra were
recorded on a Cary l4 spectrophotometer. Room
temperature magnetic moments in the solid state were
measured by the Gouy method in a double ended tube
calibrated with Nien3(8203) or in solutions using the
n.m.r. method described by Evans (126). N.M.R. data

were obtained from a vVarian Associates model A60-A

spectrometer. Conductivity measurements were made on
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a YSI model 31 conductivity bridge. Samples for X-ray

powder diffraction were sealed in Lindeman X-ray

and photographs were recorded on Debye-Scherrer type
cameras (114.6 mm dia.) using nickel filtered copper
Ko¢ radiation from a Phillips PW1130, 3KW k-ray
generetor.

| Chemical analyses for nickel and cobalt were
performed using standard volumetric procedures with
E.b.T.A., after first degrading the metal complexes
by prolonged treatment with concentrated HNO3
Carbon, hydrogen and nitrogen analyses were carried
out under nitrogen atmospheres on a Perkin-Elmer

model 240 CHN analyser.

IT,.3. Synthesis.

II.3.1. Chlorotristriphenylphosphine)cobalt(I),

CoC1(PPh.) .

The synthesis of CoCl (PPh was reported by Sacco

3)3
who reacted a warm ethanolic solution of Co(II) chloride
and triphenylphosphine with sodium tetrahydroborate
(127). This reaction however does not lead to a

pure compound, and only approximately 50% of the

resulting yellow green product dissolved in benzene

from which the green CoCl(PPh3)3 was precipitated by
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addition of ethanol.
Analysis: calc. for CoCl(PPh3)3
C 73.6 H 5.2%

found. C 73.4 H 5.3%

..........

9.60(5), 8.89(10), 5.40(2), 4.94(2), 4.35(2),
3.85(5), 3.57(5), 3.41(3), 2.86(1).

The yellow brown residue which was insoluble in
benzene was not further investigated. 1In all subsequent

reactions involving CoCl (PPh the pure recrystallized

3)3’
product was used otherwilise more complex reactions

occurred

IT,3.2, TetrahYﬂroboratbtrig(triphenylphosphine)—

' cobalt (I) Co (BH,) (PPh.) ..

IT,3.2.1. CoCl(PPh,)./NaBH,/PPh

. 3l3 3°

A suspension of NaBH4kvO.Zg) in ethanol (~10 ml)
was added dropwise to a stirred suspension of CoCl(PPh3)3

(~0.4 g) and PPh, (~0.4 g) in ethanol (15 ml). The

3

resultant molar‘ratio' of CoCl(PPh3)3:PPh :NaBH

3 4

was 1:3:10. After addition of all the NaBH,

suspension, the mixture was stirred for four days.

*Estimated intensities based on an arbitrary scale

‘of 0-10.
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The resulting yellow green precipitate was filtered
off, washed with ethanol, water, ethanol and ether,
and finally dried under high vacuum for three hours.
Attempts to recrystallize this product, e.g. from
benzene or THF, resulted in decomposition to Co(BH4)-
(PPh3)2 (see later).
Analysié:“éélé. for Co(BH4)(PPh3)3
C. 75.4, H. 5.7, Co 6.8 %
found, C. 73.1, H. 5.9, Co 7.3 %

d-spacings (relative

intensities).
9,67(5), 8.99(10), 5.41(2), 4.91(2), 4.36(2)
3.85(5), 3.58(5), 3.42(2), 2.86(1).

IT1.3.2.2, ‘CO(BH&)(PPh35/PPh3

PPh3 (0.3 g) was added to a suspension of
Co(BH,) (PPh,), (~0.3 g) in ethanol (~25 ml), giving
a molar ratio of the reactants, Co(BH4)(PPh3)2_: PPh3
of 1:3. The mixture was stirred for four days during
which time the color changed slowly from dark green
to yellow green. The product, which was collected,
washed and dried as described above was shown from
its x-ray powder diffraction pattern, to be
Co _(BH4) (PPh3) 3¢
Chemical analyses of different samples of

Co(BH4)(PPh3L3were variable for reasons to be discussed
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later.

II.3.2.3. CO(II)’chloride/NaBH,/PPh3.

As a potential route to Co-BH, complexes,

4
reactions of CoClz, PPh., and NaBH, in ethanol were

3 4
extensi&ely in§estigated under conditions where the
molar ratio of the reactants, reaction time and
reaction conditions were systematically varied.
Thus, although reactions were investigated where the
molar ratios of Co : PPhB:‘NaBH4 were varied from
1:3:5 up to l:lOzZQ,'it was found that the‘nature of
the produqt(s) formed is more dependent on the rate
of addition of NaBH4 than on the ratio of reactants.
For example, if the rate of addition of the NaBH4
suspension is very slow (addition time longer
than 30 minutes),only CoCl(PPh3)3 was producéd even
though the mixture was stirred for up to 3 or 4 days.
If, on the other hand, the NaBH4 suspension was added
more rapidly (less than ~3'mins.),.mixtures of
H Co(PPh3)3 and HCo(NZ)(PPh3¥3were formed. 1In addition,

3
varying amounts of Ph_P-~BH. were also produced in

3 3
these reéctions, apparently formed from the presence
of small amounts of oxygen.
When the above reactions were carried out in air,

large amounts of Ph3P-.-BH3, Ph313=o and probably Co(II)-OH

species were produced.



- 66 ~

II.3;3. Tetrahydroboratobis (triphenylphosphine) -

cobalt (T) Co(BH,) (PPh,),.

I1.3.3.1. COCL(PPh,),/NaBH, .

A suspension of NaBH, (~ 0.2 g) in ethanol
(~10 ml) was added dropwise into a stirred solution of

CoCl (PPh (~0.4 g), (molar ratio 10:1) in benzene

3)3
(~15 ml). The green solution became brownish gfeen
and quickly precipitated dark green crystals. The
product was filtered off, washed with ethanol, water,
ethanol and ether, and then dried under higb vacuum
for three hours. Recrystallization from benzene or
THF resulted in no changé in the final compound.
Analysis: cale., for Co(BH)4(PPh3)2

C. 72.3; H, 5.7, Co 8.8 %
found. C, 72.1, H. 6.0, Co 9.2 %

-d-spacings (relative intensities):

13.52(8), 9.62(1), 8.70(10), 7.85(2), 6.30(1)
5.77(1), 4.95(1), 4.71(5), 4.37(7), 3.86(3)
3.35(1).

I1.3.3.2 COClz(PPh /NaBH4/PPh

312 3°

A ‘'suspension of NaBH, (~0.2 g) in ethanol (~10 ml)
was added dropwise to a blue suspension of CoClz(PPh3)2

(~0.3 g) and PPh, (~0.3 g) in benzene (15 ml).

3
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3)2 : PPh3 :

'Na.BH4 was 1:3:10. A gas, (presumably hydrogen),

was generated during the initial stages of NaBH4

The resultant molar ratio of'CoClz(PPh

addition and the blue solution changed immediately to
green and then within ~10 mins., to brownish green.

After the addition of all the NaBH, suspension,

4
dark'green cryétals'were produced. The product was
then filtered off, washed, dried and recrystallized
as described above and shown to be Co'(BH4)(PPh3)‘2 by

its X—ray‘pCWder'diffraction pattern.

I1.3.3.3. Co(BH,) (PPh;) ;/PPh;.

Co(BH4)(PPh3)3 (~0.3 g) was dissolved in benzene
(~30 ml) either in the absence of PPh, or with additional

PPh; (CotPPh, up to 1:10). The solution was then
filtered and concentrated under vacuum at room
4temperature until the tétal volume was reduced to

~15 ml., The dark green product was precipitated by
the addition of absolute ether (~20 ml), filtered off,

washed with ether and dried under high vacuum for

three hours and shown to bé Co(BH4)(PPh3)2.

IT1.3.3.4, Co(II) Chloride/PPh3/NaBH4.

A suspension of NaBH, (~0.2 g) in ethanol

4
(~10 ml) was added dropwise to the stirred suspension
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of CoCl_ 6H_ O (~0.15 g) and PPh, (~1 g) in benzene

2 2 3
or toluene or behzene/ethanol (2:1) or toluene/éthanol
(2:1) (~10 ml). A gas (presumably hydrogen) was
generated during the initial stages of NaBH4 addition
and the blue suspension changed immediately to greén
and then brownish green {(within 10 minﬁtes). The
dark green crystals were filtered off, washed, dried
and recrystallized as described above. The product

was shown to be Co(BH4)(PPh3)2 by its x-ray powder

diffraction pattern.

I1.3.3,5. Co(II) perchlorate/NaBH,/PPh,.

4
(~10 ml) was added dropwise to a Suspension of

A suspension of NaBH, (~0.2 g) in ethanol

Co(cC10,), (~#0.15 g) and PPh_. (~ 0.7 g) in ethanol

3
(~15 ml). ‘The resultant molar ratio of Co(ClO4)2‘?
PPh3 : NaBH4.waS‘l:6:10. A gas (presumablY.hydrogen)
was geperated.in the initial stages of the addition
of the NaBH, suspension and the color of the solution
turned from pink togreenish yellow. The mixture was
stirred for three hours, after which the yellow green
product was filtered off, washed and dried as
described above, and then recrystallized from benzene
or THF to give dark green crystals of Co(BH4)(PPh3)2.
Chemical analyses of samples of Co(BH4)(PPh3)2
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made by the different reactions described above, and,
in same cases, after repeated recrystallizations, were

variable and will be discussed later.

II.3.2.6.. ©Other Reactions.

The reactions of Coxz(PPh (X=Cl or Br) and

3)2
NaBH4 in ethanol, both in the presence and absence of
free PPh,; were investigated as potential routes to
Co—BH4 complexés. _No such pure complexes could be
isolated from any of a large number of reactions where
reaction times were varied from ~30 minutes up to

2 hours and where molar ratios of Co:NaBH, were

4
varied between lfé and 1:20., The products from these
reactiqns were shown to be mixtures of CoClz(PPh3)2
and CoCl(PPh3)3, in the absence of PPh3. As reaction
times were extended}(up to ~5 hours), the presence

of Co(BH4)(PPh3)3 a?d Co(BH4)(PPh3)2 was detected
(fronyi.r.spectral data). Similar reactions in the

presence of additional PPh (Co:PPh 1:3) and with

37 3

various amounts of NaBH4 yielded CoCl (PPh as the

3)3
only product when the reaction time was less than 3 hours.
Longer reactions, (up to ~15 hours) produced .

mixtures of H;Co(PPhj),, HCo(N,) (PPh;); and Co(BH,)-

(PPh,),,
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IT.3.4. -Tetrahydroboratotris(triphenylphosphine)—

Nickel(I) Ni(BH,) (PPh,) ..

This -compound was synthesized in a way similar
to that reported in the literature (5). A suspension
of NaBH, (~0.2 g) in ethanol (~10 ml) was added
drdpwiéé to the sﬁirred suspension of'NiCl2 (~0.1 qg)
and PPh, (~#0.6 g) in ethanol (~25 ml). A gas
(presumably hydrogen) was generated‘rapidly during
the initial stages of the addition of the NaBH,
suspension. The color of the solution changed ffom
green to orange and then slowly to reddish brown.
The mixture was stirred for three hours, when the
yellow brown precipitate was filtered off, washed
with ethanol, water, ethanol, and ether and then dried
underfvacuum for three hours. Attempts to recrystallize
this compound from benzene or THF followed by addition
of alcohol resulted in immediate decomposition to
compounds containing no coordinated BH4.
3)3
C. 75.4, H.5.7 Ni 6.8 %

Analysis: calc. for Ni(BH4)(PPh

found. C. 74.8, H.5.9 Ni 6.4 %
d-spacing (relative\intensities):
9.63(7), 8.92(10), 7.48(2), 6.30(2), 5.42(2)
4.45(4), 4.34(4), 4.04(2), 3.88(5), 3.44(2).

