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ABSTRACT

Cyanotrihydroborate-transition metal ion chemistry

has been reviewed.

The reactions between Ni(II) (as a C10; or C1™ salt),

NaBH3CN and a series of bidentate phosphines of the type thP-(CHz)n—

PPh, [n =1, (Dppm); n = 2,(Diphos); (main part of the thesis), n = 3,

(Dppp); n = 4, (Dppb) and also cis-and trans-Dppe] have been studied
under a wide range of experimental conditions. Most reactions and
products are very sensitive to the amount and rate of addition of
NaBH3CN, the temperature, the solvent and the reaction time. The Dppm
and Diphos ligands have produced a number of unexpected cyanide and
cyanotrihydroborato complexes and several other products were observed
but not yet satisfactorily purified, Complexes of Ni{II), Ni(I) and
Ni(0) have been obtained.

Reactions in the presence of Dppm mainly produced Ni{I)
cyanide complexes with the formulae Niz(BH3CN)a(CN)b(Dppm)éxEtOH
(where a=0orl1,b=1or2,c=2o0or3andx =%, 1or 4)., In
contrast, reactions with'Diphos produced complexes of the type
[Ni(BH3 CN)(Diphos),C1], and [Ni(BH;CN)(Diphos)C1l, containing
Ni-NCBH; units and [Ni, (BH;CN), (Diphos),X,where X = C10y or C17,
containing Ni-HBH,CN-Ni units. The structures of these complexes

were established by a variety of physical methods and isotopic Tabel-
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1ing techniques.

The other ligands Dppp, Dppb and c¢is-and trans-Dppe

have produced a number of additional complexes for which only pre-

Timinary and incompiete data are reported.
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1. INTRODUCTION

1.1 General

During the last few years an increasing amount of
attention has been paid to inorganic and organometallic studies
involving complex formation between transition metal ions and phos-
phorus-containing (and other) ligands in the presence of sodium
tetrahydroborate and, more recently, sodium cyanotrihydroborate.

Until quite recently, very little was known concerning the coordinat-
ing properties and reductive capability of the cyanotrihydroborate
ligand and relatively few transition metal derivatives had been
described, although somewhat more is known concerning BH, complexes. -
However, a selection of important_compounds of this type has now |
appeared in the literature and, as will be seen in this introductory
chapter, some detailed spectroscopic and other structural investiga-
tions have been undertaken, although much remains to be done. Indeed,
the application of sodium cyanotrihydroborate in inorganic chemistry

could be as wide as it is in organic chemistry (1).

The main interest in this area of study concerns the
chemical, structural, catalytic and spectroscopic properties possessed
by the wide range of complexes produced in such reactions and the
mechanisms of these reactions. Such studies have already been

carried out in some detail for tetrahydroborate systems (2, 3), and



some interesting results have been accumulated for both tetrahydro-
borate and cyanotrihydroborate-transition metal-phosphine reactions.
For example, different types of phosphines in the presence of sodium
cyanotrihydroborate and sodium tetrahydroborate react differently

with transition metal ions. Thus, some phosphine ligands readily

form complexes in which the transition metals possesses an unusual
oxidation state while others may lead to the formation of less usual
transition metal compounds, such as hydrido complexes (see for example,
4), tetrahydroborato (or cyanotrihydroborato) complexes (5), and even

dinitrogen complexes (6).

Uncommon oxidation states of transition elements in
complex chemistry have been of particular interest (7) in recent
years. Many such species have appeared in the literature and quite
a few of these have been obtained from reactions involving tetrahy-
droborate and cyanotrihydroborate ions in the presence of various

1Tigands. More will be said of this later in this thesis.

Most phosphines studied in this context, however,
give a variety of products and in general, the type of complex
formation between transition metals and organic 1igands (particularly
with phosphorus donor 1ligands), in the presence of hydroborates
depends upon the experimental conditions. Thus, the same phosphorus
Tigand may allow the formation of different types of complex with the

transition metal perhaps in different oxidation states and the main



factor in determining which product is formed may be simple variation
of experimental conditions, such as the rate or order of addition,
reactant ratios, reaction times, and the nature of the solvent. The
mechanisms of these reactions and the structural analysis of the
products obviously deserve much attention and, as will be seen later,
a great deal has been done in this area. Such reactions often give
hydrido, tetrahydroborato or cyanotrihydroborato complexes as the

resultant products.

The simplest preparation of such complexes is by the
substitution of a BH, (or BH3CN~) group (5) for, in mést cases, a
halide or perchlorate ion. In a number of cases this substitution by
a tetrahydroborate or cyanotrihydroborate for halide ion may be
accompanied by complexation by the hydroborate groups and/or a
reduction in the oxidation state of the metal jon. Because of the
very rapid reductive rates in reactions :involving NaBH,, use of the
less powerful reducing agent NaBH3CN may solve some of the problems
of isolation of various types of intermediate, although other compli-
cations such as a wider variety of structural types for the products
obtained (see later discussion) may arise. In the absence of
stabilizing ligands, other products such as the free metal or metal
borides may be formed (3) and, in this context, sodium tetrahydro-
borate in particular forms metal borides from transition metal salts

very readily.



In short, in the course of such reactions in the

presence of either of these two reducing agents, several types of

products (3, 8, 9, 10, 11) may be obtained from the metal salts

MX,(X = C1~ and C10,7) in the presence of various Tigands.

Many of

the product types isolated so far are summarized in Fig. 1, which is,

no doubt, a very simplified scheme for such complex reactions and a

more detailed discussion will be presented later in this thesis.

MX,

NaBH, (no Tligand present)

>

NaBH,, /L

Ld

NaBH3CN/L

Fig. 1

)

<

Metal "borides" or free.

metal

MH(BH )L
MHCTL
MCT(BH,)L

ML C1
M(BH, )L,

MHLn

ML,

L+BHj :

MH(BH5CN)L

MCT(BH3CN)L

M(BH3CN) oL .

M(BH3CN)L,
MHL

MLn

M(II)

M(1)

M(0)

Phosphine
Borane adduct

M(1I)

M(I)

M(0)



Since the synthetic and structural work described in this thesis is
mainly concerned with Ni(II)-cyanotrihydroborato systems in the
presence of a series of bidentate phosphine 1igands, the following

sub sections outline the earlier work which led to the study described

in this thesis.

1.2  Some aspects of the chemistry of BH3CN™ and BH,~

Most of the emphasis in this and later sections is
upon the BH3CN™ system, since virtually all of the new work described
later in this thesis involves this species. Howéver, some information
regarding involvement of the BH, species is presented from time to
time to give a better perspective to the BH3CN™ work. Coverage of
BH, reactions is not intended to be exhaustive and only the more
important points will be touched upon. Tetrahydroborate reactions

in general have been thoroughly surveyed elsewhere (3, 5).

The first synthesis of the cyanotrihydroborate ion
(as the 1ithium salt) from lithium tetrahydroborate and HCN was
carried out by Wittigand co-workers (12a) in 1951 and the sodium
salt was similarly prepared later (12b). Wittig also noted the
unusual hydrolytic stability of the product towards acids. There-
after, prior to 1960, only one brief publication appeared on the
reducing power of lithium cyanotrihydroborate and that report

indicated limited app]icability (13). This compound received little



attention as an agent in organic reactions until 1969, when Borch

and Durst (14) applied LiBH3CN in a variety of useful conversions.

Considering inorganic applications of hydroborates,
in recent years a few cyanotrihydroborato complexes and many
tetrahydroborato complexes have been synthésized and reported in
the literature and, as already mentioned, many of these involve
coordinated hydroborate ligands. Such coordination will now be
briefly examined, and a further, detailed examination of certain

aspects of the topic will be presented later.

1.2.1 Bonding abilities and coordination modes of BH3CN™ and BH, "~

The bonding ability of any group depends uponithe
electronic structure of the outermost orbitals. Simple coordinatiOn:
involves the donation of an electron pair from a 1igand orbital to a
vacant orbital of the acceptor. While such simple coordination is
possible with BH3CN™ (using the non-bonding pair of the nitrogen
atom), it is not possible with BH, where coordination would have to
be through a hydrogen atom and three-centre bonding would therefore
have to occur (similar bonding could occur also with BH3CN™).
Furthermore, isomerization of BH3CN™ to BH3NC™ (the isocyanotrihydro-
borate ion) could occur during complexation giving rise to C —

coordinated systems as shown in Fig. 2.



M — CN — BHj

Fig. 2

Indeed there has already been one report (15) of such coordination
involving the cyanotrihydroborate system. Thus, Haines et al.
reported (15) a reaction between BH3CN  and [RU(Ph)(PPh3)2M62C0]+
and they claimed, on the basis of infrared evidence, that at least
two products formed as a result of this reaction; a cyanide complex
Ru(Ph)(PPh3),CN and a isocyanotrihydroborato complex Ru(Ph)(PPhj),-
CNBH; although separation of these two compounds was not effected.
However, considerably more evidence would be required before this

claim could be considered as being substantiated.

Clearly, many possible modes of coordination are
open to BH, and BH3CN™ and these are listed in Fig. 3. It should
be noted here that the possible BH, coordination modes first received
attention elsewhere (5) and unidentate (5, 16)*bidentate (5, 17),
tridentate (5, 18), tetradentate in the sense of bidentate to each of
two metal ions (19), and (possibly) unidentate bridging two metal jons
(20) systems have been reported. Fig. 3 therefore 1lists the various
possible bonding modes of BH, and BH3CN™ ligands and, where the
appropriate mode of bonding has been detected, it is so noted by a

reference in parentheses.