This complex, Ni(BH,) (PPhj;),, is pyrophoric, It
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turns black and burns instantly when exposed to air
and therefore it is essential that great care be taken
to exclude all traces of oxygen during its synthesis,

otherwise products contaminated with varying amounts of

Ph;P=0, Ph,P-BH, and Ni (0)~-PPh; complexes will be obtained.

IT.3.5. 'Bis(tetrahyaroborato)tris(trighenylphosphine)-

dinickel{I)‘Niz(BH

A suspension of NaBH4 (~0.2 g) in ethanol
(~10 ml) was added to a stirred suspension of'NiIz—

(PPh (~0.4 g) in ethanol (~15 ml). The molar ratio

3)2

of NiIz(PPh : NaBH, was 1:10. In the initial

3)2 4

stages of addition of the NaBH, suspension, a gas

4
was generated rapidly (presumably hydrogen). The

dark brown solution was stirred for 15 mins. after the

addition of all the NaBH and then filtered. The

dark brown solid was washed with ethanol, water and
ethanol, and finally with ether until all the brown

NiIZ(PPh 'was removed and the ether washings were

_ 3?2
colorless. The remaining green product was then
recrystallized from benzene and ether.

Analysis: calc, for 1\11(BH4)(PPh3)1_5

C. 69.4, H. 5.7, Ni 12.6 %

found. C. 69,5, H. 5.6, Ni 12.6 %

d-spacings (relative intensities):

11.81(3), 9.24(10), 8.45(10), 6.96(1), 6.22(5),
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4.94(1), 4.79(1), 4.,61(1), 4,45(7), 4,10(6).
This green compound turns black and burns instantly

when exposed to air.

IT.3.6, Tris(triphenylphosphine)nickel(I)hexafluoro-

22""g

phosphate [Ni (PPh,) J(PFJ .

A solution of NaPF_ (~0.2 g) in ethanol (~10 ml)

6
was added to the stirred suspension of Ni(BH4)(PPh3)3
(~0.2 g) and PPh, (~0.2 g) in ethanol (~15 ml).
A small amount of gas was generated during the initial
stages of addition of the NaPFg solution, The color
of the mixture changed slowly from reddish brown
to yellow brown. After stirring for two hours, the
pale yellow precipitate was filtered off, washed with
ethanol, water, ethanol and ethei, and finally re-
crystallized from THF.
Analysis: calc. for [Ni(PPh3)3J[PF6].
C. 65.5, H.4.6, Ni. 5.9.%
found. C. 65.2, H.4.9, Ni. 6.1 %

d-spacings (relative intensities):

11.01 (3), 10.14(2),’8.95(10), 8.05(2), 7.40(5),
4.71(1), 4.41(¢10), 4.25(3), 3.98(4), 3.78(3).

I1,3,7. Acetonitriletris (triphenylphosphine)nickel (T)-

hexafluorophosphate [Ni(PPh3L3(CH3CN))(PF513
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[Ni(PPh3)3][PF6](~O.2 g) was dissolved in
acetonitrile (~10 ml) in the presence of free-PPh3
(~0.1 g). A small amount of gas was generated as

the [Ni(PPh‘ ]EPFG) dissolved in CH,CN to form an

3)3 3
orange colored solution. The solution was filtered
to remove traces of a residue ' and then the filtrate
was concentrated under vacuum to ~2 ml.‘ Addition of
ether (5 ml) produced‘orange crystals which were
filtered off, washed with ether and dried under
high vacuum for three hours.
Analysis: calc. for (Ni (PPh3)3(CH3CN)J(PF6]
C. 65.2, H. 4.7, N. 1.4, Ni. 5.7 %
found, C, 64.7, H. 4.8, N. 1.3, Ni, 6.1 %

d-spacings (relative intensities):

10.54 (10), 9.35(6), 8.01(2), 7.55(8), 6.21(3)

5.42(5), 5.11(7), 4.44(8), 4.26(2), 3.05(1).

I7.3.8, Hydridotetrahydroboratotris (triphenylphosphine)-

ruthenium (IT) HRu(BH,) (PPh,),.

A suspension of NaBH, (~0.23 g) in ethanol

4
(~10 ml) was added dropwise to a supension of RuClz(PPh3)3

(~0.5 g) and PPh, (~0.4 g) in ethanol (~20 ml).

3

The resultant molar ratio of RuClZ(PPh PPh.,

3)3 @ PPhy
NaBH, was 1:3:10. The mixture was stirred for three
hours during which the color of the mixture changed

slowly from brown to yellow brown and then to yellow.
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The product was filtered off, washed with ethanol,
water, ethanoi ahd ether, and finally recrystallized
from benzene and dried under vacuum for three hours.

Analysis: calc. for HRu(BH4)(PPh3)3
C. 72.1, H. 5.6.
‘found. c. 72.4, H. 5.3,

d-spacings . (relative intensities):

10.36(8), 2.65(10), 4.68(3), 4.38(8), 3.75(1).

IT.4, Apparatus for Catalysis Studies.

The apparatus for catalyﬁic studies consists
of a vacuum line as shown in Figure 1. The rate
of hydrogenation was followed by measuring the drop
in pressure within the system as the reaction
progresséd.

The reaction took place . in a 100 ml three-necked:
round bottom flask. One neck was fitted with a
burette which contained the liquid substrate. If a
solid substrate.was used, the flask was fitted with
a rotating side arﬁ‘from which a teflon bucket could
be suspended. The other neck was fitted with a :otating
si@e‘arm on which a teflon bucket containing the

catalyst was suspended.
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IT.5. Procedure for Catalytic Studies.

Apiezon L grease was used on all stopcocks
and joints. The substrate (liguid) was placed in
the side-arm burette in the glove box and was stoppered
before transfer to the vacuum line. The required
amount of benzer.e was placed in the reaction vessel
with a teflon-coated magnetic stirrer. The catalyst
was weighed into the teflon bucket under a pure
nitrogen atmosphere and then attached to the rotating
side arm which was placed in the reaction vessel.
The flask was then attached to the vacuum line via
a condenser and the system evacuated. The benzene
‘was then frozen with liquid nitrogen and the
remaining air was removed by evacuating the flask.
The whole system was flushed twice with hydrogen while
the benzene was still frozen and then hydrogen was
admitted until a reading of v20 cm was obtained on
the manometer. The benzene was allowed to warm up
to rdém temperature’in the presence of hydrogen and
was then stirred for a few minutes in order to allow
the hydrogen to exchange with any residual oxygen.
The freezing, flushing and warming up procedure was
repeated twicé in order to ensure removal of all air.
The catalyst was added by rotating the side—afm and
.the_solutiop was stirred until all the catalyst was

‘dissolved. The required amount of substrate was then
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added to the flask from the burette and the desired
amount of hydrogen was allowed into the system.
At this time, the stopcock to the storage bulbs
(C and@ D) and ihe stopcock between the gas inlet and
flask (B) were closed. When stirring commenced,
the pressure drop of hydrogen within the system was
recorded as a function of £ime.

After the run, the solution was frozen and the
whole system was evacuated. Stopéock B was closed,
the solution was warmed up to room temperature and

the partial pressure of the solution was recorded.

II,6. Calculation of the, Rate of Hydrogenation.

During the hydrogenation of the substrate,
hydrogen uptake was measured from the manometer
reading x. Since the total length of the mercury

column was 92 cm, the total pressure ©Pp,, is given

T
by

Pp = 92 - 2x cm.
The partial pressure of hydrogeh PH is given by
‘ -T2

PHZ = Pp - Pgoln

Where Ps is equal to the vapor pressure of the

oln ‘
solution which is assumed to be constant during the
whole run. The rate of hydrogenation of the substrate

(or the rate of hydrogen uptake) is calculated at a
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given pressure. The rate of hydrogen uptake is

calculated in moles per minute , as follows:

PV = nRT
h o= 2Y
RT

dn _ dp/dt x V
S dt 3 RT

Where P is equal to pressure in atmospheres, V is the
volume of the system (mls), n is the number of moles
of hydrogen taken up, R is the gas constant (8.025 x

EE:EEE ) and T is the temperature in degrees Kelvin.

’K-mole ‘

The volume of the system was calculated to be
80 mlsrwithout the condenser and the empty flask was
measufed to be 149 mls. Thus the total volume is
80 + 149 -~ 25 (§dlume occupied by the solution)

= 204 mls.
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TTI, RESULTS AND DISCUSSION .

TIT, 1, Reactions of Cobalt Complexes with Sodium

Tetrahyvdroborate

Addition of an ethanolic suspension of NaBH,
(1M excess) to a warm (~30-40°C) ethanolic suspension

of CoCl.,* 6H (Co :PPh

2 2 3 3
b50wnish—green compound reported to be CoCl(PPh3)3

O and PPh =1:3) gives the
(127), However, only approximately 50 % of this
material is soluble in benzene from which the pure

green CoCl (PPh can be obtained. The reflectance

313
spectrum (Figure 3 ) and room temperature magnetic
‘moment (3.05 B.M) are consistent with a tetrahedral
d8 structure as previously reported (127), and indeed,
the complex appears to have prbpertiesvvery similar
to those reported for the same Co(I) complex made
’by reductions involving zinc metal or electrolytic
methods (127).

The yellow brown benzene insoluble residue has
not been extensi;ely investigated, but it does have
a reflectance spectrum and infrared spectrum (Véo—Cl
at 300 cmal) similar to those df the_green‘CoCl(PPh3f3.
Both materials react with ethanolic NaBH, when

dissolved or suspended in benzene solution in the

presence or absence of additional PPh;; in all cases,
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the product is Co(BH4)(PPh3)2. However, the benzene
insoluble material does not react with NaBH, in ethanol
alone in the presence of PPh3, while the green CoCl(PPh3)3
does so readily.

These two compounds could be isomers of CoCl(PPh3)3,

the yellow-brown material possibly being polymeric.

ITI.l1.1. Formation of Tetrahydroborate Cobalt Complexes.

I1T.1.1,1, Tetrahydroboratotris(triphenylphosphine) -

cobalt(I), Co(BH,)(PPh,),.

Many attempts have been made to prepare and
further characterize the previously reported (5)
monodentate complex, Co(BH4)(PPh3)3. Reactions between
CoCl2 6H20, PPh3 and NaBH, in molar ratios varying
from 1:3:5 to 1:10:20 have been investigated under
conditions Similar to those reported previously (5),

but the synthesis of Co(BH4)(PPh could not be

3)3
reproduced. The products from the above reactions mostly
depend upon the rate of addition of tﬁe NaBH, suspension
and less so on the reaction time and molar ratios of

the reactants.