Little further will be said about coordination modes

*See also ref. 59 and the more detailed account by the same
authors in Inorg. Chem., 19, 587 (1980).



of BH; here although some later mention will be made when the range
of known BH; complexes is briefly surveyed. It is worth noting,

however, that as referenced in Fig. 3a, X-ray studies (23) of

unidentate complexes first indicated a 1inear M — H ._.BH3 arrangement

while the more precise neutron diffraction method indicates (22) a

non-linear linkage as does a later X-ray study (16).
Fig. 3a

Possible similar coordination modes of BH3CN‘ and BH;
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Fig. 3b

Possible coordination modes of BH3CN™ different from

those of BH,~

M—N= C— Ba=H h) Mm% B
(s S (h) e Ny
(24) (711)
_A
=(—Ba=H
M- NH
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) M,NEC\B/H\M /C/B\
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" ey
(10,21,25)
or,
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2,
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C\B/
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(10,21,25)
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Fig. 3c

Possible coordination modes of BH,  different from

those of BH,CN™

shla, AH
(k) M-\H‘B\H/M (5,19)

As noted in Fig. 3, many of these possible bonding
modes for BH3CN' have now been observed or suggested and much work
has been done in this area by several groups in recent years. For
example, Lippard and co-workers (21, 25) have synthesized Cu(I)-
BH3CN complexes with PPhg, such as Cu(BH,CN)(PPhs); and [Cu(BH4CN)-
(PPh3)2]2. The structure and bonding modes of BH3CN™ in these
complexes werse characterized by infrared (21) and, in the case of
[Cu(BH3CN)(PPh3),1,, solid state X-ray (21, 25) studies. Of particular
interest, in the context of work to be reported later in this thesis,
is the proven presence (25) of M —H —B — C — N — M bridges in
[Cu(BH3CN)(PPh3),1, as shown in Fig. 4a (4b was briefly considered as
a possibility). On the other hand, Cu(BH;CN)(PPhs); apparently
normally contains a unidentate nitrogen-bonded cyanotrihydroborate

Tigand as shown in Fig. 5a as do many other BH3CN™ complexes (11,
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see also sections 1.5.1 and 1.5.2 of this thesis). However, evidence
has been presented (9) which indicates that under certain preparative-
conditions, the complex Cu(BH3CN)(PPh3)3 may be isolated in the H-

coordinated form as shown in Fig. 5b.

/
Ph.,P Z-
(a) 3~~~

~
Ph.PP N ~pPh
3 H Z
>
H H

Fig. 4
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Ph..P< PPh Ph.P.. PPh
3N, 3 (b) N G

PhoP” “WH—BH,CN

Fig. 5

Unidentate BH3CN™ complexes with coordination
through the nitrogen atom are also of some interest because two types
of bonding are apparently possible. Thus, these complexes may contain
a linear M — N — C linkage in which the nitrogen atom is essentially
sp hydridized or an angular M — N — C bond in which the nitrogen has
some tendency towards sp2 hybridization. Indeed, there is one
complex known, Cu(BH3CN),(Mesdien), which contains (24) both types
of linkage. These are seen clearly from the X-ray crystal structure
and the two differently bonded BH3CN™ 1igands show two different
C=N stretching frequencies. This point is discussed extensively

elsewhere (24) and is touched upon later in this thesis.

One other case of BH4CN™ acting as a bridging
ligand has been recorded 1in the literature (10). Thus, [Ni(BH3CN)-
(tren)]22+ (10) contains two such bridges which have been character-

ized by solid state X-ray studies. More will be said about this later.
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Turning now to possible bidentate coordination of
BH3CN ™, Holah and co-workers (9) prepared the complex Ni(BH3CN)Ls from
NiC1(PPh3); and BH3CN™, and assigned the structure given in Fig. 6.

L
AT

/\/
/N N

L = PPhy

Fig. 6

This structure and bonding mode of BH3CN™ were suggested by spectro-
scopic (UV,IR) evidence only and better characterization of this
complex is clearly needed. More recently, S.I. Khan (11) synthe-
sized an interesting complex formulated as [Co(BH3CN){Dppm)2]1C10y
for which there is some evidence that the BH3CN actssimilarly as a
bidentate 1igand as shown in Fig. 7. However, in this case, the
bidentate mode arises from coordination of one N and. one H atom
rather than two H atoms as in Fig. 6.

P

P\%(m\\'/H c10

Fig. 7



-15-

However, this proposal has very recentlj been reconsidered (26) on
the basis of other evidence and it now appears possible that the
system may be better formulated as [CoH(BH,CN)(Dppm),1C10,. If

this is the actual structure, it would appear to be the first example
of a neutral BH,CN complex derived from BH;CN . Again, more will be

said of this later.

In concluding and summarizing this subsection, it
can be seen from the data discussed above that BH3CN~ possesses a
potentially wide versatility in terms of its possible modes of
coordination to metal ions. Clearly much work remains to be done
and, later in the results and discussion section of this thesis, it
will be seen that various interesting complexes of BH3CN™ with
Ni(II) and Ni(I) systems produce quite a wide variety of structural
types. However, certain other aspects of BH, and BH3CN™ chemistry

should be discussed before presenting these results.

1.3 Spectroscopic properties of BH3CN™ and BH,~

Spectroscopic analysis, particularly infrared
studies, is a fundamental technique for the investigation of the
bonding mode of a group in a compound or a complex. Since this
thesis is mainly concerned with cyanotrihydroborate complexes, it is
clearly necessary to discuss interpretations of the infrared spectra

of BH3CN , and BH, . Some attention will also be given to NMR spectra.
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Table 1 represents the observed infrared and Raman
bands of NaBH3CN, KBH3CN and NaCNBH; while Table 2 represents the
corresponding IR bands of NaBD3CN and NaCNBD; with the band
aésignments being those proposed by Berschied and co-workers (27,
12b, 28). The band assignments have been made with the aid of the
Raman polarization data for undeuteratedcyanotrihydroborate ion and
are consistent with assignments which have been made (29, 30, 31, 32)
for a large number of BH3X (X = CO, Mep,S and NH3 etc.) compounds.

The CN stretching vibration is observed as a sharp peak characteristic
of cyanide bands. It is observed that the C=N stretching frequency
of BH3CN™ at 2179 cm™! is intermediate (33) between that of jonic
cyanide (CN”) at 2080 cm~! and covalently bound cyanide (2267 cm™! as
in, for example, CH3CN). For the corresponding deuteratedcompounds,
the C=N stretching bands do not shift measurably but the B — D
stretching frequency lies, as expected, at much lower frequency than
the B — H stretching frequency. For the isocyanotrihydroborate
system, the C=N stretching shifts to Tower frequency at 2070 cm-!
(28) whereas the corresponding B ---Ht (terminal) stretching frequency

remains at the higher position of 2350 cm~1.

For comparison with the above data, Table 3 represents
the expected and observed infrared spectral bands of monodentate,
bidentate and tridentate complexes of MBH, as well as those of jonic
BHQ'. It shows, for bidentate and tridentate complexes, that the BH

terminal stretching occurs at relatively high frequency compared with
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the uncomplexed cyano- and isocyano-species. Also the B — H bridging
stretch for tridentate BH, complexes is at higher frequency than for
the other two types. As will be seen later, small changes in the

fréquencies of these BH and CN vibrations on complexation are extreme-

1y valuable in the assignment of coordination modes.

Considering now NMR spectra, the proton NMR spectrum
of KBH3CN 1in 020 consists of a sharp and well resolved quartet and a
septet (27) which arise from coupling of the protons with !1B (I = 3/2)
and 198 (I = 3) nu§1ei, respective]y;JllBH = 90 Hz and J10BH = 30 Hz.
The coupling constant 'ratio of 3 is that expected on the basis of the
magnetogyric ratio (34) for 11B and 198. The centres of the proton
multiplets coincide at 252 Hz upfield from the residual H,0 resonance

signal at 100 MHz.

The 11B NMR spectrum for pure NaBHZCN in THF shows
a sharp and well resolved quartet (J = 91 Hz) at + 62.2 ppm with
respect to external B(OCH3z)s; (12b). This signal has been assigned to
free BH3CN™, Another, much more diffuse, signal with a chemical shift
of + 45,5 (relative to B(OCH3)3) with Jy;- = 94 Hz has been assigned

BH
to the isomeric BH3NC™ ion.

Infrared and NMR spectroscopic properties of hydro-
borato complexes (as distinct from those of free hydroborate anions

discussed here) will be examined in a later section.
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1.4 Some chemical properties of NaBH3CN other than coordination

and organic reductions

Since NaBH3;CN has widespread applications in several
different branches of chemistry such as complexation, reduction and
analysis, the chemical behaviour of BH3CN“ is an important topic to
be discussed here since side reactions of BH;CN™ may have an influence
upon complexation reactions in certain instances. In this connection,
Purcell and co-workers (27) showed that BH3CN' rapidly hydrolyses in

strongly acidic solutions and the reaction was represented as follows:
BH3CN™ + 3H,0 + HC1 —> H3BO; + HCN + 3H, + C1~

In aqueous solution, the hydrolysis is initially very slow (< 0.5% ih
24 hr.). However, small amounts of acid addition cause decomposition
as shown by very erratic pH readings. At 0°c, BH3CN™ behaves very
nearly as purewater on addition of acid, indicating that BH3CN~

behaves as a very weak base toward the protons.

Very recently, Kay and co-workers (35) have found
that certain metalscan oxidize BH3CN™ to a new anion [BHQ(CN)BHZ(CN)]'.
This interesting chemical behaviour was found when cyclic voltammetry
studies were carried out on a CH3CN solution of NaBH3CN at molybdenum
and vanadium electrodes. In both cases, the major borane containing

product was found to be the new anion [BH3(CN)BH,(CN)]™ formed as the
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sodium salt which could be isolated. Although the compound was found
to be hygroscopic, the anion proved to be stable to aqueous hydrolysis.
The anion was characterized as the tetra-n-butylammonium salt. The

reaction process at the electrodes was summarised as follows:
[BH3(CN)]- —>  BH,CN + 1/2 H2 + e
[BH3(CN}1™ + BH,CN —> [BH,(CN)BH3CN]™

The same anion formation was observed by the same
authors when mercury(I) chloride was treated with NaBH3CN in donor
solvents sqch as THF and CH3CN. When mercury(I) chloride is replaced
by the stronger oxidising agent mercury(II) chloride, then the
oxidation of BH3CN™ in either solvent proceeded very rapidly and
in a more complex manner. This reaction gives not only [BH3(CN)BH,-
CN]~ but also oligomerized BH,CN species. The authors also inter-
preted the IR spectrum of [BH3CNBH2CN]'.‘ A strong sharp band at
2255 cm~! and a sharp medium-intensity band at 2205 cm~! were
assigned to CN stretching patterns for the bridging and the terminal
cyanide groups respectively; the other two broad, strong bands at
2395 cm~! and 2355 cm~! were assigned to B — H terminal stretching

modes.

The 11B NMR spectrum of [BH;(CN)BH,CN]™ (as the

NBu: salt) shows two multiplets of equal intensity. A broad triplet



-23-

at 6§ = — 28.6 ppm [JBH = 105 Hz] and a sharp quartet at § = -43.95
ppm [JBH = 95 Hz) against BF3+Et,0. Both of these collapse to singlets.
on proton decoupling. That the triplet is broadened suggests the

BH3CN part of the species is N-bonded to the BH,(CN) grouping.

Reactions of this type which generate the BH,CN
species are of possible importance in coordination chemistry. Indeed,
as already mentioned in section 1.2, the complex originally formulated
(11) as [Co(BH3CN)(Dppm)1C10, has now been tentatively reformulated
(26) as [CoH(BH,CN)(Dppm),1C104. This will be discussed again later.

1.5 Synthesis and chemical properties of BH3CN™ complexes

Many of the cyanotrihydroborato complexes with
transition metals which have appeared in the 1iterature have been
synthesized in the presence of phosphorus containing 1igands. However,
some of the work recently carried out in this area is as yet unpub- |
Tished and arises from synthetic and structural studies carried out in
these laboratories during the past three years. Most of this unpub- .
Tished work concerns the formation of cyanotrihydroborato derived
complexes for a series of bidentate and also monodentate phosphine
1igands with Co, Ni and Cu. In addition to the phosphine-metal ion
work mentioned above quite a few BH3CN ™ derived complexes have also
been synthesized using nitrogen donor and other ligands. Therefore,

the discussion will be divided into two parts with systems derived
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from 1igands other than phosphines receiving treatment first. This
treatment will be arranged according to groups and, to simplify the
discussion, it should be noted at the outset that for groups IIB to
VB, no ;yanotrihydroborato complexes have yet been reported in the
literature. It should be further noted that a general survey of this
topic would normally treat both phosphine and non-phosphine 1igands
under the same heading. However, this author feels that for ease of
reference later in this thesis to work on metal-phosphine-BHCN™
reactions already in the literature or in as yet unpublished theses,

the above-menfioned division of the topic is more appropriate here.

1.5.1 .BH3CN™ complexes, synthesized in the presence of ligands

other than phosphines

1.5.1.1 Chromium, Molybdenum and.Tungsten

The known cyanotrihydroborato complexes of this triad
are summarized in Table 4. These cOmple;es were synthesized (36) from
reactions of sodium cyanotrihydroborate and the appropriate metal
hexacarbonyl in boiling glyme over a period of several hours. The
reaction mixture yielded the [M(BH4;CN)(CO)s] anion which was sepa-
rated from an aqueous solution as the appropriate tetramethylammonium
salt. These compounds were found to be less air-sensitive in the
solid state than in solution. The sequence of relative air stabilities

both in the solid state and in solution is as follows:
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Tungsten > Chromium > Molybdenum

The C=N stretching frequencies of these complexes were reported to
be at~2200 cm~! which represents a shift of about 21 cm‘l from the
C=N  stretching observed for free BHsCN™. This clearly indicates
that the BH3CN™ Tigand is involved in coordination with metal ions
through the nitrogen atom. This evidence led the authors (36) to
assign to these complexes the structure shown in Fig. 8 in which one
carbonyl group has been replaced by BH3CN . More will be said later

about IR data in general for BH3CN  complexes.

co [ CcOo

CO/T\ .

Fig. 8



-26-

1.5.1.2 Manganese, Technetium and Rhenium

No cyanotrihydroborato complexes have yet been

reported for this group.

1.5.1.3 Iron, Ruthenjum and Osmium

A few complexes for iron and ruthenium with 1igands
other than phosphines have been reported and these are summarized in
Table 4. However, no cyanotrihydroborato complex for osmium has yet

been reported.

The only such cyanotrihydroborato complex of iron,
Fe(BH3CN)2(Phen)2, was synthesized from Fe(Phen),C1, and KBH;CN (37)
in dry THF under prolonged reflux in an inert atmosphere. The complex
was isolated directly from the cooled reaction mixture. The nature

of the complex and its structure were characterized by magnetic
moment data together with infrared, visible and Mossbauer spectra.
The BH3CN™ unit was characterized as a ligand possessing monodentate
o- and w-donor character towards Fe(Phen),2t and the assigned

structure of this compTex [Fe(BH3CN) ,(Phen),] is shown in Fig. 9.
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NCBH

|
Fe
N /! \ NCBH

In addition to the one known iron system, two
ruthenium complexes, [Ru(BH3CN)(NH3)s1Br and [Ru(BH3CN)(NH3)s]Br,,
have been synthesized (38) under argon from a reaction between
NaBH3CN and [Ru(NH3)sH,012%. This reaction results in a solution of
what is probably Ru(NH3)sBH3CN which, uﬁon addition of NaBr, precipi-
tates a solid formulated as the Ru(II)complex, [Ru(BH3CN)(NH3)s5]Br.
When this solution is exposed to air for 1 hour, subsequent addition
of Br~ precipitates a Ru(III)complex, [Ru(BH3CN)(NH3)s5IBr,. Both of
these complexes are moderately stable in aqueous solution. The co-
ordinated BH3CN™ of each complex hydrolyses in acidic solution leading,
in the case of the former ion, to an iso]ab1e.Ru(II)-hydrogen cyanide
complex. However, complete structural characterizations of these

complexes were not effected.
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1.5.1.4 Cobalt, Rhodium and Iridium

Again, no cyanotrihydroborato complexes of these
metals with Tigands other than phosphines have yet appeared in the

Titerature.

1.5.1.5 Nickel, Palladium and Platinum

Only nickel-cyanotrihydroborato complexes have
been reported for this triad and they are summarized in Table 4. The
first such nickel complex, containing the nitrogen donor ligand en
(ethylenediamine), was synthesized (39), by heating Ni(en),C1, under
reflux with a stoichiometric quantity of NaBH3;CN in THF for several
hours, followed by Soxhlet extraction of the solid residue with the
same solvent to yield, upon cooling of the extract, crystals of
[Ni(BH3CN)2(enE]-THF. The infrared spectrum of this complex showed
the C = N stretching vibration in the vicinity of 2200 cm™! which is
consistent with BH3CN™ bonding to the metal ion through the nitrogen

atom.

The second, and very much more interesting such
complex, [Ni(BH3CN)(tren)]§+, has been synthesized (10) from a reaction
of NiSO,<6H,0 in aqueous solution with tren in methanol-Chloroform.

The resulting solution was treated with a methanolic solution of

NaBH3CN to give a purple reaction mixture which, on further treatment
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with NaBPhy, gave a solid complex formulated as [Ni(BH3CN)(tren)l ,-
(BPhy),. A single crystal X=ray diffraction study (10) has shown

that the system is a cyanotrihydroborate-bridged dimer in which the
ring containing the two nickel atoms and two cyanotrihydroborate
bridges is almost planar. The nickel atoms are octahedrally co-
ordinated and a hydrogen atom of the — NCBH; ligand therefore occupies
one of the coordination sites. This structure is illustrated in

Fig. 10 and, as can be seen, it is similar to the bridged Cu(I)

system briefly discussed in section 1.2.1 and illustrated in Fig. 4a.

24

(tren)Ni’//

//;N/,zNi(tren)

-

H\B/C
H" H

Fig. 10
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This bridged Ni cation is, in fact, related to a
group of 1igand-bridged dimers of general formula (tren MX)%+
characterized for the most part by Hendrickson's group (40, 41),
although this system appears to be the first Ni-complex containing
BH3CN™ as a bridging ligand. More will be said of similar bridged
Ni structures later in the Results and Discussion section of this
thesis, where the results reported could appear to indicate that such

bridging is a relatively common phenomenon in Ni — BH3CN chemistry.

1.5.1.6 Copper, Silver and Gold

No cyanotrihydroborato complexes of silver and
gold with ligands other than phosphines have been reported and only one
such cyanotrihydroborato complex of copper (with Mesdien) has been
synthesized (24). This Cu(II)complex, Cu(BH3CN),(Mesdien) listed in
Table 4, was synthesized in ethanol from Cu(IIl)bromide with Mesdien
in the presence of NaBH3CN and was isolated as royal blue crystals.
This solid is soluble in polar solvents but readily decomposes in
acetone, The infrared spectrum of Cu(BH3CN),(Mesdien) shows two
distinct C = N stretching frequencies, both of which occur at higher
frequency than that found in free BH3CN™. This implies that the two
BH3CN™ groups are both present in the complex Cu(BH3CN),(Mesdien) as
coordinated 1igands and that coordination occurs through the nitrogen

atom in both cases. The authors (24) postulated on the basis of this

information that the structure of this complex could be either the
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dimeric cation [Cu(BH3CN)(Me5d1'en)]§+ or the neutral species Cu(BH 4CN) ,-
(Megdien).- The structure of this complex has been fully characterized
(24) by single crystal X-ray diffraction studies, which showed that

the system is a distorted square-based pyramid with one of the BH,CN™
groups occupying the apical position and the other in a basal position

as illustrated in Fig. 11.

The infrared spectrum of this complex will be discussed further in a
later section as part of a general discussion of IR spectra of BH3CN™
complexes.

1.5.2 Cyanotrihydroborato complexes of transition metals formed

using phosphorus-containing 1igands

Many cyanotrihydroborato complexes containing
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phosphine 1igands have been reported in the literature in contrast to
the few known cyanotrihydroborato complexes formed with other Tigands.
A brief discussion concerning the preparative conditions required

together with some physical properties of these phosphorus-containing

complexes will be presented under this section.

1.5.2.1 Iron, Ruthenium and Osmium

A few such cyanotrihydroborato complexes of iron
and ruthenium have been reported but as yet no similar complexes have

been reported for osmium.

Drummond and co-workers (42) have synthesized cis-
trans-[Fe(BH3CN) ,{P(OR) 3}, 1 complexes and these are recorded in Table
5. Both methathetical and electrochemical methods have been employed
for the preparation of these complexes in different solvents. These
complexes were prepared from a reaction of FeCl,-2H,0 with an excess of
NaBH3;CN in the presence of P(OR); (R = Me or Et). However, when the
methathetical reactions are carried out in methanol, only a trans-
isomer is obtained, whereas this reaction in acetonitrile yields a
mixture of isomers in the cis-trans ratio of 30:70 as shown by ‘H NMR
and IR spectra. For the electrochemical process in acetonitrile,
when R = Me, a mixture containing 65% of thecis isomer is obtained.
On the basis of IR and NMR results, the authors have assigned the

following octahedral structures to thecis and trans isomers.
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NCBH, P(OR)
(R0)3ﬁf<;:;;:‘ :;;;;;?P(OR)3 (R0)3Pf<;::;;{':;;;:;>7NCBH3
(a) :"/ Fe ;' (b) ,'/ Fe I'
' ! f [}
(R0)3P' ----- - ~:??>”P(OR) (RO) PL—-N--..1:t>§>J
3 3 | NCBH
NCBH3 P(OR)3
Fig. 12

The cis and trans- isomers of both the trimethyl and triethyl phosphite

complexes proved readily separable. For R = Me, the trans isomer was
found to be preferentially soluble in benzene and repeated extraction
from the mixture left the cis~isomer. For R = Et, both isomers proved
to be soluble in benzene; however, addition of an excess of hexane

induced precipitation of the cis form preferentially .