If all of the NaBH, suspension is added to the

4
Co(Ir)~PPh, mixture within 3 minutes, essentially
the same products are formed even though reaction times

may vary from 30 minutes to 18 hours. These reactions
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produce mixtures of H,Co(PPh,) . (VCo-H=1745 and

1

1973 cm" "}, HCo (N, ] (PPh 0/1\1220.40 em™ 1) and small

3)3

amounts of Ph3P—BH (weaki/é-H ~2380 cm—l). The last

3
product was positively iaéntified from its X-ray powder
diffraction pattern. The formation of these products
may be rationalized as follows.,

The solubility of PPh3 in ethanol at room
temperature is low compared with that of C0C12;6H20

Therefore, if the NaBH, suspension is added too quickly

4

not enough PPh, is in solution to coordinate to the

3
cobalt (II) and thereby protedt all of the Co(II)chloride
from rapid reduction to cobalt boride. Metal borides
are generally amorphous and the presence of cobalt
boride would therefore not be revealed on xX-ray
patterns. Moreover, it is well known that small amounts
of metal borides catalyse the rapid decomposition

of NaBH4 to release large amounts of H, (129), This
would=¢xp1ain the formation of cobalt hydride complexes
rather than tetrahydroborato complexes. Oxidation

of Co(I)\PPhB\'BH4 complexes, which may be present

in small amounts as intermediates in these reactions,

1eads to the formation of Ph3P-BH This oiidation

3.
may occur because of the presence of trace amounts of

oxygen in the system, 1In this connection, it has been

observed that, in recording X-ray powder patterns of

‘Co(BH4)(PPh3)3, lines of the adduct Ph3P—BH3 appear

if the capillary is improperly sealed or the tip
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broken during its mounting in the camera.

Tf the NaBH, suspension is added to the Co(II)-

4

PPh, mixture more slowly, e.g. over a period of 30

3
minutes, or if 1 mole (per mole of Co(II) ) of NaBH

4
is first added, followed by a large excess, then
the sole product ig the yellow brown CoC_l(PPh3)3
(c.f. the'yellow complex previoﬁsly described). This
compound does not undergo further reaction with NaBH ,
in-ethanoi}evén if the mixture is stirred for up to
3 days.

Similar reactions have been carried out in air.

Thus, when an.ethanolic NaBH, suspension is added to

4

a stirred Co(II)chloride/PPh3 mixture in ethanol a

mixture of Ph,P-BH,, Ph,P=0 and a cobalt complex

3 37

containing no PPhg, [CO(OH)Z)H(F? '); » is obtained.
From the similarity of the B-H stretching

frequencies previously reported in the infrared
'spectrum of Co(BH4)(PPh3)3 (5) and those of Ph3?-BH3,
together with the absence of a frequency associated
with the B~Hb‘group in the former, it seems likely
that the earlier description of Co(BH4)(PPh3)3 is
wrong. It is unfortunate that no X-ray powaer data
were recorded‘on this compound, which may have been
a mixture of CoCl (PPh;) 3, Ph,;P-BH; and possibly a
Co(I) hydride/phosphine intermediate which would

readily produce, as was reported, HCo(Nz)(PPh3)3 on
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recrystallisation from N2 saturated solvents.

However, a green complex formulated as~Co(BH4)(PPh3)3,
can be synthesised by alternative routes which will
now be described. Addition of an ethanolic NaBH4
sﬁspension (lOM excess) to a stirred suspeﬁsiOn of

the green CoCl (PPh and PPh., (3M excess) in ethanol

3)3 3
at room temperature under nitrogen for 4 days gives

a green, air sensitive, paramagnetic sqlid, with a magnetic
mémentAof 3.25 BM based on the formulation Co(BH4)(PPh3)3.
It appears that a minimum of four days is required

for completion of this reaction. For example, the

infrared spectrum of the precipitate obtained after

one hour showed a strong absorption at ~ 300 cm—l

due to the Co~Cl stretching frequency, and no B-~H
stretching frequency was Qbserved. Precipitatés

taken after increased reaction times showed a steadily
decreasing Co-Cl absorption and increasing B-H
stretching frequencies until after 4 days the former
had disappeared completely.

This same compound, Co(BH4)(PPh can also be

3)3
prepared by the addition of PPh3 to the complex

Co(BH4)(PPh3)2 in which the BH4— group is bidentate
(see later discussion), Thus, when Co(BH4)(PPh3)2 is
stirred with PPh; (3M excess) in ethanol solution at
room temperature under N, for 4 days, Co (BH,} (PPh,) ,
s produced, This reaction too needs a minimum of
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4 days for completion, otherwise mixtures of products
are obtained,

Instead of ethanol as the solvent in the above
reactions, the use of methanol has also been investigated.
In both reactions the rate is faster and, after 24
hours, both give Co(BHé)(PPh3)3 identified by X-ray
powder diffraction.

Unfortunately, repeated attempts to obtain good
chemical analyses on these complexes have so far
yielded results which are not entirely satisfactory.
Analyseskare particﬁlarly poor on the products from
‘ﬁhe methanol reactions which are probably contaminated
by amorphous Co-borides, accounting for the abnormally
high magnetic moments observed for these compounds.
However, infrared spectra strongly support the presence
of the monodentate BH4~ group, electronic properties
are consistent with the presence of Co(I) and the
X-~ray powder patterns of the above compounds are all
the same. In fact it is the latter which provide the
most convincing evidence for the existence of
Co (BH,) (PPh3) 3 since they.Show the complex to be strictly
isomorphous with the green CoCl (PPh3) 5. This is
particularly significant for the product from the
Co(,BHé)(PPhB)2 Pph3 reaction, in which no chloride
ioné are involved and therefore contamination of the

product with CoCl (PPh is not possible. ' A further

3l3
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© discussion of the physical properties and structure

of this species will be presented later,

ITT,1.1,2, Tetrahydroboratobis (triphenylphosphine)-

cobalt(I) Co(BH,) (PPh,),.

From the reaction of N'aBH4 with CoC12°6H20 and

PPh3 in toluene-ethanol under nitrogen, a green
crystalline solid, formulated as Co(BH4)(PPh3)2 is
produced, Infrared spectra} data (to be discussed
later) are consistent with the presence:of‘a bidentate

BH, group. It is interesting that, when PCy3 is used

4
instead of PPh, in analogous reactions, only the Co(II)

complex HCo(BH4)(PCy3)2 is formed (68). This is
reasonable, since PPh3 is a better -acceptor than

PCy, (135}, and the bulky tertiary phosphines such as

PCy3,‘PPr1,,BBu§ etc. have been shown to stabilize

BH4 complexes of transition metals in higher oxidation
states (76).

The complex»Co(BH4)(PPh can also be made in

3)2
a number of other ways. For example, addition of an
ethanolic NaBH4 (10M excess) suspension to suspensions
of CoCl(PPh3).3 and PPh3 (3M excess) in benzene produces

the same green crystalline-compound, Also, either

the green recrystallised CoCl (PPh or the crude

3)3
CoCl(PPh3)3 react in benzene with NaBH , (10 M excess,

in éthanol) and Co(BH4)(PPh3)2 is formed both from
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this reaction and from a similar reaction with additional
free PPh3 present. Furthermore, as has already been
mentioned, this complex is also produced from attempts
to recrystallize the previously discussed monodentate
Co(BHé)(PPh3)3 complex from benzene or THF, in the
presence of free PPh3. Finally, a convenient route
to its prebaration involves the reaction between
hydrated cobalt (II) perchlorate, PPh3(6M excess) and
NaBH4 (10M excess) in ethanol. The pure compound
is obtained after recrystallization from benzene or
THF., As has been described earlier, Co(II)chloride
behaves quite differently under these conditions,
producing a mixturevovao(I)chloride and hydride
complexes,

A number of other reactions between NaBH, and a

4

variety of Co complexes have been investiéated. For

example, addition of an ethanolic NaBH, (10M excess)
suspension to a stirred suspension of C°X2(PPh3)2'

(X=C1 or Br, usually Cl) in ethanol gives a mixture
in poor yields

of Co(BH4)(PPh and Co(BH4)(PPh

3)2 3)3
after 5 hours., If the reaction time is shorter than
2 hours, a mixture ofcbclz(PPh3);and CoCl(PPh3)3.
(identified by infrared spéctroscopy) is obtained.
The formation of these complexes may be rationalized

by the following scheme;



- 87 -~

CoCl, (PPhy) , &=F{CoCl, (PPh ) ) (x=1 or 2)
{cocl(PPh,) ) ZEB3. CoCl(PPh,)
3'2) /—= 33

| -,

———
LCO (BH ) (PPh3);\._____ Co (BH,) (PPh,)
monodentate bidentate

.

Co (BH,) (PPh,) ,
monodentate

Solvent; ethanol.

The formation of Co(BHé)(PPh in this reaction

| 313
(ewven though in small quantities) is much faster

compared with its formation from the green'CoCl(PPh3)3,

PPh3 and.NaBH4.

the proposed 3-coordinated intermediate (CoCl(PPhj)z)

One possible explanation is that

is very reactive towards substitution, forming the
monodentate [Co(BH4)(PPh3)2] which can then either
isomerise to form the bidentate Co.(BH4)(PPh3)2 or

pick up PPh3 to form Co(BH4)(PPh3)3’

In the'presence of free PPh3 (3M excess), NaBH,
reacts with CoCl(PPh3)3 in ethanol to give, after 15
hours, a mixture of'H3Co(PPh3)3, HCo (N,) (PPhy), and

a small amount of the bidentate Co(BH4)(PPh 5 (from

3)
infrared spectral data). Similar reactions between
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Co(II)chloride, PPh, and NaBH

3

addition of‘therNaBH

4
(Section III;l.l.) yields only

with a rapid rate of

4
hydride complexes, The difference between these two

reactions is that, in the latter case, a small amount
of cobalt boride may be formed, which will'catalyse
the(deéomposition of the NaBH4 to H2, and therefore
only the hydride cbﬁplexes are formed,

Thus, NaBH4 reacts with both Co(I) and Co(II1)
compounds‘undér various conditions to produce
Co(BHA)(PPh3)2, Contamination of this complex by
Co.hydrides, produced via the formation of Co boride
as described above, is minimized by reacting NaBH,
with a Co(I) starting material.

In these reactions between NaBH4 and various
Co(IT) or Co(I) complexes in the presence of PPh3,
it is apparent that the solvent plays a major role in
determining the nature of the product(s). For example,

the reaction of CoCl(PPh3)3 with NaBH, in ethanol, in

4

the presence of free PPh,.  slowly gives the monodentate

3
Co(BH4)(PPh3)3 after 4 days. But, when the reaction

is carried out in a benzene/ethanol mixture, the

reaction proceeds much faster and in less than 30 minutes

préduces Co(BH4)(PPh3)2. This»éan be explained if
CoC1(PPh,) dissociates in benzene to give an intermediate
complex Coql(EPh3)2. No molecular weight data are-
available at this»time,‘but the'analgous NiCl(PPh3)3

has been found to dissociate extensively in benzene
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solution (130). As\ﬁ@nyKMQd:‘before, this proposed
3-coordinated species would be expected to be active
towards substitution to give the monodentate Co(BH4)—

(PPh ~intermediate, which subsequently isomerises

3)p inte
to the bidentate Co(BH4)(PPh3)2 complex, as summarised

 below:

::::2[Coc1(PPh3)2]
3—-coordinated

l BH4
X1

[coen,) ®Ph,) ,]_Syco(BH,) (PPR,),
monodentate bidentate

Il =

Co(BH4)(PPh

._'c‘ocl (Pph3) 3

3)3
monodentate

Solvent: benzene ethanol.