The only known cyanotrihydroborato complex of
ruthenium (43), (Table 5), RuH(BH3CN)(CO),(DBP),, was prepared by a
reaction of the red Ru(II)-carbonyl solution (prepared from RuClj
hydrate and €O in ethanol) with the ligand DBP in the presence of an

excess of BH3CN™ in ethanol.

1.5.2.2 Cobalt, Rhodium and Iridium

Quite a significant number of complexes has been
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synthesized with this group, mainly with cobalt, in the presence of a
series of phosphines and cyanotrihydroborate ion. They are presented
in Table 6 and it should be noted that many of these complexes are

formed in reactions, the details of which have not yet been published.

The first such cobalt complexes, Co(BH3CN)N,(DBP);
and Co(BH3CN),(PPhj) 3, were synthesized by Holah and co-workers (6)
from reactions of CoX,+6H,0 (X = halide) with a phosphine (PPh; or
DBP) in the presence of NaBH3CN in ethanol. Yellow (former) and wine-
red (latter) complexes were isolated from the appropriate reaction
and their IR spectra show characteristic C = N stretching frequencies
around 2200 cm 1 which means almost certainly that the BH4CN™ unit is
coordinated through the nitrogen atom (see later discussion).
Similarly, the cobalt complex Co(BH3CN)(Diphos)2 has been synthesized
(9) from a reaction of’CoC12-6H20 and Diphos with an excess of NaBH3CN.
This last complex is diamagnetic. Again, the C = N stretching frequency
in the IR spectrum indicates that BH3CN™ 1is coordinated to the metal

ion through the nitrogen atom.

More recently, a series of cobalt-cyanotrihydrobor-
ato complexes has been synthesized (11) in these laboratories using a
range of phosphines such as PPhs, Dppm, Diphos, Dppp and Dppb 1in the
presence of cyanotrihydroborate ion. These most interesting results
are, as yet, unpublished. However, some of the better characterized
systems are listed in Table 6. One particularly interesting complex

‘arising from this study is the wine-red CoH(BH3CN)(PPh3); which is
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obtained from CoCl1,+6H,0 and PPhy with an excess of NaBH3CN in(toluene-
ethanol) solvent under N,.  This complex is stable in air for up to

48 hours. On the basis of IR and reflectance data, the author proposed
(11) that the complex is a five-coordinated Co(II) system with BH3CN™
bonded through the nitrogen atom. The complex is paramagnetic (Tow.
spin). The structure of this complex has now been fully characterized
by solid state X-ray methods (44) and the geometry is confirmed as a
five-coordinated Co(II) species which is a trigonal bipyramid grossly
distorted towards both the square pyramid (major distortion) and the

monocapped tetrahedron (minor distortion).

In addition, other interesting complexes such as
those tentatively formulated as [Co(BH3CN)(Dppm),]1C10, and CoH(BH5CN)-
(Dppm) have been reported in this study (11). These were prepared from
Co(C10,),-6H,0 (former) and CoCl,-6H,0 (latter) by reaction with Dppm
in the presence of an excess of NaBH3;CN under nitrogen in a mixed
(ethanol/benzene) solvent. Infrared spectra for both the deuterated
and undeuterated (former) complex indicates that BH3;CN™ is bonded to
the metal atom through the nitrogen atom (”CN at 2200 cm~1). Further-
more, IR evidence was also presented for the presence of a M —H — B
type of linkage and, in this connection, the 'H NMR solution spectrum
of this complex shows a well defined quintet upfield from TMS which
clearly indicates the presence of a metal-hydrogen Tinkage at least in
solution. The IR and analytical evidence led the author (11) tentatively
to formulate the structure for this complex as shown in Fig. 7. The

‘H spectrum, however, remained a puzzle because it is not clear why the
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the H atom of the M —H — B would couple with four phosphorus atoms
‘each of which is two bonds away (a normal occurrence) but not with the
directly attached boron atom. For this reason more recently (26),

an alternative structure has been considered for this complex and this
is shown in Fig. 13. In this structure a true metal hydride (terminal)
is present. If this last structure is indeed correct, then the
observed quintet in the 'H NMR spectrum would be in good agreement

with the proposed structure (terminal H coupled with four equivalent
P). However, bonding of neutral BH,CN in such complexes appears not to
have been observed (although BH,CN appears to be an intermediate in

the formation of(BH3CN BH,CN) ™ previously and such a structure would
be quite novel. It should be noted that a weak peak at 2000 cm™!

in the IR spectrum could be attributable to the Co — H linkage super-
imposed upon an aromatic ring vibration although it is not well defined.
This peak is very much less intense in the deuterated species. It will
be seen shortly that Diphos produces an apparently similar complex

although there are significant IR differences.

\\\\\go‘////// c10
/l\

— NCBH2 ~

Fig. 13
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The complex CoH(BHscN)(Dppm) which was also synthe-
sized in these studies has been tentatively assigned the bridged
structure shown in Fig. 14 on the basis of spectral data. This, if
correct, would be related to another tentatively assigned bridged
hydride structure (that of [CoH(Dppm)], recently isolated (45) from
Co(II)/Dppm/NaBH, reactions).

NCBH3 NCBH3
//,p\\\\| ///’H‘\\\l N
CH2 Co Co CH2
NI N Y

Fig. 14

In related work with the T1igand Diphos, the same
author (11) has synthesized a complex [Co(BH3CN)(Diphos),1C10, from
Co(C10,),+6H,0 and Diphos in the presence of NaBH3CN which is apparentTy
very similar to the Dppm complex formulated originally as [Co(BH3CN)-
(Dppm),1€10, and discussed in the preceding paragraphs. .An interesting
phenomenon was observed with this complex when it was treated with
acetone. The dark brown solid thus obtained was found to be [Co(CN)-

(DiphOS)zle] Oq‘MEzCO.
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The complex [Co(BH3CN)(Diphos ), 1C10, shows in the
infrared spectrum C=N and B —H (terminal) stretching frequencies
at 2185 cm~! and 2340 cm~! respectively and the C10, peak appears as
a broad peak at 1100 cm-! (donic). The 'H NMR spectrum showed, as
with [Co(BH3CN)(Dppm),]C10,), a well defined quintet upfield of TMS
which again indicates the presence of the Co —H linkage. On the basis
of these data, the structure of this complex has been tentatively

formulated by the author (11) as in Fig. 15.

- T
HBH,CN
P "N
(CHZS\\\\\‘ﬁo (CH.,) c10
P‘z/ \P 2’2 4
_ B
Fig. 15

However, again if this is the correct structure,
the 'H spectrum is puzzling for the same reasons given for the Dppm com-
plex and because the IR spectrum shows no Co —H stretching (or perhaps,
a very weak one at around 2000 cm™!). Evidence was presented for the
absence of the known species CoH (Diphos), which shows a similar 'H
NMR spectrum in solution. It is also worth noting that the IR C = N

stretching frequency of this complex is shifted only by 6 cm~1 to
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higher frequency from that in free BH3CN™ and the author (11)
suggested that such a small shift of the C = N stretching indicates
that the normal nitrogen coordination of BH3CN™ itself is less likely.

‘However, as will be seen in a later section, the geometry of the

M —N= C.— linkage has a powerful effect upon the C = N stretching
fréquency in such complexes. In view of these anomalies, it is
therefore possible again that the complex may be better formulated as
[CoH(BH,CN) (Diphos),]1C10, as already discussed for the analogous Dppm

complex.

The infrared spectrum of [Co(CN)(Diphos),1C10,
(derived from the above comp]ek) shows a characteristic cyanide
stretching frequency at 2100 cm~!. This same complex tCo(CN)(Diphos)z]-
C10, has been synthesized (11) at elevated temperatures directly from

CoCl,+6H,0 and Dfphos in the presence of a large excess of NaBH3CN.

Other bidentate phosphine complexes have been iso-
lated from similar reactions. For example, Co(BH3CN) (Dppp);,s and
Co(BH3CN),(Dppb), have been synthesized (11) from Co(C10,),+6H,0 or
CoCl,-6H,0 (former) and Co(C10,),-6H,0 (latter) in the presence of
NaBH3CN and the phosphine in appropriate solvents. The complex
formulated as Co(BH3;CN),(Dppp);. s was purified by recrystallization
from a variety of solvents but always a molecule of solvent appears in
the complex crystal lattice regardless of the solvent used. This

complex has not yet been fully characterized.
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The Co(BH3CN),(Dppb), complex showed in its
in%rared spectrum, two characteristic C = N stretching frequencies
as a strong doublet at 2200 cm~! and 2189 cm~!. This indicates that tbe
BH3CN™ units are both complexed through the nitrogen atoms. Perhaps
with s1ightly different site symmetries or with one angular and
another linear M — N — C unit as will be discussed for Cu(BH3CN),-
(Mesdien) in a later section. Reflectance spectra of this complex
suggest a distorted six-coordinated cobalt in an octahedral environ-
ment. Due to low solubility of the complex, solution studies were
not possible. On the basis of the available evidence, the author
suggested (11) the structure shown in Fig. 16 in which case the two
different C = N frequencies could simply be due to symmetrical and

asymmetrical vibrations.

1B
(P\I P\
(CH2)4/?°\ (CHy)4
“p p
NCBH,
Fig. 16

Turning now to rhodium and iridium, the first cyano-
trihydroborato complexes of these metals were synthesized (46) from the
tertiary phosphines PPhs and PCys in the presence'of'NaBH3CN by the

metathetical reaction given below.
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trans [M(C10,)(CO)L,7** + NaBH3CN — trans-M(BH3CN)(CO)L,

M=Rhor Ir, L =PPhyor PCy;

The crystalline complexes were found to be very stable in air as well

as in solution and the relative stabilities of these compounds are
Rh > Ir ; PC_V3 > PPhg

The infrared spectra of Ir(BH3CN){(CO)(PCys), and Rh(BH3CN)(CO)(PPh3),
suggest that the cyanotrihydroborate unit is N — bonded as M — NCBHj.
Thus, the terminal B — H peaks were hardly shifted from the B — H
vibration in free BH3CN™ and, as with similar complexes é]ready dis-

cussed, a small increase in the C = N stretching frequency was observed.

Several other cyanotrihydroborato complexes of
rhodium and iridium have been synthesized by Holah and his co-workers
(8). For example, reaction of [RhC1(C0)2]1> with NaBH3CN in the presence
of DBP gives Rh(BH3CN)(CO)(DBP); in which rhodium remains as Rh(I). An
analogous reaction between RhC13(DBP); and NaBH3CN leads to the Rh(I)
complex Rh(BH3CN)(N,)(CO)(DBP);. This reduction of Rh(III) to Rh(I) by
NaBH3CN is thought (8) to proceed through a Rh(III)-dihydride intermed-
iate such as RhH, (BH3CN)(DBP), which then undergoes an exchange of dihy-
drogen for molecular nitrogen under a nitrogen atmosphere. A similar
dihydride, RhH, (BH3CN)(PPh3),, has been prepared (6) from RhC1(PPhs);
with an excess of NaBH3CN and this supports the above suggestion. This
last complex is very solvent sensitive and decomposes in solution

immediately by eliminating a gas (presumably Hz) in solvents such as



45—

benzene or chloroform.

1.5.2.3 Nickel, Palladium and Platinum

No cyanotrihydroborato complexes of palladium or

platinum with phosphines have yet been synthesized.

Holah and co-workers (9) have, however, synthesized
a series of cyanotrihydroborato complexes of Ni(II), such as NiH(BH 3CN) -
(PPhg),, NiH(BHCN)(DBP)3 and NiC1(BH4CN)(Diphos). These complexes
were prepared by reactions between Ni(II) halide and the phosphine in
the presence of an excess of NaBH3;CN in ethanol. Besides these com-
plexes, another most interesting Ni(I) complex, Ni(BH3CN)(PPhs3),, has
been prepared (9) directly from a Ni(I) precursor in the reaction
between NiCT1(PPhj3)3 and NaBHiCN in ethanol. On the basis of the
infrared and reflectance spectra of the complex, the authors proposed a
novel structure of the type already shown in Fig. 6. This complex is
paramagmetic and monomeric and is apparently a tetrahedral Ni(I) system.
A similar reaction with NiC1(DBP)5; and NaBH;CN has been carried out (9)
but no BHSCN' complex was obtained. Instead, the reaction yielded Ni—
(DBP),. From this observation, the authors suggested that the nature of
the 1igand is once again extremely important in determining the product
formed. As will be seen in the Results and Discussion section of this

thesis, this is indeed correct.

Table 7 summarizes the above-mentioned complexes.
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1.5.2.4 Copper, Silver and Gold

Many cyanotrihydroborato complexes of copper with
different phosphine 1igands have been synthesized during the last few
years. Some of them have appeared in the literature, often with very:
thorough characterization. In more recent years, in these laboratories,
Alam (47) has studied complexes of Cu with NaBH3CN and a series of
(mainly bidentate) phosphines in considerable detail but the results
of these studies are as yet unpublished. This subsection will there-
fore present the results of a variety of published and unpublished
studies concerning Cu(I) or Cu(II)|BH4CN™ |phosphine systems. The

known Cu — BH3CN — phosphine complexes are recorded in Table 8.

In most cases, the complexes are formed by a: reac-
tion between Cul,X (L = ligand; X = halideor C10, ) and NaBH4CN in
an appropriate solvent and the BH3CN' becomes coordinated initially by
the direct replacement of halide or C10, from Cu(I) or Cu(II) systems.
One of the most interesting Cu(I) complexes, the binuclear species
[Cu(BHSCN)(PPh3)2]2 which has already been briefly mentioned in
section 1.2, has been synthesized by Lippard and co-workers (21) from
a reaction of CuCl1(PPhj)5; and NaBH3CN in ethanol/CHC13. The structure
of this complex has been completely characterized by solid state
studies such as infrared spectrophotometry (21) and single crystal
X-ray diffraction (25). The structure of this complex has been

assigned as shown in Fig. 4a in which two copper(I) ions are bridged
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by two BH3CN ™ groups, forming a ten-membered noinanar ring with a

Cu --- Cu distance of 5.637 K (25). It was found that two triphenyl-
phosphine Tigands are bonded to each copper(I) together with a hydrogen
and a nitrogen atom from the different cyanotrihydroborate groups.

The two Cu — N distances are 1.96 X (25) and 2.10 K (25). More will

be said about this and related bridged structures Tater.

It is also possible to obtain monomeric Cu(I)
complexes with monodentate phosphines and BH3CN™ by variation of this
method. For example, Holah and co-workers (9) have synthesized a
series of cyanotrihydroborato complexes of the type Cu(BchN) Ly
(L = PPhy, DBP and PEtPh,) and also Cu(BH3CN)(Diphos),.s. Of
particular interest is Cu(BH3CN)(PPhj3); since these authors also
resynthesized the stoichiometrically identical but apparently chemically
and spectroscopically different triphenylphosphine complex Cu(BH3CN)-
(PPh3) 3 which was first prepared (21) by Lippard et al. by a somewhat
different procedure. This last compTex is insoluble in cold benzene
but soluble in hot benzene to yield the dimeric [Cu(BH3CN)(PPhy),],
complex already described by addition of n-hexane. Holah's version of
Cu(BH3CN)(PPh3)3 (9) in chloroform showed the same IR spectrum as does
a mull of the solid, indicating that it is not merely a different
crystal form and the IR differences between the two complexes are of
a molecular structural nature. Addition of ethanol to the chloroform
solution of Holah's complex precipitates a mixture of this same complex

and [Cu(BH3CN)(PPh3) 2], Which of these two versions of Cu(BH3CN)(PPhs);
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is formed depends only upon small variations in reaction conditions.
These two Cu(BchN)(PPh3)3.comp]eXes, although they have the same
empirical formula, differ (9), sometimes considerably, in several ways.
Lippard and co-workers (21) have produced some evidence (mainly infra-
red) for the Cu — NCBH3 linkage in Cu(BH3CN)(PPhj3); and such linkages
also have been found (9) in several other cyanotrihydroborato complexes
of copper and other metals e.g. in Cu(BH3CN)(Diphos);_s. On the other
hand, Holah et al. (9) produced evidence for the Cu — H — BH,CN

bonding mode in their version of the complex. Both types of linkage
(with the same BHSCﬁ" group, acting as a bridging 1iganq) have been
found (21) present in the same molecule~as in the case of,[Cu(BH3CN)-
(PPh3),1, already discussed. As mentioned in the preceding parag}aphs,
this has been confirmed by solid state X-ray studies. However, there
is apparently no other example in the literature of a BH3CN™ ligand

bonded through only a M — H — BH,CN type linkage.

In related studies, a series of bidentate phosphine-
cyahotrihydroborato complexes of Cu(l) have been synthesized more recently
(47) from metal chloride or perchlorate complexes of the type Cu,L3C1,,

CulL,C10, and CulL3C10y. (where L =’Diphos, ¢is or trans-Dppe, Dppp or

Dppb) using an excess of NaBH3CN in ethanol/benzene. In a typical

reaction, the white solid [Cu(BH3CN)(Diphos);, 51, separated from the
reaction mixture upon addition of n-hexane. From the C = N stretching
frequency observed in the infrared spectrum, the complex appears to have

a Cu — NCBH3; type of bonding. On the basis of this and other evidence
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and the obvious similarity to related dimeric Cu(I)chloride systeins,
the structure has been formulated as shown in Fig. 17. Some support

for this comes from 3P NMR and conductivity measurements.

NCBH NCBH3

P ’ P o P
(QZDL/ ( &P/lu<P>cH2)2

P

Fig. 17

Other related bidentate phosphine complexes such as
Cu(BH4CN)(Dppm) and the probable dimer of identical empirical formula
[Cu(BH3CN) (Dppm) ], have been synthesized (47) by reactions between
CuC1,-2H,0 and Dppm (former) and the dimeric complex Cu(Dppm),(C10,),
(1atter) 1in the presence of NaBH3CN. These two complexes differ
considerably in behaviour. Thus, Cu(BH3CN)(Dppm), is sparingly soluble
in CH,C1,, whereas the probable dimer [Cu(BH3CN)(Dppm)], is highly
soluble. The latter complex shows a similar infrared spectrum to that
of the apparently similar [Cu(BH3CN)(PPh3),1, (21) for which the
structure is known and this led the author to formulate the structure
of the [Cu(BH3CN)(Dppm)], complex as being similar to
[Cu(BHacN)(PPhg)z]z shown in Fig. 4a. The infrared spectrum of the
possibly monomeric Cu(BH3CN)(Dppm) complex shows in the BH3CN™ region

only very small shifts from the frequencies of jonic BH3CN™; these
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small shifts suggest (but see later discussion of linear and angular
M — N — C links) only weak coordination through the nitrogen atom

with Cu(I). Therefore, on the basis of the IR spectrum and 3!P NMR
data, this complex has been tentatively formulated as shown in Fig. 18.
Bidentate BH3CN™ bonding of this type has never yet been proved but

has been considered for other species (see earlier discussion on

bonding modes).

Other bidentate phosphine complexes have been syn-
thesized (47) from both Cu(Dpph),C1-0.5CH,C1, and Cu(Dpph),C10,+CH,CT,
in the presence of NaBH3CN. The complex Cu(BH3CN)(Dpph) was also
found to be very similar spectroscopically to [Cu(BH3CN)(PPh3),1, (21)
and thus has been tentatively assigned a structure of the type

illustrated in Fig. 4a.

Considering now silver complexes, only two such
complexes of Ag(I) with phosphines have been synthesized (21). In one
of these, BH3CN™ is involved as a coordinating 1igand while in the

other, it is present as an ionic species. These complexes
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[Ag(BH3CN) (PPhs)3]+CHC15 and Ag{(p—MePh)gP}+BH3CN' were synthesized
from Ag(PPh3)3C1 (former) and AgCl with (p-MePh)sP (latter) in the
presence of an excess of NaBH3CN in ethanol/chloroform. The coordi-
nated and the ionic BH3CN™ units in these complexes have been charac-

terized by IR and conductivity studies.

1.6 Formation of hydrido complexes of transition metals with

phosphine 1igands in the presence of BH3CN~

As mentioned earlier in this thesis, one of the
possible product types which might be formed 1in hydroborate reductions
of transition metal ions in the presence of complexing 1igands is metal
hydrides. No simple (i.e. one which does not also contain a hydroborate
1igand) hydrido complex of a transition metal complexed by phosphine
ligands derived from BH3CN™ has yet been reported in the literature.
However, a significant number of hydrido complexes have appeared in the
literature which have been derived from similar reactions in which
NaBH, is the reducing agent (see next section). The lack of such BH3CN™
derived hydrides is probably due to the fact that NaBHsCN is a milder
reducing agent than NaBH, and also, this systemwould have a marked
tendency to form cyanotrihydroborato complexes by the simpler nitrogen
coordination to the metal ions. Thus, the fact that it is a mild
reducing agent suggests that forcing reaction conditions might be

required for the formation of hydrido complexes from BH3CN™ reactions.
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One such hydride has in fact been obtained in these
reactions. Thus, very recently, Khan (11) has synthesized, in these
laboratories, a series of as yet unpubiishéd cobalt-cyanotrihydroborate
complexes (at least one of which is a hydridocyanotrihydroborato system)
with phosphine ligands in the presence of NaBH3CN and, in one
such reaction, the hydrido complex CoH(Dppp), has been prepared as
large dark brown crystals. This particular reaction was carried out
at elevated temperatures with a large excess of NaBH3CN added peri-
odically to a mixture of CoCl,<6H,0 and the bis-phosphine 1igand
Dppp. This complex is very air-sensitive and it decomposed immediately
in all chlorinated solvents. Infrared spectra show the metal-hydride
stretching frequency as a medium intensity band at 1960 cm~!. This
same hydride can also be prepared under much milder conditions using
NaBH, as the reducing agent. An unpublished single crystal X-ray
diffraction study (45) has determined the structure of CoH(Dppp),»
prepared from the NaBH, reaction. That the complex is a metal-hydride
is quite clear from the X-ray study and the structure is a highly

distorted square based pyramid, a simplified version of which is shown

in Fig. 19.
?
(éz/\ ICO/ P\(CHZ)
2’3 3
(P// ~ ./

Fig. 19
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The unpublished study by Khan (11) referred to above has, however,
shown that, more generally, CN rather than hydride abStraction from
BH3CN™ occurs in higher temperature reactions. The complex CoH(Dppp),
therefore appears to be something of an unusual product type for these

reactions.