The fact that only the bidentate Co(BH,) (PPh;), can
be isolated, stroﬁgly suggests that Kf»'Kz and that
the equilibrium lies mostly to the right. That

dissociation of Co(BH4)(PPh must have occdrred

3)3
in benzene solution (even in the presence of added

PPh3) is supported by the fact that recrystallisatioh
of the monodentate complex from benzene solution

affords only Co(BH4)(PPh K, therefore must be

small, In ethanol solution, in which CoCl(PPh3)3 is

only sparingly soluble, dissociation is suppressed
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by the presence of free ligand and therefore the
formation of Co(BH4)(PPh3)3 probably proceeds vié a
5-coordinated intermediate by an SN2'mechanism,

The reaction of NaBH, and Co(II)perchlorate/PPh,
in ethénol results only in the formation of the
bidentate CO(BH4)(PPh3)2, This reaction must proceed
via a different mechanism from that discussed above,
and a cationic species, such as [Co(PPh3)X]d'may
'be present as an intermediaté. The PPh3 concentration
is relatively low compared to that ovaH4~ and .this,
together with the high affinity of a cationic cobalt
interﬁediate towards the anionic BH4- ligahd,
makes it reaéonahl;to suppose that the formation of

the bidentate Co(BHé)(PPh could be faster than the

‘ 3)2
formation of the monodentate Co(BH4)(PPh3)3complex.

III.1.2, Structures of the Tetrahydroborato Cobalt
Complexes.,

II1.1.2,1. Tetrahydroboratotris(triphenylphosphine) -
: .
cobalt (T) go§§H4)(PBh3L3

The infrared spectrum of Co(BH4)(PPh3)3 is shown
in Figure 2 and the important frequencies are listed in
Table 15. The two strong absorption bands at 2410 and

-1 . ’ :
2320 cm are assigned to the terminal B-H,_ stretching
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frequencies and £he band at 2050 cm—l to the bridging
stretching frequency Bva. The expected strong BH3
 deformation mode is not observed, possibly because

it ié coincident with the absorption band of PPh3 at
11090 cm’l, but the expected weaker absorption band

at slightly‘higheffrequency appears at 1104 cm—l.

When comparednwith the bands expected for thé various
possiblé cdordinatibn modes of the‘BH4--group already
discussed in the introduction to this thesis (Table 10),
there seems 1itt1é-doubt that the complex Co(BH4)(PPﬁ3)3
has a monodentate BH4 grouping,

In this connection, it should be mentioned that

the infrared spectrum of the complex or mixture of

"CO(BH4)(PPh3)3‘(5) showed absorption bands at 2390(s),

2340 (sh) and 1105 cm™* which are remarkably similar

to the)/g—H.and SB—H'stretching frequencies of Ph3P—BH3

(see Table 15). No-Y@-H was observed and, as

b
mentioned in the preceding discussion, the compound

reported was probably a mixture of CoCl(PPh3)3, Ph_P-BH

3 3

and a Co(I) hydride.
The electronic reflectance spectrum (Figure 4)

of Co(BH4)(PPh3)3 is quite similar to that of CoCl(PPh3)3

which has been interpreted (127) in terms of a d8

tetrahedral system. The absorption bands are assigned

as follows:
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The-magnetic moment of Co(BH4')(PPh3)3 at room temperature
is 3,25 BM and thisvtooiis'consistent with that

expected for a tetrahedrai high spin d8 configuration.,

" As mentioned previously, the - X-ray powder pattern of

Co (BH, ) (PPh is identical with that of CoCl{PPh,) g,

3)3
indicating ‘that the two compounds are probably
isostructural Thus; desplte the rather poor chemical
analyses, all the physical data are consistent with a
tetrahedrally4coordinated-Co(I) with a‘monodentatev
.BH4 groupingr | |

I1I1,1.2.2, Tetrahydroboratobis (triphenylphosphine)-—

cobalt(I)‘ Co(BH4)(PPh3LZ.

The infrared spectrum of Co(BH,) (PPh is shown

s
din Figure 4 and the bands . assoc1ated with the BH4
group are tabulated in ‘Table 15, These data-should
be compared'w1th the‘assignments» in Table 10: which
considers the possible coordination modes of the
3H4 group. Tnus'the'absorption.bands et 2450 and

2390(s-h)~cm"].‘,l the terﬁinal B-H stretches,'and at

t
1970 and 2040 cm’lﬁ the symmetrlc and antisymmetric
‘ bridging stretches, fall w1th1n the range observed in
,other*complexes containing the bidentate BH4 grouplng

(see Table 12), The other two expected.absorption'

bands (Teble)10)'at'31300—15001cmFl,r/BeHb, and
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“'11b0—1200 cmvl, SB—H, do not appear in the ihfrared
spectrum of Co(BH4)(PPh3)2, probably because they are
hidden under the absorption bands of Nujol and. ligand
respectively (the complex is decomposed in hexachloro-
butadiene) , 'In an attempt to resolve this problem, the

éomplex Co(BD4)(PPh was made and its infrared spectrum

3)2

shows the terminal)/B—D stretching frequency at

t
1830 cmFl, but all other B-D vibratibnai modes appear
to be hidden under'the absorption pands of the ligand.
The]isptopic shift, VQD)/VQH), of.0,747 is consistent
with the valﬁe observed in the Co(II) complex, |
HCo (BH,) (PCy,l, (68) ., Therefore, on the basis of
infrared spectral data, it is not unreasonable to
suppose that CQ(BH4)(PPh3)2 contains a bidentgte BH,
group. ‘

Theielectronic reflectance spectrum (Figure5 )
3)

of the‘Co(BH4)(PPh' o unlike the spectra of'CoCl(PPh3)3

and Co(BH;)(PPh shows only a single low intensity

3)3:
absorption band at 14700 cm L, which shifts to 16600 cm T
(€=88) .in benzene solution. The position and intensity
of. this single absorption band leaves little doubt

that it is d-d in origin. Furthermore, its position

ana intensity are almost exactly what is expected for

the electronic transition associated with a low spin

square planar d8 system., However, repeated magnetic

moment determinations on different samples of Co (BH,) (PPh,),
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in the solid state show that the complex is in' fact
high spin, with an average.Qalue of 2.98 BM. Moreover,
magnetic moments measured in concentrated benzene
solutions at room temperature by n.m;r. spectrometry
(126) suggest that the paramagnetism of,thisfcomplex
is greatly reduced (~0.96 BM). There is no evidence
of‘decomposiﬁion in'solution. This apparent spin
state change‘is not accompanied by any radical change
in the electronic spectrum and an explanation of these
observations is not obvious. The available evidence
points to a square planar Co(I) system-in solution,
but in the solid state the structure will probably not
be known until a‘single crystal X—ray‘study is undertaken.
‘A compérison was made‘of the X-ray powder patterns

of Co(BH4)(PPh and the potentially very closely

3)2

related species Cu(BH,) (PPh The latter is known

3)2¢
from single érystal X ~ray data (147), to have a

tetrahedral structure with a bidentate BH, group.

4
However, since the powder patterns of the two complexes,
listed below, are radically different all that can
be said with confidence is that the two complexes are
not isostructural, although this does not exclude the

possibility that the gross stereochemical arraﬁgement

about the two metal ions may be related.
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d—sbacing (relative intensities):

Co (BH,) (PPh;),
13.52(8), 9.62(1), 3.70(10), 7.85(2), 6.30(1),
5.77(1), 4.95(1), 4.71(5), 4.37(7), 3.86(3),
3.55(1). |

Cu (BH,) (PPh,),
11.04(1), 7.55(8), 6.96(2), 5.84(4), 5.43(1),
4.32(10), 3.81(4), 3.24(1). |

ITI.1.3., Stability and Reactivity,

Many metal<tetrahydroborate complexes are air
sénsitiﬁe,(particularly in solution), even those with
metals in what are generally considered to-bé stable
oxidation states like Ni(II) and Co(II), e.g. HCu(BH4)—
(PCy;), (68), HNi(BH4)(PCy3)2 (69), etc. It is
therefére not surprising that Co(I)—~BH4 complexes are
eéen moré ai: sensitive, and, for example, Co(BH4)(PPh3)3
is rapidly oxidised in air in the so0lid state, producing

Ph_P-BH. and Ph

3 3 3P_=0 (identified from i.r. spectral

‘nitrogen atmosphere, the complex is quite stable
over long periods of time. 1In spite of this, totally
satisfactory chemical analyses for this compound have
not yet been obtained, .In this connection, it is

interesting to note that the BH, complexes of

4
aluminum, Al (BH,) (PPh,)} (131}, and Al(BH4)(PMe3) (132)

decompose in the presence of an excess of the
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appropriate phosphine ligand. The preparation of
Co(BH4)(PPh3)3 involves a 4-day reaction in the presence
of an excess of PPh3 so that, by analogy, some
decomposition may occur. This, coupled with the lack

of a suitable method. of recrystalli%ing the complex

may account for~the'slight discrepancy in the analyses.

» 3)3 is heated under reflux with PPh,
in ethanol, Ph3P—BH

When‘Co(BH4)kPPh

3 and an unidentified amorphous

Co-(OH) complex which has a low carbon and hydrogen
content, are.prqduced. At room temperature, Co(BH4)(PPh3)3
decomposes in ethanol over 24 hours to give a green
precipitate in low yield. This green precipitate

which has so far not been identified, appears to have

" a high spin d® tetrahedral system from its reflectance
spectrum in Figure 3 . The i,r, spectrum of'this

green precipitate shows no absorptions QSSOCiated with

the BH, group, and one possibility is that the complex

may bé a Co(I) hydride formed-és shown below,

although this clearly needs further investigation.

Co (BH4) (PPh3) 32 HCO(PPh3) 3 * %BZHG

When Co(BHél(PPh is stirred or heated under reflux

3)3
for 3 hours in either CH

3CN or CH3NO,, a white

precipitate of Ph,P-BH, is produced (identified from

3
i.r. spectral data).

When Co(BHé)(PPh is dissolved in benzene or

3!3 ,
THF, decomposition to the bidentate Co(BH4)(PPh3)2
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occurs even in the presence of added PPh3. This may
be accounted for by a combination of the enhanced
stability of a chelated BH4- group over a monodentate
group, together with the known tendency of similar
phosphine complexes to dissociate readily (e.g.,

NicCl (PPh (130), RhCl (PPh (107), RuCl, (PPh (17))

3)3 3)3 : 3)3
possibly. to relieve crowding about the metal center,

Co(BH4)(PPh is also air sensitive and is

3)2
rapidly converted into a Co(II)~-complex ( ? ),

releasing'Ph3P~BH and Ph3P=O at the same time. When

3
it is stirred or heated under reflux in CH3CN.or

3

CH,NO,,

it produces, like Co(BH4)(PPh

or heated under reflux with PPh, in ethanol,

3)3, the adduct.Ph3P—BH3.
In spite of its higher stability, Co(BH4)(PPh3)2 can
be converted to the monodentate Co(BH4)(PPh3)3 in

the presence of added PPh3 in a solvent in which both
complexes are only éparihgly soluble (e.g. ethanol),
(c.f. Al(BH4)(PMe3)2'which can be formed by addition
of one ligand to Al(BH4)(PMe3)'at low temperatures

(132)). The complex, Co(BH4)(PPh cannot convert

3) 3¢
back to the~Co.(BH4)(PPh3)2 in ethanol probably due

to the fact that the former, having a lower solubility,
precipitates out from solution as soon as it is

produced. The greater the excess. of Ph3P, the more

easily the conversion to the monodentate complex occurs:
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EtOH ,
Co(BH,) (PPhy)l, + PPhy — > Co(BH,) (PPh3); y

» Metal-sBH4 complexes have been shown to react
with chloroform‘very rapidly (133)., Both the bidentate
and monodentate Co(I)—BH4 complexes react, not only
with chloroform, but also with methylene chloride,
carbon tetrachloride and hexachlorobutadiene very

rapidly to give CoClz(PPh (identified from i.r,

3)2
spectral data), A similar result has been observed
when CdCl(PPh3)3 is dissolved in CHZClZ‘

In view of the fact that certain Ni-(I)-~BH4 complexes
with nitrogen containing ligands e.g. Ni(Phen)z(BH4)

( 7 )} react with NaPF_, or NaBPh4 in ethanol to

6

produce the corresponding salts of PF_~ and BPh4—,

6
it was of interest to investigate similar reactions

with the phosphine~BH, complexes. Reactions of

4

Co (BH,) (PPh and Co(BH,) (PPh with both NaPF_ and

3)3 . 32 6
NaBPh4 in the presence of PPh3 in ethanol have been

studied.: Co(BH4)(PPh3)3 is decomposed in ethanol
within approximately 1 hour when stirred with either

NaPF_ or NaBPh4 while, under similar conditions,

6

some Co(BH4)(PPh remains unreacted even after three

312
hours. 1In all cases however, there appears to be

general decomposition of the Co(I) complexes with the

production of PhBP—BH together with unidentified Co

3
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containing products,

ITTI,l.4, Mechanism of the Reaction between Cobalt

Complexes and Sodium Tetrahydroborate,

In the light of these studies, the earlier reported
mechanism propoéed fdr the reduction of transition metals
by tetrahydroborate (5,134,6) can now be expanded.