The attention of the reader is drawn again to the
more complex hydrido cyanotrihydroborato systems (related to the
simple hydride discussed above) which were discussed, particularly

for Co and Ni, in section 1.5.

1.7 Interaction of BH,” with transition metal ions in the

presence of phosphorus containing 1igands

As mentioned earlier, sjnce this thesis is concerned
primarily with BH3CN™ reactions with phosphine-transition metal
systems, relatively 1ittle attention will be paid to analogous BH,
reactions except for purposes of comparison. However, a significant
number of tetrahydroborato complexes of transition metals has been
synthesized during the last few years and most of the possible modes
of coordination of BH, with transition metal ions listed in Fig. 3
have now been characterized. While a detai1ed discussion concerning
the synthesis and structural analysis of tetrahydroborato complexes
would not be appropriate here, it is appropriate to record here the

known phosphine-BHy,  complexes which have been completely or partly
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characterized. These are listed in Table 9. Other, non—hydroborate 
products of such reactions have, of course, also been detected (e.g.
hydrides already discussed) but mention of these in this thesis will

be made only when required.

It should also be noted here that, since the early
part of this chapter was written, two new bonding modes of BH, with
transition metal ions have been reported. Thus, Meek's group (48)
has shown the static nature rather than the more usual (5, 49)
fluxional behaviour of a bidentate BH, 1igand in solution at room
temperature in the Ru(II) complex, RuH(“Z—-BHu)(ttp) [ttp = PhP-
(CHpCH,CH,PPhy) 1 from the '"H NMR spectrum. This appears to be
the first example of non-fluxional and separately observable B —-Ht
and B —-Hb using 'H NMR spectra. These authors proposed the structure
of this complex as a distorted octahedral arrangement shown in Fig. 20.
which contains a bidentate BH; Tligand with different site symmetries
for the two B —H_ 1linkages. Fluxionality via a monodentate BH, unit

occurs at higher temperatures.
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In addition to this, more recently another
interesting complex [Co(BH, }Dpppe)]l, has been synthesized (45) in
these laboratories. X-ray single crystal studies show that this
dimeric system contains two BH, units bridging the two Co(I) ions
which are also bridged at right angles to the BH, bridges by the
two bis-phosphine 1igands. Although the actual bonding mode of
BH, ™ in this complex has not yet been fully characterized, the two
possibilities are that each BH, group bridges the two Co(I). ions
either through one hydrogen atom (as in Fig. 3, structure f) or two.
hydrogen atoms giving a M—H —B — H — M type of linkage. The basic

structure is illustrated in Fig. 21.

/—(CH 2)g \
e
v \BH4 \ N

.b

Fig. 21

1.8 Spectroscopic Studies

In the preceding sections, many references have been

made to structural assignments and modes of coordination but relatively
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1ittle has been said so far about how these structures were determined
except that frequent reference was made to IR methods while occasional
reference was made to NMR and X-ray techniques. The X-ray structure
determinations have already been discussed adequately at those

points where the appropriate complexes have been introduced in the
preceding discussion. However, before moving on to the discussion

of riew work, infrared and NMR structural studies of hydroborate com-
plexes should be discussed in more detail so that the rationale for

the structural assignments which will be made in later sections may

be well understood. The discussion of infrared spectra will be con-
fined mainly to those of cyanotrihydroborate systems but the NMR
studies will be a Tittle wider in scope to include some tetrahydrobor-
ate systems. The reason for this is that IR studies are made
primarily in the solid state whereas NMR studies are made in solution
where the phenomenon of fluxionality is often observed with M —H — B
bonded systems. This phenomenon has been observed mainly with BH,

systems but could also occur in certain modes of BH3CN™ coordination,

1.8.1 Vibrational Spectroscopy

In order to facilitate reference to published IR data
on cyanotrihydroborate systems, all such systems which have so far been
reported are recorded in Table 10 together with selected features of

the observed spectra.
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The infrared spectral characteristics of free BH3CN~
(and BD3CN”) have been discussed earlier (Tables 1 and 2). Thus the
C = N stretching frequency for this system is found at 2179 cm~! with
the BH (t = terminal) stretch in the 2320 to 2350 cm~! region, When
this BHacN' acts as a ligand (usually through the N-atom) in complexa-
tion, then the stretching frequency of C = N is shifted either to
higher (more usually) or lower (occasionally) frequency than that in
free BH3CN™. Similar shifts occur on M — H — B type coordination and,
as will be seen shortly, the direction of the shift observed in the
B —»Ht vibration can be highly informative. For most of the complexes
of the type M « NCBH3 discussed earlier and presented in Table 10, the
C = N stretching frequency occurs in the 2110 cm™! to 2220 cm~! region
‘and the.BHt stretching vibration occurs in the 2300 to 2400 cm™! region.
Much information can be acquired from the magnitude and direction of

these shifts as will be seen in the following discussion.

For a better understanding of the essential points of
the effects of coordination upon infrared spectra in the cyanotrihy-
droborato complexes, the spectra of several complexes of known

structure will now be examined.

There are four BH3CN™ complexes — Cu(BH3CN),(Mesdien)
(24), CoH(BH3CN)(PPhy); (44), [Cu(BH3CN){PPh3),1, (21), and [Ni(BH4CN)-
2
(tren)]z+ (10) — for which solid state structures have been completely

characterized by single crystal X-ray studies.
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Considering first the monomeric Cu(Il) species
Cu(BH3CN) ,{Mesdien) the infrared spectrum shows two strong peaks
corresponding to C = N stretching vibrations at 2197 cm=! and 2210
cm™l. These are significantly higher than the frequency observed for
free BH3CN™. The two distinct C=N vibrations arise from two N-

N groups which occupy non-equivalent

coordinated (X-ray structure) C

see Fig. 11) for which there are

sites (one apical and one basal
two different Cu — N bond lengths and hence two different Cu — N

bond strengths. A small C = N frequency shift on coordination could
suggest a weak interaction with the metal ion but examination of the
structure of Cu(BH3CN),(Mesdien) shows that as well as two Cu — N

bond lengths, there are two Cu — N — C geometries - one linear and one
angular. A Tinear arrangement is consistént with sp hybridization of
the N-atom and coordination through an sp lone pair while an angular
arrangement suggests some sp2? character for the N-atom. The change

in hybridization from sp towards sp? would lengthen the C — N bond

and therefore reduce the vibrational frequency. In this connection,
two different C — N bond lengths are observed in the above complex.
Thus the most tightly bound (basal) BH3CN™ ligand shows a short Cu — N
bond 1ength, an angular Cu — N — C Tinkage, and the longer of the two

C — N bond lengths while the apical BHsCN™ unit shows a long Cu — N
bond but a linear Cu — N — C Tlinkage and a short C — N bond 1ength.

For these reasons, the IR peak of smallest shift (only 13 cm~1) is
assigned (24) to the most strongly bound BH3CN™ ligand with the angular

Cu —N — C linkage. It therefore seems that a small N — bonded C = N
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frequency shift frequently observed on coordination may imply weak
coordination but is more likely to imply an angular M — N — C unit.
There is also the possibility in some instances that w interactions
between the N atom and the metal ion may occur as is apparently the
‘case in CoH(BH3CN)(PPhg); (44). This will further affect bond lengths
and M — N —C geometry. These points have been discussed extensively

elsewhere (24,44).

The B —-Ht‘stretching frequency occurs (24) at
2346 cm™! (with shoulders at 2396 cm™! and 2284 cm™!) in the
spectrum of Cu(BH3CN),(Mesdien) while in the spectrum of the similar
five-coordinated monomeric unit CoH(BH3CN)(PPhs3)s; it occurs (44) at
2340 cm™!. As shown in Table 1 the principal B ---Ht vibration in
free BH3CN™ occurs at around 2320 (broad). Generally, known or
suggested N — bonded unidentate BH3CN™ complexes show B —-Ht vibra-
tions in the range 2320 — 2345 cm~! and another typical example is
Cu(BH4CN) (PPh3) 3 which shows (21) this vibration at 2330 cm™!. How-
ever, as will.be seen shortly, shifts of the B -Ht stretching

frequency to significantly higher frequency occur when one H atom of

the BH; unit is coordinated.

In the two structures [Cu(BH3CN)(PPh3),1, and
[Ni(BH3CN) (tren)13*, the two BH3CN™ act as bridging 1igands and
structural details have been given earlier in this chapter. Thus,

each of the BH3CN™ units forms both M —H — B and M — N — C linkages
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and changes should be observed in both the C = N and B --Ht vibra-
t%ona] frequencies relative to those in free BH3CN . Furthermore,
aB — Hy (as in the M — H — B unit) vibration should be observable.
For the dimeric copper complex, two C = N vibrations are observed
(at 2190 and 2207 cm-1) (21) while in the spectrum of the dimeric
nickel complex, only one C = N vibration is seen (at 2221 cm™!). The
reason for this is that in the copper species, the ring containing
the two Cu ions and the two BH3CN™ 1igands is non-planar and the two
C = N units occupy different positions with different Cu — N bond
lengths. On the other hand, the nickel species is symmetrical and
the two C = N units are identical. It seems, therefore, that in
systems containing more than one BH3CN~™ unit, the number of C = N
stretching vibrations is a useful guide to the symmetry or otherwise

of the system.