Figure 6 therefore presents a summary of the results

obtained on Co(II)~-NaBH, reductions in the presence

4
of PPh3 and shows the most probable mechanism for

the reactions.
To summarize this section, it has been shown

that the products formed from reactions of NaBH4,

Co (II) and PPh3 depend essentially on three factors.

4.

If the rate of addition of NaBH4 to the

mixture is fast, then cobalt hydrides are

1], The rate of addition of NaBH

CO(II)/PPh3

the major products and the low valent Co—BH4

complexes are not produced in any significant quantity.

For the slow addition of NaBH,, the unstable BH4—

~intermediate complexes can be intercepted and isolated.

1i), The presence of free ligand.

From reactions of NaBH4 and C0012(PPh3)2
in ethanol, Co(Il-BH4 complexes are produced in the

absence of free PPh3. In the presence of free ligand,



106

.€

Y3l UT suoT3jonpor wmmMZI

(II)0D 103 wstueyOSW 91qTSss od-

Ydd Fo soussaad

‘POIRTOST usaq jJou saey [ JuTy3tm sexsrduoy

mﬁ zvoum

¢¥qo0m ﬂ&

mOU H

HO3Z ®3e3juspiq
Nmmwmmvog

93ejuspouou 9.9 P®3euTpIOOO-¢.
£ 7 : H™D
d{"Hg) 0D &

= [%a("ng) 00
HO33/d 4

\umwmxooyﬁq

no3a/u%,/ Vug

,moum\m\:wmm

€ax%o0 e hxmxoo& -

% 10 1v

HO33/a/ "na

\\\\ Ho%a/°1%/_"ug

msmmum

Tug 30

QOH#HU.@M Um.mm

HO3d/a/_"na

C.2

d"X0D

mouM\m\uvmm

o

"9 axnbrg

mm.mxoo



- 147 -

cobalt-hydrides are produced,

tii). The solvent,

While only two solvents have been used to
any great extent in thié work, clearly the solvent
plays an important role in determining the final
product of a reaction. If the proposed intermediate
complex can dissociate,’as apparently occurs in benzene,
then Co(BH4)(PPh3)2-is the main product. On the other
hand, if dissociation of the intermediate is suppressed,
as when ethanol is used, then the monodentate

Co(BH4)(PPh3)3 complex is the preferred product.
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ITI,2. Reactions of Nickel Complexes with Sodium

Tetrahydroborate,

ITI.2,1, Formation of Tetrahydroborato Nickel Complexes

ITr.2.1,1. Tetrahydroboratotris(triphenylphosphine)-

Nickel (T) N1(BH4)§PPh3L3.

It has been established that, while the previous
report (5) o_f.Co(BH4)(PPh3)3 is'wrong, this complex,

and Co(BH4)(PPh can be made by carefully controlled

312
NaBH4 reductions. It was therefore of considerable
importance to reinvestigate the preparation (5) of

the analogous Ni (I) complex, Ni(BH4)(PPh3)3, and to
reexamine its properties, especially its reported
diamagnetism, A careful and systematic study of
reactions between NaBH4 and Ni compounds in the presence
of PPh; was therefore undertaken.

Tn this work the complex Ni(BH4)(PPh is made

3)3
from the reaction between Ni(II) halides, PPh3 and

NaBH4 (1:6:10 molar ratios) in ethanol at room

temperature. It can also be made (136) by the reaction

of NiCl(PPh3)3 with NaBH4 in ethanol, like the corresponding
Co complex, The reaction is complete in approximately

3 hours and is independent of the rate of addition

of NSBH4 (unlike the corresponding Co reaction).



The product is a pyrophoric solid with the same
properﬁies as reported (5) for Ni(BH4)(PPh3)3. For
example, the infrared spectfum shows 2 sets of

absorption bands at 1060, 1105 and at 2390, 2340~cm—1
whiéh were assigned (5) to SB—H and)/B—H respectively
of a monodentate BH4_group,~a1though it should be

noted that the spectrum is very simi;ar'to that of
Ph,P-BH,. The complex is diamagnetic and shows no

d-d bands in its reflectance spectrum,

- That the above product is not a mixture of

PhBP-BH3 and an air sensitive, diamagnetic Ni(0)-
phosphine complex ié shown by its unique X-ray powder
pattern and by its chemical reactions. Thus, the
complex reacts with NaPE‘6 to give the pale yellow
complex, [Ni(PPh3)51fPFé] which, on recrystallization
from acetonitrilé, givesefNi(PPh3)3(CH3CN)J[PFGJ.

These two PFG—‘salts will be discussed later, but

the latter ‘has electronic properties entirely consistent
with the presence of Ni(I)f These facts, together

witﬁ consistent chemical analyses, suppdrt the
formulation of the above complex as the Ni(I) species,
Ni (BH,) (PPh,) 5.

However,vuniess»oxygen is rigorously excluded.

from reactions of-‘NaBH4 with Ni. (II) in the presence
of PPh3,,mixtures of Ni(O)+PPh3 cbmplexes;P£3P=o

and Ph P-BH are produced. These compounds are formed

3
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from the decomposition of Ni(BH4)(PPh3)3

The complex Ni(BH4)(PPh is insoluble in ethanol,

3)3
and attempts to recrystallize it from benzene result
in decomposition and the formation of a mixture of

the Ni(0) complex, Ni (PPh and Ph3§~BH3.(identified

3)2r
from i.r. spectral data and X-ray powder patterns).
In fact, reactions between NaBH; and Ni(II) halides
in the presence of PPh3 in benzene lead‘to the same
products,

Since the analogous chloro complex, NiCl(PPh3)3,
dissociates in benzene to give NiCl(PPh3)2 (130),
Ni(BH4)(PPh3)3 may behave similarly in solution and

decompose as follows:

Ni (BH,) (PPh,) ; — > [ENi (PPh

|

i i

3)2] + Ph,P-BH,

I11,2.1.2, Bis(tetrahydrobdrato)tris(triphenylphospine)—

dinickel(I), Ni, (BH (PPh )

4)2

It is well known that reactions of NaBH4 with,
nickel (IT) hydrido complexes containing bulky phosphine
ligands produce Ni(II)vBH4 complexes, e.qg. HNi(BH4)L2,

(L=PCy3 or PPr;) (69). In this work, analogous reactions
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between NaBH, and the Ni(II)-halo complexes of PPh,,
NiXZ(PPh3)2 (X=Cl or I), in ethanol and benzene have
been studied. These reactions (in ethanol) rapidly
-produce a pyrophoric diaﬁagnetic tetrahydrdborato—Ni
complex in rather low yield (~30 %). Addition of
small amounts of free PPh3 and/or prolonging the
reaction time (up to 1 hour) only leads to the
coproduction of Ph3P—BH3 (identified from i.r. spectral
and X-ray powder data). As the amount of free PPh3
is increased, so Ph3P—BH3 becomes the major product,
Similar reactions in benzeﬁe/ethanol mixtures lead

to decomposition and to the productién of Ph_ P-BH

3 3
and unidentified Ni coméiexes. The above Ni complex
can be recrystallized readily from benzene or THF
and appears as shiny dark green crystals. Excellent
and - consistently reproducible chemical analyses
point to the empirical composition Ni(BH4)(PPh3)1.5
Oor as a more reasonable molecular formula Niz(BH4)2-
(PPh,) ;.

Although all the Nixz(PPh (X=C1, Br, or I)

3)2'
complexes react with NaBH, in ethanol to give
Niz(BH4)2(PPh3}3, it is convenient to use NiI_z(PPh3)2
for two reasons. First of all the iodide is more
reactive than the chloride and bromide, and secondly,

the iodide is more soluhle in ether so that, after

reaction, any unreacted starting material can be
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removed easily from the product by washing with ether.

A é;talyzic_;§%tem utilising NiX, (PPhj), (X=C1

or Br) and NaBH, in C6H6/EtOH'or THF/EtOH has been
reported to be an effective polymerization cataiyst
(137) and it is thought that the actiVe species is

a Ni (0)-phosphine complex. If this is the case,
then an'intermediate'Ni(I){BH4) complex which would
be soluble in this solvent system, must have reacted
with PPh3 instead of dimerizing to form the more

stable N12(BH (PPh3)3.‘

4)2

IIY.2,2, Structures of the Tetrahydroborato Nickel

Complexes, °

I1r.2,2,1. Tetrahydroboratotris (triphenylphosphine) -

nickel (I) ‘Ni(BH4)(PPh3L3.

As reported in a previous section, the preparation
of Ni(BH4)(PPh3) has been successfully reproduced
and the physical properties of this complex, which
will be only briefly summarised here for the sake of
completeness are as reported (5). 1Its infrared
spectrum, with assignments, is recorded in Table 16
and is consistent with monodentate BH4 coordination
although its %vray powder pattern is quite different

from that of the corresponding Co(I) complex. The
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The diamaghetiéﬁ and absence of d-d electronic bands

are most reasonably explained by assuming that the

complex is dimeric, with Ni-Ni bonding and.bfidging‘

BH, groups as shown:

There are a number of other Ni(I) complexes which are

suspected of having ' similar dimeric arrangements.

For example, it has been proposed that the diamagnetic

Ni (T) complexes of PP

the structures shpwh below, Also, the complex NiX (PCy;)

(56 ) and CN (138) have

2'

which is paramagnetic, is apparently dimeric in the

solid state (as shown below) but monomeric in solution

(139) .
N
N N /™ NC\ /C _~ CN
PP  Ni Ni PP '//Ni Ni
— \\\H’// ~ NC \\\\c‘/// SN
N
Cy.P PC:
Y3 ~\\N"/, x\\\N Y3
L L
A ~ ~yx —
Cy 4P X PCy,
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‘There remains the possibility, however, that
this complex should be formulated as the diamagnetic

Ni (IT) compound HNi(BH4)(PPh and the arguments

3)3
previously made against this (5) may be briefly
summarised as follbws.

i). It can be made from the reaction of NaBH4
with Ni (T) in a similar way to that used for
Co(BH4)(PPh3)3.

ii). It would be unusual for a Ni(II) complex
to be pyrophoric.

iii). A diamagnetic presumably 5-coordinated
Ni(IT) complex should have electronic absorptioﬁs
below»the charge transfer band at'v16000_cm—1.

iv), ©No Ni-H stretching frequency has been
observed in the infrared spectrum (the complex
decomposes so rapidly in solution that n.m.r, studies
were not possibie).

However, perhaps the most convincing evidence
for the pre§encé of Ni(I) in Ni‘(BH4)(PPh3)3 arises
from the work described in this thesis where cationic

Ni (I) derivatives (to be discussed later) have been

made in the absence of added reducing agent.

I1r,2.2,2, Bis(tetrahydroborato)tris(triphenylphosphine)-

dinickel (T} Niz(BH422(PPh313.
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Infrared spectral data (Table 16 and Figure 9)
on this complex provide excellent evidence for the

presence of bidentate BH, coordination (c.f. Table 10).

4
The 2440 and lower intensity 2380 cm""l bands are

assigned to the terminal B-H_ stretching frequencies.

1

t

Bands at 1970, 1920 and 1380 cm ' are due to the

bridging BH, modes. In fact, apart from HCO(BH4)(PCy3)

4
(68), this is the only complex which shows the

2

bridging mode of a bidentate BH4 group in the 1300~

1

1500 cm” region, However, as with Co (BH,) (PPh

3)2’
no §{B-H was observed; probably because the band is
obscured by ligand vibrations., On deuteration, the

1 and the isotopic

terminal )/ B-D shifts to 1840 cm
shift, (Y/D/yﬁ), of 0,754 is consistent with the
valves observed for Cd(BHé)(PPh3)3 and HCo(BH4)(PCy3)2
(68) .

.The fact that this cbmplex is diamagnetic raises
the same questions as in the case of Ni(BH4)(PPh3)3,
namely is the complex a dimeric species containing
tﬁb Ni(I) centers or a hydride complex of Ni (II).
The latter is excluded for the saﬁe reasons as
advanced before, and, in addition, a careful search
of the lH n,m,r, spectruﬁ (10-40T) in both benzene
and THF failed to reveal a hydride signal,

The reflectance spectrum, Fiéure 10, shows a band

at 15380 cm © which shifts to 16670 cm © (& max 1418)
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in solution. The origin of the transition is not
understood but is_probably not d-d in character,
Solutions of the comp1e£ are so air sensitive that
molecular weight data have not yet been obtained.
Thus, the most likely molecular structures for

this complex are:

H, H
“ ,B\.A P
. P '
/H H \\\\\,\ P \ \ \\\\‘ Hllr"h /H
P—Ni-— Ni or Ni-— Ni B
\ 7\
a Ny Sh , Nuv M
\/ HH
,@B\\ Ed P
\\
H H . \4
P=PPh

Alternatively a more symmetrical arrangement would
be achieved if one of the phosphines was involved
in bridging the two Ni atoms, but clearly a single

crystal X~ray study is needed to resolve the issue.

IrT1.2.3. Stability and Reactivity.

The two Ni(I)~-BH, complexes are much more air-

4
sensitive thah those of Co(I), Both complexes are
pyrophoric, decompdsing instantly in air to give black

residues which, from infrared spectral data, contain

both Ph3PaBH and Ph3P=O, The Niz(BH4)2(PPh3)3 complex

3
s, like the Co(I)—BH4 complexes, quite stable when
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stored under nitrogen atmospheres, but Ni(BHé)(PPh3)3~
decomposes under-nitroqen within one week, to Ni(PPh3)2

and Ph3PvBH (identified from X-ray powder data).

3
The complex N12(BH4)2(PPh3)3 is recovered

unchanged from benzene or THF solutions in the
presence or absence of added PPh3. When this compound
is suspended and Stirred in ethanol in the presence

of PPh; for 24 hours, no BH, remained in' the solid,
but no Ph3P—BH3 was detected in the system. The fact

that no Ph.P-BH, was observed from these solutions

3 3

would seem to indicate that the formation of Ph3P—BH3

in the reactions of NinPz, PPh3 and NaBH4 in ethanol
(15 minutes to 1 hour) probably arises from the
reaction of PPh3 with an intermediate complex which
must be present in the system prior to the formation

of Ni, (BH (PPh3)3. This could be a monomeric,

als
3~coordinated intermediate Ni(BHQ(PPh3)2. Unlike
the monodentate Ni(BH4)(PPh

Co(BH4)(PPh cannot

3) 3
complex in

3)3’ ‘
be converted into a bidentate_Ni(I)-BH4

benzene or THF solution, but decomposes to give

Ni(PPh and Ph_ P-BH

3l 3
follows:

3 This can be explained as
The formation of the two Ni(I)—(BH4) complexes

occurs via two different mechanisms and no common

intermediate, as occurs in the case of the Co(I)—BH4

complexes, is involved. Also the coordination of
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the BH, group to the Ni(I) and Co(I) in the M(BH,) (PPh,) 5
complexes is different, 1In Ni(BH4)(PPh3)3, the

BH4 group is probably coordinated to two Ni (I) centers,
~while the Co complex involves a simple monodentate

BH4 as shown below.

If this is the case, then it is reasonable to expect
that the B-H, bond is weaker in the Ni complex than

in both monodentate Co(BH4)(PPh and the bidentate

33
Niz(BH4)(PPh3)3. The'Ni*'HE“‘Nibgroupihg involves

a 2 electron 3-centered system, and thereforé is electron
deficient, Electron density ¢oﬁld then be drawn

from the —BHé group to the Ni”Hb“'Ni; making the

B atom slightly more positive, Then, as a phosphine

dissociafes from Ni(BH4)(PPh it could attack

3)3’
the boron atom, producing, as shown below, PhBP-BH3

and presumably a Ni(I)-H complex ( 2 ).
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NP

P _~ B P
Ni Ni + 2Ph.P-BH
3 3

P/ \H/ \P

2NiP2 + H,

As with the Co(I)-BH, complexes, both Ni (I)-BH,
complexes give, when stirred in solutions of
acetonitrile or nitromethane at room temperature,

a precipitate of PhBP—BH3 and solutions of unidentified
Ni complexes, When heated under reflux in CH3Cﬁ,'
NiZ(BH4)2(PPh3)3 gives the same products, while,

Ni (BH,) (PPh,), decomposes to Ni metal,

In view of the fact that Ni(Phen)z(BH4) reacts with
NaPF6 or NaBPh4 in ethanol to producevthe cationic

N1 (I) complexes Ni (Phen)X (X=PF or BPh4) (7), similar

6
reactions of the Ni(I)/(BH4)/(PPh3) complexes were
investigated especially since these may provide

important corroborative evidence to support the Ni (I)
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formulations of the BH, complexes. Both of the

NivBHéiPPh3 complexes were treated with NaBPh4 and

NaPF. in the presence of added PPh, in ethanol. 1In

reactions with NaBPh4, both of the Ni complexes are

decomposed to Ph3P—BH as was observed with Co(I)

3’
complexes.

However, when an ethanolic solution of NaPF6
(~10 M excess) is added to a stirred suspension of

'Ni(BH4)(PPh and PPh, (3M excess), in ethanol, a

3)3
cationic Ni (I) compiex is formed. A small amount

of gas 1s generated initially, (HF, B2H6 or PF3?)

and after stirring for 2 hours, a pale yellow
diamagnetic solid is produced, This solid, which

can be recrystallised from THF, analyses well for

the formulétion (Ni(PPh3)3][PFél The presence 6f

PFG“F is confirmed by the absorption at 840 em™t in

the infrared spectrum due to the P-F stretching
frequency. No d-d absorption bands are visible in

the reflectance spectrum (Figure 7) and the only
resonable explanation of the properties of [Ni(PPh3)3)—
[PFs]is to assume that the complex is dimeric with a

Ni-Ni linkage, such as shown below.

Pe, P
P —Ni NiTratm B [ PFGJZ
p~” p
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In reactions between Ni(BH4)(PPh3)3~and NaPFG,
the raﬁio:of.Ni:NaPF6 has been varied between 1:l and
1:10, The higher is this ratio, the greater is the
yteld of product., Since this is insoluble and
precipitates out of solution immediately it is formed,
together with the fact that other unidentified
products are formed, these observations tend to rule
out a simple substitution reaction based on the

equation

[ P . 7 ’
N; (BH, ) _(PPh3) 3 * NaPF. = Ni (_PPh3) ;PF¢ + NaBH,
Also, if the reaction were thi's simple, there is no
apparent reason why NaBPh, should not produce similar
compounds. The reactions of Ni(PhenkﬂBHé) with

NaPF_ and NaBPh4 are probably simple substitutions,

6
since the BH4 is almost certainly ionic in this case.
Although no direct evidence has been obtained
for the mechanism of the formation of [Niz(PPh3)J[PF6]2,
the foliowing possibility is presented. NaPF is a
relatively inert compound at room temperature, but
is susceptible to slow hydrolysis to give hydrogen
fluoride (140). The presence of HF is apparent from
the slight etching of the glassware during these
ethanolic reactions, and its formation may occur as

follows:

NaPF_. + EtOH ——> NaPFS(EtO) + HF

6
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The organic complex, PFs(EtO)— is itself unstable and

rapidly decomposes in alcohol to form PF (141} .

NaPF5 (EtO) ——— PF
EtOH

s + NaOEt

It has been shown (142) that PCl5 reacts with BH4—

to generate PClj, BZHG and Hz, and it is therefore

possible that PF_. could react with coordinated BH4

5
as follows:

H

7 3
~ O\ PR A 24
— Ni — Ni- ———;FNi—;-Ni(] + PF3 + H2 + B2H6
N D ‘£

|

BH,

Thus, of the Co(i) and Ni(I)-—BH4 complexes, only

Ni(BH4)(PPh3)3‘reacts with NaPF6 to produce an

identifiable complex, This may be due to a weaker

Ni-—Hb bond in Ni(BH'4)(PPh3)3 compared with those

in the other three complexes, The reason why no

BPh4— complex could be formed is not fully understood,

although NaBPh, is more stable and less susceptible

4
to hydrolysis than is NaPF .
The pale yellow complex [Niz(PPh3)éH?F6]2 can
be recrystallised from CH3CN producing an orange
crystaliine solid. Chemical analyses (see Table 17)

are consistent with the formulation (Ni(PPh3)3(CH3CNﬂ[PF6]



- 128 -~

and also with [(®Ph,) Ni-N,-Ni(eph ) J(PF ], (c.£.
the Ni (0) complex [(_PCy3)2N1—N2—Ni (;pr3)'2] (139) ).
The reflectance spectrum of the complex is shown

in Figure 7 and the absorption band at ~6370 cm—l

2

is the T —ﬁzE transition in a tetrahedral d9 Ni(I)

2
system. The COmpiex is paramagnetic with one unpaired
electron and has a magnetic moment of 1.88 BM based

on the acteonitrile férmula and 1.87 BM based on

the dinitrogen structure. Conductivity measurements
in acetonitrile solutions (Table 17) are also
consistent with both formulations. The X-ray powder
pattern is quite different from that of thé
[NiZ(PPh3)6][PF6]2 complex,

It should be possible to distinguish,cleaily
between these two formulas by an examination of
spectroscopic data, Unfortunately the Raman  spectrum
is not available at this time, and no evidence of
either the normally very strong C=N stretching
frequency or the)/&zN frequency could be seen in the
infrared spectrum. Careful mass spectral studies
showed no molecular nitrogen abové background, but
acetonitrile is consistently present,vas shown by the
peak at M/e=41, Finally, attempts to prepare the

complex by bubbling N, into THF solutions of

2
(Niz(PPh3)6][PF6]2 were not successful, and the starting

material remained unchanged,
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It therefore' appears, on the available evidence,
that the complex should be formulated as a tetrahedrally
coordinated Ni (I]} cation, [Ni(PPh3)3(CH3CN)]+'although,
it is not understood why, what is normally one of the

strongest bands in the infrared (VkN), is not observed.