Considering now the B — H vibrations of these two
dimeric systems, coordination through one of the H atoms of BH3CN~
raises the B ---Ht frequency to a value about 50 cm~! above that of
free BH3CN™. Thus, the dimeric copper system referred to above shows
(21) this vibration at 2376 cm~! while that of the nickel dimeric
system appears (10) at 2380 cm~!l. OnAdeuteration, these peaks shift
into the 1780 — 1790 cm~! range (with additional peaks at lower fre-
quencies) which is somewhat higher than the value observed for BH3CN™
systems where coordination is through only the N atom. These points
will be discussed further in the Results and Discussion section of

this thesis where several new BH3CN™ bridged dimeric Ni{II) systems
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are reported. Indeed, the shift to highér frequency of the B —-Ht
vibration is, at present, the best evidence for bridging BH3CN™ 1in

the absence of X-ray methods. The B —-Hb vibration (as in the

M —~H —B unit) appears as a fairly broad band in the 2200 — 2280 cm-1
region in such systems (10, 21) and sometimes lies under the intense
C=N stretching\frequency. Terminal B - Ht bending vibrations appear
in the 1100 — 1120 cm™! range with the lower values in this range

observed in the dimeric systems discussed above.

The other modes of coordination for BH3CN™ which have

possibly been identified in the literature, such as

'/H\\B’/H and
AR N Nne” N\

M
(see Fig. 3), have been assigned largely on the basis of quite small
changes in the BHt and — C = N regions of the spectrum and further
discussion here would be largely speculation. Such structures cannot

yet be assigned unambiguously without X-ray structural data.

1.8.2 NMR Spectroscopy

Nuclear magnetic resonance (NMR) has, over the years,
become one of the most important physical methods for chemica]

structural studies. Each of the many phyéica] methods available, such
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as infrared, visible, and ultraviolet spectra and mass spectrometry
contribute valuable information but when structural information is
obtained by NMR methods, it is usually muchimore precise than that
yielded by the other methods listed above. We are concerned here
with the structural information which can be gained regarding BH3CN /-
metal/phosphine complexes from magnetic resonance studies of the

three nuclei !B, lH and 31P,

The NMR of the 1B nucleus has been generally quite.
well studied (60) and this is particularly true for borane derivatives.
Regarding such studies with hydroborates, 11B NMR has been used more
with tetrahydroborato complexes than with cyanotrihydroborato complexes
although relatively few studies of either type of complex have been
reported. Recently, however, the 11B NMR spectra of a few cyanotri-
hydroborato complexes have been recorded. For example, one such
complex, trans-Fe(BHsCN),{P(OR);}, (in which the M — NCBH; type of
coordination is present), shows (42) in the 11B NMR spectrum a quartet
at 6§ = 40 (relative to BF3-Et,0) in the ratio of 1:3:3:1 with a
coupling constant of Jp _ = 91 Hz. This is consistent with the
shifts and couplings expected for a N — coordinated BH;CN™ Tligand
i.e. these quantities are very similar to those exhibitedlby free
Bﬁ3CN'; In another iron complex, theparamagneticFe(BH3CN)2(CH3CN)u,
the 11B resonance occurs at 6 = — 66. This strong upfié]d shift is
possib1y due to paramagnetic effects. The spectra of one or two other

BH3CN' complexes of cobalt have been briefly reported by S.I. Khan (11)

but with 1ittle comment.
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Most NMR studies of complexed hydroborate 1igands
have been carried out with H or 3P nuclei. However, even though
1H NMR is so well established as a powerful structural tool, a
literature survey shows that H NMR spectrometry has not been used
to any great extent in structural investigations of tetrahydroborato
or cyanotrihydroborato complexes. This is mainly because of the
fluxional behaviour of many complexed BH, groupings in solution at
room temperature and even at much lTower temperatures (5, 49). A
further complication in some cases is the phenomenon of “thermal
decoupling” or "correlation time decoupling" in which spin-lattice
relaxation effects of 0B and 11B effectively decouple boron from
attached hydrogen (49). At room temperature, the coordinated
hydrogen atoms (M —H — B) and the terminal B — H atoms in many
tetrahydroborato complexes are magnetically equivalent. This happens
because of rapid interchange (on the NMR time scale) between the co-
ordinated and the terminal hydrogen atoms of the BH, group. In
certain cases this fluxional behaviour can slow down at lower temper-
atures to the point where separate B -Hb and B —-Ht signals are

observable.

One such complex which shows this behaviour (49) is
the diamagnetic tetrahydroborato Cu(I) complex Cu(BH,){P(Me0)3}, which
has been thoroughly studied (49) by low temperature NMR techniques.
This complex initially shows at room temperature a broadened quartet

at 6 = 0.69 but with lowering of temperature, the quartet gradually
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collapses to a broad doublet at — 95%C which collapses further to a
broad singlet at — 128°C because of thermal decoupling. Finally, the
signal collapses to the baseline at_—-165°C. However, between — 128
and — 165°C, the singlet first sharpens and then broadens before
finally collapsing to the baseline. Further continued lowering of the
temperature to —-1BQ°C causes no further sjgnificant changes in the

B — H region of the spectrum. This collapsing and broadening process
at Tower temperatures was attributed to some aegree of slowing of the
hyd?ogen exchange process. This f]axioﬁé] behaviour of hydrogen atoms
in ihe BHy complex limits the use of lH NMR spectrometry in solution
to assign the structure of tetrahydroborato complexes correctly. In
particular, the solution fluxional process would obscure the mode of

coordination of the BH, 1ligand (unidentate, bidentate, etc.).

While fluxionality of coordinated BH,~ is quite common
even at very low temperatures, the rate of the hydrogen exchange pro-
cess can vary quite markedly from one complex to another. For example,
one type of tetrahydroborato complex which is non-fluxional at moder-
ately low temperatures has appeared in the literature (54) and the !H
NMR information has been used to distinguish the bidentate bridging

hydrogens, ,/’H‘\\ , and the terminal hydrogen, /’H , of the
M B B

tetrahydroborato grouping as two separate resonances. Thus,

IrH,(BH,)L, [L = bulky tertiary phosphine] (54) shows the two resonances

at § = —6.5and 6§ = + 6.8 - 7.8 at —-51°C. From this evidence,
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the authors suggested that the resonance at 6 = — 6.5 is due to the

bridging hydrogens in Ir~~"~SB and that at lower field (+ 6.8 —7.8)
M

is therefore due to the terminal | hydrogen of the bidentate BH, "~
H

BH,  group. Similarly, in the !H spectrum of V(BH,)( n— CsHg),

recorded (61) at —-1030, the bridging hydrogens could be observed at

§ = — 34 hut the terminal hydrogens were not observed.

Very recently, another very interesting complex
which is nonfluxional at room temperature RuH( n — BH,)(ttp)[ttp = PhP-
(CH,CH,CH,PPh,),] has been reported (48) and has already been briefly
discussed (section 1.7, Fig. 20) in the context of modes of BHy, co-
ordination. This shows discrete !H NMR signals for the two non-
equivalent bridging Ru —H — B protons and as well as for the two
terminal B —H protons at room temperature. This appears to be the
first example of a tetrahydroborato complex which is non-fluxional at
ambient temperatures although fluxionality occurs at higher tempera-
tures. Further details were given in the earlier discussion (section

1.7).

Returning now to cyanotrihydroborato complexes, !H
spectra have been little studied. The above type of fluxionality is
probably of no importance for the most common mode of coordination -
i.e. M« NCBHy , but other types of cyanotrihydroborato complexes in
which coordination of the BH3CN' groups may involve bonding to the

metal ions through the hydrogen atoms could possibly show fluxional
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behaviour. Possible structures of this type are listed (among
chers) in Fig. 3 and of particular importance in the context of

this thesis are the bridged structures of the type illustrated in
Fig. 4a of which two examples (already discussed in this thesis) have
appeared in the literature (10, 24). Clearly, in these structures,
simple rotation of the tetrahedral B atom about the B — C axis could
interchange bridging and terminal B —H bonds. This could be temper-

ature dependent.

Many of the BH3CN' complexes recorded in the litera-
ture and all of those reported in this thesis contain phosphorus.
31p NMR spectrometry is a very well established powerful structural
tool and its application, where appropriate, to metal/phosphine/BH3CN™
complexes could throw considerable 1ight upon structural problems.
Very few such applications of 31P NMR spectrometry have been reported.
in the Titerature but one recent application (42) has been to the cis
and trans isomers of the octahedral Fe(BH3CN),{P(OR)3s}, systems. One
form (in the case where R = Me) shows a single P resonance at § =
154.4 while the other isomer shows two regions of absorption coupled
(Jp _p = 131 Hz) 1in an A,B, pattern at & 163.3 and 150.2 respectively.
Clearly, the former is the trans form while the latter is the cis form
since only in the Cis form could two sets of non-equivalent P atoms be
obtained with the type of coupling observed. Similar results were

obtained when R = Et.
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Other as yet unpublished observations of 31P spectra
have been made in this context. Thus, Alam (47) studied a series of
copper/bidentate  phosphine/BH3CN"complexes but the results were
inconclusive because of the very broad nature of the 31p resonances
in many of the spectra. This was thought to be due to ligand dis-
socfation phenomena and slowing of djssociation would require that
spectra should be recorded at much lower temperatures. S.i. Khan
(11)_has carried out similar investigations with cobalt/bidentate
phosphine/BH;CN' systems and again, although the absorptions were
generally quite sharp, few conclusions were drawn. One interesting
set of observations is that in the spectra of the compounds formulated
(11) as [Co(BH3CN)(Dppm),]C10, and [Co(BH3CN) (Diphos),]C10, (now
regarded as being possibly [CoH(BH,CN)(L=L),]C10, as discussed
earlier in this thesis). the four phosphorus atoms were, in each case,
equivalent (at § 2.02 and 6408 respectively) showing that either
the species are highly symmetrical in solution or that 1igand poly-
topal reorganization is very rapid at room temperature. The small
31p downfield shift relative to that in the free phosphine in the:
case of thg Dppm complexes is also of interest since it is character-
istic (62) of Dppm chelation (four membered ring).. The much larger
shift in the Diphos case is characteristic of five membered king
.chélation. The 31P spectra of bidentate phosphine complexes have
been. extensively reviewed very recently by,Garrou (62) and the ring

size effects on the 3!P coordination shifts discussed at length in
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this review may be of some considerable value in certain structural
assignments of new Ni/bidentate phosphine/BH,CN" derived complexes to

be presented later in this thesis.