Ir¥,2,3. Mechanism'of the Reaction between the

Nickel Halide Complexes and Sodium

Tetrahydroborate.

It has been established that Ni(BH,) (PPh,), can
be made from the reaction between Ni (II) chloride,

PPh., and NaBH, in ethanol. The ¢omp1ex can also be

3 4
made from the reaction of NiCl(PPh'3)3 with NaBH4 and

PPh., .(136) and also (5) from the Ni (II)/PPh,/NaBH

3 4

reaction where NiCl (PPh,), is first made in situ,

followed by the further addition of NaBH Since

4°
Ni(BH4)(PPh_3)3 is dimeric, it is reasonable to assume
that it is formed from a dimeric intermediate complex.
Furthermore.asbthebcomplex NiCl(PCy3)2 is dimeric

(139) (at least. in the solid state) and as it has been

shown (130) that NiCl (PPh dissociates in solution

3)3
to give NiCl (PPh;}, it is possible that, by analogy,
the latter may be the above mentioned dimeric inter-
mediate, Therefore, the reaction between Ni (TT) and

NaBH4 may proceed as follows:
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EtOH/P

NiCl, 6H,O0 — NiClp,
1 mole BH4‘
rapid addition [ P
of large excess
f BH4’
: P Ccl ~ P
~
>Ni ™ Ni
~ ~
P cf/ P
BH4/EtOH/PPh3
‘ BHj
_ H~_ ... _~P P H P
P-BH, + .| SNiT N1i & "\ ™~
3 [ -~ H™ Tp|&«— P— Ni — Ni— P
p~~ g ~p
l éH3
NiP, P=PPh,

4 to a mixture of-

Ni (II) and PPh3 produces only NiCl (PPh

Thus, addition of 1 mole of NaBH
3)3, but the
dimeric intermediate could be formed by the rapid
addition of a large excess of NaBH4 due to unsufficient
PPh3 in solution.

In the reaction between NaBH, and Co complexes

4
it has been shown that the main factors determining
the nature of the final products are the rate of
addition of NaBH4, the presence of free PPh, and the
‘solvent, With Ni, however, the nature of the starting

Ni (IT} compound is of much more importance, and it

appears that a quite di?ferent,reaction mechanism is
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followed depending on whether simple Ni(II) salts or
the Ni (II) complexes Nixz(PPh3)2 ere used. In the Co
system, the Coxz(fPPh3)2 complexes are formed very
rapidly and are present as 1ntermed1ates in the

Co(II) hallde—NaBH

4-PPh3 reactions. The formation of
Nixz(PPh3)2, however, requires the heating under

reflux of Ni (IT)~halides with PPh, in ethanol and these
complexes are therefore not formed as intermediate in

the Ni(II)halide—NaBH4—PPh reactions at room

3
temperature, This is supported by the fact that Ni(II)-

halides—NaBH4ePPh in ethanol lead to Ni (BH )(PPh3)3

while NiXZ(PPh3)2 and NaBH4 (no additional PPh3) in.

ethanol gives Ni, (BH,], (PPh Since the NiX, (PPh3)2

4)2 3)3‘
complexes are not present as intermediates, then inter-
mediate complexes of the type HNiX(PPh3)2 (c.f. the
Co system) cannot be present. Also, no conditions

have been. found which allow interconversions

between Ni(BH4)(PPh ) and Ni  (BH (PPh3)3 and therefore

4)2

it is unllkely that a common 1ntermed1ate is present

in the formation of these two complexes.

Thus, considering these points, the following

mechanism is proposed for the reaction of NaBHy, with

the NlX (PPh3)2 complexes in ethanol (no additional

PPh,).
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BH
NiX,P, 2 (mixe,] —> (nixe,)
monomer
HZ(?) l BH4-
p-BH, + [HNiP,) < (vicer,)P, ]
3~coordinated

| |

N1P2 + %HZ NJ.Z(BH4)2P3

P=PPh3

Although no direct evidence is available to
support the existence of a monomeric 3-coordinated

NiX (PPh intermediate, other workers (139) have

3'2
demonstrated the existence of such species in solutions

of the analogous PCy, system—i.e, NiX(PCy3)2.

4
configuration would result in the 3-coordinated

Substitution of C1% by BH with retention of

monodentate BH4 complex from which the formation of
the main reaction products can be rationalised, The

(PPh3)3vdoes not react with PPh., in

complex N12(BH 3

4)2

benzene to produce Ph P-BH3, nor is the latter

3

apparently formed when PPh3'is stirred with the Ni

complex in ethanol for 24 hours. Therefore, formation

of Ph;P~BH, from the N1X2(PP_h3)2—PPh3-NaBH4 reaction takes

place via an unstable intermediate, probably the
monomeric [Ni(BHé)(PPh3)é]. If this is present as the

would be formed and none

dimer, then [Ni(BH4)(PPh3)3]3



- 134 -

has been observed in these reactions. Furthermore, the
proposed monomeric Ni—(BH4) ‘intermediate must have

a monodentate BH4 grouping, otherwise the stable
analogue of Co(BH4)(PPh3)2 would probably be produced

rather than the dimeric Niz(BH (PPh

4)2 3)3'
The reductions of the Nin(PPh3)2 complexes by

NaBH, are rélatively fast (reactions complete within

4
~15 minutes), and large amounts of active hydrogen
are generated during the reaction, This hydrogen

may react with the [NiCl(PPh3)é)intermediate to give
an unstable hydrido complex, [HNi(PPh3)2], which then
undergoes further decomposition to give Ni(PPh3)2.
This may, in fact, explain the relatively low‘yield
of [Ni,(BH,), (PPR,) J,

IIT,.,3. Homogeneous Hydrogenation of l-Hexene Using

Hydridotetrahydroboratotris (triphenylphosphine) -

ruthenium(IT) as Catalyst.

Dichlorotris (triphenylphosphine) ruthenium(II)
has been found to be an effective catalyst for the
homogeneous hydrogenation of some unsaturated organic
substances (144), Wilkinson et.al. (32) later prepared
the analogous hydrido complex, HRuCl(PPh3)3 and also
found it to be extremely active in similar hydrogenations

in benzene or toluene, However, a detailed kinetic
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study could not be made due to solubility problems,
sensitivity towards oxygen and effects of catalyst
poisoning, |

Similarly, solutions of HRuCl(PPh,), in dimethyl-
acetamide (145) are exceedingly effective in catalyzing
the hydrogenation of maleic acid. It was suggested
that the mechanism of the reaction involves dissociation
of the catalyst to give a 4-coordinated monomer,

HRuCl (PPh ot which then reacts with the substrate

3)
to form an alkyl complex followed by H2 cleavage.

HRuCl (PPh HRuCl(PPh3)2 + PPh3

) I e— e
3"3
‘HRuCl(PPh3)2 + olefin —— RuClCPPh3)2(alky1)

RuCl (PPh.) , (alkyl) + H —> HRuC1(PPh,), + alkane

3)2 2
The complex HRu(BH4)(PPh3)3,containing a mono-'
dentate BH4 group, was first made in these laboratories
(6}, and is closely related to the above chloride
complex. Also, as mentioned in the introduction,

BH, complexes are known to be active hydrogenation

4
catalysts, e,g, Rh(BH4)C12(Py)2(dmf) (120) , and are

thought to be the active species in mixtures of, for
example, NiClz/NaBﬂg/Py (121), and NiBrz(PPhB)'_z/NaBH4

in THF-ethanol (137) or in ethanol (146).



However, no détailed kinetic study has been
done on hOmogeneoué>hydrogenations where a BH4 éomplex
is the active species., This section of the thesis
therefore presents as part of a general study of
M/BH4/phosphine reactiong of which this thesis is
one facet, kinetic data 6n the homogeneous hydrogenation
of l-hexene in benzéne\solution using HRu(BH4)(EPh3)3
as catalyst, together with the most reasonable
mechanism consistent with the kinetic data. From the
work described in the preceding sections, it might
seem more reasonable to use one or more of the Co(I)
and Ni(T) tetrahydroborate complexes reported in this
work,. However, these are extremely difficult to
handle and it was felt‘that for a preliminary study,
a more stable group VIII tetrahydroborate complex

such as HRu(BH4)(PPh3)3 should be used,

ITr,3.1. Catalytic szrogenatgon of l~Hexene.

HRu(BH4)(PPh3)3 was prepared as described in
section II,3,8, and in benzene solution is effective
in catalyzing the hydrogenation of l-hexene at
approximately one-fourth the rate observed with
Wilkinson'!s catalyst, RhCl(PPh3)3, under similar
conditions.

Graphs showing the hydrogen uptake for the

[l
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hydrogenation of l-hexene at 20°C for a variety of

PPh HRu(BHé)(PPh and l-hexene concentrations are

3 3l3
shown in Figures 11 to 13. Solutions of the catalyst

in benzene are réddish-brown; but changé to yellow-
brown on additioﬁ of l-hexene when the catalyst
concentration is low (less thanfv0.5:<10_3M). At

higher catalyst concentrations, the color change is

less apparent. Also the color of the HRu (BH, ) (PPh,) 4
solution remains'unchanggd when it is stirred under
hydrogen in the absence of added olefin, This indi¢ates
that the l-hexene prqbably coordinates to the RuII
species, No metal wés visible in the reaction flask

at the end of each experiment,

The initial rate of hydrogen uptake was obtained
from the tangent to the plo£ of hydrogen uptake against
time which is generally linear after the first 60
seconds. The dependence of these rates on PPh3,

1-hexene, H, and HRu(BH4)(PPh concentrations is

3)3
shown in the following tables and figures,
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ITT.3.2., Discussion of Kinetic Results,

The transfer of hydrogen molecules to the olefin
in solution via a catalyst complex may occur by either
one or both of the following possible paths:

K : H

A+ 8 &/ AS -————2—-> Products (3.1)
slow
K1 S
A + Hz-————aAHZ-————+ Products (3.2)
K 4 slow '

where A is the catalyst and S the substrate. In this
system, the rapid change in color of the catalyst
solution when olefin is added probably indicates the
formation of AS, No visible evidence for the

formatipn of AH, was observed, 'As with the HRuCl(PPh353
system (145) therefore, the first step in the

mechanism appears to be the formation of AS and the
kinetic data can be explained satisfactorily on this
basis.

The inverse dependence of the initial rate of
hydrogenation on the concentration of phosphine is
consistent with dissociation of the catalyst to give
kinetically significant amounts .of a square planar
monomer, HRu(BH4)(PPh3)2. This then réacts with and

reduces the olefin according to the following scheme.
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: K
» , 1
HRu(BH4)(PPh3)3-;——A>HRu(BH4)(PPh3)2 + PPh3 (3.3)
T IT
K,
HRu(BH4)(PPh3)2 + alkene 7—a-Ru(BH4)(PPh3)2(a1ky1) (3.4)
IT III
. k
Ru(BH,) (PPh;), (alkyl) + H, ——> HRu(BH,) (PPh,), +
ITI IT

alkane (3.5)

where Ki is the dissociation constant of the complex

HRu(BH4)(PPh 3¢ K is the formation constant of the

3) 2
alkyl complex and k the rate constant for the rate determining
step, This mechanism will lead from equation 3,5,

to the following rate expression,
Rate=k (&, ] (111] (3,6)

From equation (3,4)

k= [(IIT] (3,7
2 (zz](s])

where [S] is the concentration of the subs£rate.
Since the concentration of III will be considerably
less than that of the substrate, the following
approximation will apply, where[S]T represents the

total free substrate concentration,

(s)y =~(s)
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Then equation (3,6) becomes

Rate = kK,[H,])[s][T1] (3,8)

From equation (3,3)

-
where [P]E[PPhJ.
since [ru™*] = (1] + [11] + [111]
= __lL_[.IIKlP] + [11]) + K, [11)(s]

= [Il)il + K,[s] + [P]/Kl}

n

then [II) = (3,10)

Equation (3,8) can now be expressed in terms of

RuII and becomes
T

Rate = k‘fgfs](ﬂz] [Ra™),, (3,11)
1+ Kz[s] + [P]/Kl

Evidence for this rate law, as expressed in

equation (3,11), is obtained from data of rate

dependence on concentrations of PPh3, H l1-hexene

2!
and HRu(BH4)(PPh3)3 and will now be presented,

ITY,3,2.1. Dependence on Substrate Concentration.

The initial rate of hydrogenation of l-hexene

is not linearly dependent upon the concentration of
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l-hexene, Figure 14 indicates that the dependence
is between first and zero order, the order decreasing
with increasing l<hexene concentration. However, a
plot of the reciprocal of the rate, 1/R, against the
reciprocal of the alkene concentration is linear
(Figure 15 ) and‘is in agreement with the rate.law
(3,11) since equétion (3,11) can be rewritten as

1+ [P)/x, F_} o 1 (3,12)
kK, (Ru J[H,) ((5)) 7 k[Ru]p[Hy)

1=
R
From the intercept of the straight line in Figure 15
the following relationship is obtained.

k[RuIIJT [%,)

1.6 k103 (M1 sedjl * 1073(M)x 4,48 x 1073 ()
-1

Intercept = (3,13)

then k

~ 139 M 1lgec
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164

14

12+

101

0.5 T 175
l-hexene , M
Figure l4. Dependence of initial rate of hydrogenation
of l-hexene in benzene at 20°C on'(l—hexen@

(655 mm H,, 1mM[Ruld)

2’
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3-

d

1 1

0.5 1 1.5 2 2.5 3
l-hexene ,

M—l

Figure 15. Dependence of the reciprocal of the initial

rate on (;—hexene)—l at 20°C (655 mm H,,

lmM[RuII]T)



- 149 -

T¥r.3.2,2, Dependence on Hydrogen Concentration.

Figure 16 shows that the élot of the initial
rate against the hydrogen concentration is strictly
linear with zero intercept. This indicates that
the rate of hydrogenation is first order in the
concentration of hydrogen, which is again consistent

with equation (3,11),

I171,3,2,3, Dependence on Triphenylphosphine

Concentration,

A plot showing the initial rate of hydrogenation
of - 1.hexene against the concentration of added PPh,
is'shown in Figure 17. The reaction rate decreases
as the concentration of PPh3 increases. However, a
plot of the reciprocal of the rate against the
concentration of PPh3 is 1inear with a positive
intercept on the ordinate axi;Rat zero [PPh3]. This
result provides additional evidence for the rate law
based on the dissociation of HRu(BH4)(PPh3)3 in
benzene solution, since equation (3,11) can be
rearranged to give:

1 [P) 1 + K,[s]
= + (3,14)

R k?(lK‘z'[Hz](S] (Ra"] kK, [H,) [ ] [Ra™"]
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Initial rate X 105 ,Msec

-1
74
6+
5.
n
3
2]
11
. Y - v ™~ Y
1 2 3 4 5 6(112] <10 3 M
Figure 16. Dependence of initial rate of hydrogenation

of l-hexene in benzene at 20 C on [H,)
(0.5 M l-hexene, 1 mM [RuII] . [PPh3]/[RuIIJ
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Figure 17,

\)
1 2
(PPh ] added x10°,M
Dependence of initial rate of hydrogenation
of l-hexene in benzene at 20°C on (PPh3]

(655 mm H,, 0.5 M i-hexene, 1 mM [Ru’l))
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4+
3?
27
l-
] L L
1 2
[PPh) added x107, M
Figure 18, TInverse dependence of the initial rate of

hydrogenation of l-hexere in benzene at 20°C
on [PPh,)} (655 mm H
[RuII])

27 0.5 M l-hexene, 1 mM
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From the slope and the intercept of the straight line

obtined; the following relationships can be obtained.

e (o II7 ]-1 |
kK, K, ={519pe x[HZ][sJ[Ru ]T} | (3,15)
={a,ax103% 4.48x1073x 0.5 x1073}7?
= 101 m~1g7t
_ ~1.-1
then K K, = 101 M 8™ /k
= 0.73
, 1 + K, [s]
Intercept = — (3.16)
kK, [®,] [s] (ra™ ],
: 1+ K, %0.5
2.24 10% = —E —
139 x K, % 4.48 X107 °x 0,5 x 10’
. _ -1
then K, = 0.07 M

Since the intercept is obtainedffrom the plot‘of‘initial rate
rate against the concentration of added PPh3 (but not

the free PPh3), the K, value which is found from

equation (3,15) is the minimum value, Also from

the wvalue of‘Kz, and the rate constant (calculated

from equation 3,13), the maximum K value is approximately

10.4 M,

ITT.3.2.4. Dependence on Catalyst Concentration,

Figure 19 shows the dependence of the initial
rate Qf hydrogenation of l-hexene on the catalyst
concentratioﬁ. The rate is linearly dependent‘on the
catalyst concentration above 0.5 mM and shows another

linear relationship below ~0,5 mM. This indicates
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that there are two active species in the solution,

When the catalyst concentration is higher than 0.5 mM

the active species is the monomeric planar HRu(BH4)(?Ph3)2.
In very low concentration the active species,

HRu (BH,) (PPh,),
give HRu(BH4)(PPh3) which is also active for the

may undergo further dissociation to

hydrogenation of l-hexene, The observed catalyst
concentration dependence at catalet concentrations 7 1 mM
is consistent with equation (3,11), which shows the
initial rate of hydrogenation of l-hexene is first
order in catalyst concent;ation, From all tﬂe chemical
and physical evidence, it appears that the priﬁcipal_
catalyst is the square planar HRu(BH4)(PPh3)2 produced
by dissociation. Olefin activation is thought to

take place before hydrogen transfer to the coordinated
olefin, which probably occurs through a 4-centre
transition state. The rate determining step is the
hydrogenolysis of the Ru~C bond, This could take

place either by reductive elimination of alkane by
hydrogen transfer in this species or the oxidative
addition .of molecular hydrogen to alkyl to give a

6 coordinated Ru(IV) species, The former seems more

likely,
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B

4
[rRa®1) x 103, M

e
N
w

Figure 19. Dependence of initial rate of hydrogenation

of l-hexene in benzene at 20°C on [RuII)

(655 mm H,, 0.5 M l-hexene, [PPh3]/[RuII]

=3)
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Iv. SUMMARY AND SUGGESTIONS FOR FURTHER WORK.,

The work described in this thesis has provided
the author with experience in handling exceedingly
air-sensitive materials and, more importantly, has
added significantly to our understanding of the
mechaﬁism by whicﬁ NaBH; reacts with Co and Ni compounds
in the presence of triphenylphosphine. Furthermore,
it is interésting to note thgj;gggr differences inw
behavior between the two systems.

Until the work described in this thesis was done,
there had been no reports of complexed'metal systems
where the same metal could form both moﬁodentate or
bidentate linkages with the tetrahydroborato grouping.
However, this cleaily is the case for the cobalt-
triphenylphosphine system where complexes containing
both monodentate and bidentate BH4 groups have been
synthesised. It has further been shown‘that
interconversion between the two types of coordination

is possible as follows:
- PPh

— 3 CO(BH4)(PPh3)2

3)3 —

+ PPh3

CO(BH4)(PPh

The behavior of nickel(I) in this area of
coordination chemistry appears to be dominated by
the tendency to form low spin complexes. Although no

direct evidence for the dimeric nature of Ni(BH4)(PPh3)3,



- 157 -

Ni (BH,) (PPh and [Ni(PPh;),)[PF,] has been

3)1.5
presented, it does appear that this is a very
reasonable explanation of their electronic properties.
These complexes (especially the first two) are so
exceedingly air-sensitive that molecular weight data
proved quite impossible to obtain wifh the vapor
pressure osmcﬁetric equipment in these laboratories.
~ The preliminary study of the homogeneous
hydrogenation of l-hexene using the group VIII -BH,
complex HRu(BH4)(PPh3)3 has been satisfactorily
completed and the kinetic data accounted for by a
reasonable rate law and mechanism.

However, there are a number of areas of
weakness in the work described in this thesis which
require further experimental work within the

framework of available equipment. These are:

1) The épparent spin~-state change in Co(BHé)(PPhBLz.

While the magnetic moment of solid Co(BH4)(PPh3)2

has been reproduced several times, the fact that a
large reduction in paramagnetism occurs in solution
must be reinvestigated. For example, the possibility

that Co(BH4)(PPh is contaminated by trace amounts

3)2
of cobalt boride must be excluded. If cobalt boride
were present, it would not be detected in X-ray powder
patterns, but would result in Co(BH4}(PPh3)2 showing

paramagnetic properties, which in solution would be
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reduced because any boride would collect as an
insoluble precipitate at the bottom of the n.m.r.

tube.

2) The preparation and composition of 1\Ii(BH4;)(PPh3Z__l 5

The yield of this complex, prepared from
NiI, (PPh;),/NaBH, is, at best, 30 % and usually lower.
Further reactions should be investigated, particularly
in different solvents in an effort to improve the
yield. Also, attempts should be made to purify the
complex by (chromatography ' in an attempt to establish
beyond any doubt that the'éomplex has indeed the
above stoichiometry.

3) _The composition of [Ni(PPh,),(cH,cN)]I[PF ],

The normally strong y/CEN has not been
observed in the infrared spectrum of this complex.

While the presence of CH,CN has been established by

3
mass spectral studies, this was not on a quantitative
basis and may have been simply small quantites of
"lattice solvent". The proton signals in the n.m.r.
spectrum of this complex would be shifted by the
‘paramagnetic Ni(I), but it should be possible to

observe and estimate the amount of CH,CN present.

3
Also, a Raman spectruﬁiwould be valuable in that
it would provide evidence for or against the

alternative N, bridged Ni(I) dimer formulation
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discussed earlier,

4) Further catalysis work.

Considerable experience.has now been obtained
in preparing and handling these Ni(I) and Co(I)-BH,
complexes and the catalfsis work already cafried out
on the Ru system must now be expanded to examine the

catalytic pbtential'éf these low valent 3d metal

systems.,
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ADDENDUM

During the finaliproofreading of this thesis, certain
references were found to have been duplicated, e.g. ref. 28
is the same as ref. 37, ref. 68 is the same as ref. 3, ref. 74
is the same as ref. 50, etc. Since these duplications create
no ambiguity 1n.the thesis, further correction has not been
made since changing reference numbers in the body of the thesis

could easily lead to the introduction of such ambiguities.