1.9 Objectives of the present work

From the foregoing introductory sections, it is
clear that reactions of NaBH3CN with transition metals in the presence
of phosphine ligandslead to a variety of products depénding upon the
reaction conditions. It is equally apparent from this introduction
that these most interesting interactions of the cyanotrihydroborate
anion with transition metals have received relatively little atten-
tion compared with the corresponding tet?ahydroborate systems. Further-
more, in recent years, a considerable amount of research has been
carried out in these laboratories involving reactions between NaBH;CN
and Cu(II) or Cu(I) and Co(II) systems in the presence of mainly
bidentate phosphine ligands and most of this work remains unpublished.
This unpublished work shows also that BH3CN™ can adopt several bonding
modes with transition metal systems. This work remains unpublished
at tﬁis stage because certain points regarding mechanistic and
structural problems have not yet been fully worked out although some
general ideas have emerged. Similar studies with other transition
metals might be more promising and might also throw light upon the

Cu and Co work referred to above. The Ni(II) system would be suit-
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able since it has already received some attention in the literature.
as already described. The project described in the following sections
of this thesis is therefore centered on the Ni(II) system with the

following objectives in mind:-

(a) to study the interactions of BH3CN™ as a
ligand or reducing agent with Ni(II) in the presence of bidentate
phosphine ligands under different reaction conditions. The purpose
of this aspect of the study is to investigate the influence of reac-.
tion conditions (solvent, temperature, rate of addition, etc.) and
the nature of the bidentate phosphine 1igand upon the types of
product formed and the bonding mode adopted by the BH3CN™ ligand if

it is present in the product.

(b) to increase our understanding of the relatively
mild behaviour of NaBH3CN as & reducing agent in these complexation
reactions of Ni(II) by isolating, if‘possible,‘stable intermediate
products in which Ni(I) or Ni(0) is present and to make comparisons

with the behaviour of NaBH, under these conditions.

These studies to be described involve a variety of
physical methods for structure determination and very careful control
of reaction conditions in order to establish the sequences in which
various product types are formed and the influence of reaction condi-

tions upon these sequences.
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The bisphosphines chosen for these studies were Dppm,
Diphos, Dppe(cis and trans), Dppp and DppB in which the two phosphorus
atoms are separated by at least one and up to four carbon atoms.
These phosphines were chosen because of the great variety of results
obtained (45) in similar studies with Co(II)/NaBH, systems and also
Cu(II)/NaBH, and NaBH3CN systems (47). Brief reference to these

studies has already been made.
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2. EXPERIMENTAL

2.1 Materials

The bidentate phosphines Dppm, Diphos, cis and trans

Dppe, Dppp and Dppb were obtained fromlstrem Chemicals Incorporated
and were used without further purification. Reagent grade Ni(C10y),-
6H,0 and NiCl,-6H,0 were purchased from Alfa Inorganics Incorporated
(former) and BDH Chemicals Limited (latter) and were again used with-
out further purification. Sodium cyanotrihydroborate and sodium
cyanotrideuteridoborate (98% isotopic purity) were obtained from the
Aldrich Chemical Company and the Alfa Division of the Ventron Corpora-
tion respectively. Again, no further purification was necessary.
Sodium cyanotrihydroborate with 15N labelling was synthesized in
these laboratories from NaC!°N (purchased from Stohler Isotope
Chemicals) and Borane-tetrahydrofuran complex (solution in tetrahy-
drofuran, stabilized with sodium borohydride) which was obtained from
the Aldrich Chemical Company Incorporated. Details of this synthesis
will be given shortly. Because of the hygroscopic behaviour of the
cyano-compounds, they were dried under high vacuum for 24 hours and

were then stored over CaCly in a desiccator prior to use.

A1l solvents were reagent grade. They were purified

by distillation, degassed with oxygen-free dry nitrogen, and then
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stored over type 4-A molecular sieves in the glove box. Synthetic
work was carried out in a glove box (unless otherwise specified) which

was always flushed with a constant flow of dry nitrogen.

2.2 ‘Analyses and Measurements

A11 air-sensitive samples were properly proteéted
from atmospheric oxidation or hydrolysis during weighing or data

collection.

Microanalytical data for nitrqgen, carbon and
hydrogen were acquired on a Perkin Elmer model 240 Analyser. For
samples where combustion was incomplete under normal conditions, V205
was used as a combustion aid. Chloride analyses were determined by

the Mohr titration method.

The infrared spectra of the samples were recorded
on Beckman IR-12 and IR-4250 Spectrophotometers (calibrated period-
ically with a polystyrene reference film) as Nujol mulls pressed
between NaCl plates (600 - 4000 cm™!) or between polyethylene plates
(200 - 600 cm™1). Electronic spectra (usually reflectance) were
recorded on a Cary-14 recording spectrophotometer in the 18,000 to

0
3,000 A range.
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A Bruker WP-80 Fourier transform instrument equipped
with an automatic temperature control device (B-VT 1000) was used to
record !H and 31P NMR spectra at 80 mHz and 32.3 mHz respectively. The
chemical shifts were measured relative to internal tetramethylsilane
(TMS) and external H3PO, for 1H and 31P\réspective1y but, in practice,
the direct use of H3PO, in routine NMR measurements was avoided. The
position of the H3PO, signal was first recorded against either D,0
or (CD3),CO0 which were used as external ‘frequency Tock systems. These
were sealed in thin capillaries coaxia11y ?itted to the 31P NMR sample
tubes through the vortex plug. The position of H3P0, against these
solvents was found to be 2800 Hz (D,0) and 2910Hz [(CD3),C0] and the
chemical shifts of other 31P signals were calculated relative to
these frequencies. This method offered the advantage that weak sig-
nals in the samples could be measured without the saturation problems
genérated by a strong H;P0, signal and this is particularly useful
for sparingly soluble samples where pulsing. for long period becomes
feasible. 31P spectra were normally recorded at ambient temperatures
in the proton decoupled mode. The chemical shifts (§) are positive

if downfield from the reference signal.

For X-ray powder’diffraction measurements, samples were sealed
in Lindeman Capillaries (0.3 mm) and were photographed on a Debye-
Scherrer type Camera using nickel filtered copper K, radiation from

a Philips PW-1130 X-ray generator.
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Mass spectra, usually to detect solvent of crystalliza-.
tion, were recorded on an Hitachi-Perkin Elmer model RMU-7 double

focusing mass spectrometer.

Solid state magnetic moments were measured using the
Gouy method. The double ended Gouy tube was calibrated with Hg[Co(CNS) 4]
and Ni(en3)(S203) for different settings of a Varian V-2900 Regulated
Magnet Power supply which controlled the current to a Varian V-4005

electromagnet.

Molecular weights were determined in CHC1; solution
at 45°C for a few of the products using a Knader Vapour Pressure
Osmometer calibrated with Benzil in benzene at 45°C and the accuracy
was checked periodically by measurement of the molecular weight of

pentaerythrity] tetrastearate.

Conductivities were measured, where possible and ap-
propriate, with a YSI model 31 conductivity bridge at 20°C and at

4-0 x 1073 M concentrations in CHyCl5.

2.3 Syntheses

A general pattern was followed for most of the

syntheses which will be described in this section. This involved
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the addition of the reducing agent, NaBH3CN, to Ni(II) chloride or
perchlorate in the presence of the appropriate phosphine. In most
cases, the reactions were carried out either in a mixed solvent system
(ethanol/benzene, ethanol/toluene) or in absolute ethanol. Mixed
solvents were employed because most of the phosphines used are sol-
uble in benzene or toluene whereas the nickel salts are soluble in
ethanol. The reactions were studied under a wide variety of condi-
tions and the more important factors which were found to affect the
course of the reactions are:-

(a) the amount of NaBH3CN used

(b) the rate of addition of NaBH3CN

(¢) the reaction time

(d) the solvent system

(e) the ratio of metal to ligand (phosphine)

(f) the nature of the phosphine used

(g) the temperature
Yields, in most instances, were moderate and normally in the range
25 - 35% unless otherwise stated. Details of synthetic procedures
for the various products formed in these reactions are given in the
following subsections. SpectroscopiC'de%ai1s are given in the Results

and Discussion section later in this thesis.

2.3.1 Ni(II)/Dppm/NaBH3CN reactions

This system has been investigated under a wide range

of reaction conditions and has produced a number of very interesting
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compounds. It has been found that for the ligand Dppm, the course

of the reaction is extremely sensitive to quite small changes in the
reaction conditions. It should also be noted here that for unambiguous
infared assignments in the spectra of the products of the Dppm reac-
tions certain syntheses had to be duplicated using NaBD;CN and even

15N labelled NaBHsCN. The synthesis of the Tatter is therefore des-
cribed first,

2.3.1.1 Synthesis of NaBH3C!SN

The synthetic procedure used is similar to that
used by Hui (63) for the synthesis of NaBH3CN. A THF solution (24 m1)
of the BH3.THF adduct (0.98 g., 10 mMX Wa$ added dropwise over a
period of 1.5 hours to a stirred solution of NaC15N (0.5 g., 10 mM)
in 15 m1 THF under N,. The mixture was then stirred for four hours
at room temperature after which it was heated under reflux for a
further seven hours. A slow flow of N, (dry) was maintained through- °
out the reaction time. When the mixture was cooled to room tempera-
turé, a very small amount of white solid appeared (probably unreacted
NaC15N) and this was separated by filtration under N,. The filtrate
was evaporated to dryness at 60°C under reduced pressure. The white
solid obtained in this manner from the filtrate was dried at 120°C
in a vacuum oven under reduced pressure (~0+3 Torr.) over night to

15
give the NaBH,C N in apparently pure form (analysis and IR spectra)
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in 94% yield, This yield is comparable with that obtained by Hui

for the unlabelled material on a much larger scale.

The infrared spectrum of this BN 1abelled compound
shows the C = 1SN stretching frequency as a strong and sharp band at
2152 cm™ which is a frequency decrease of 27 cm™! from the C EIQN
stretching frequency observed in the spectrum of NaBH3C1”N. In other
respects the infrared spectra of NaBH3CI“N and NaBchISN appear to

be identical.

Analysis Found: C = 18.33%, H = 4,63%, N = 20.64%
Calc, for NaBH;Cl®N C =18,23%, H = 4,64%, N = 21,26%

2.3.1.2 (Cyanotrihydroborato)bis[bis{ diphenylphosphino)methane]

nickel(II)perchlorate

[Ni(BH3CN) (Dppm), 1C10,

An ethanolic solution (20 m1) of NaBH3CN (0.10 g.,
1.59 mM) was added dropwise over a period of two minutes to a stirred
mixture of Ni(C10,),°6H,0 (0.3 g., 0.82 mM) and Dppm (0.63 g., 1.63 mM)
in benzene/ethanol (1:1, 20 m1,) One drop of NaBH3CN solution turned
the reaction mixture instantly to brown from yellow and upon complete
addition of the NaBH;CN, the solution had turned to deep brown. The
resultant solution was then filtered, yielding a brown solid. Prior

to drying under reduced pressure, the solid was washed with benzene
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(~10 ml), ethanol ( ~10 m1), and finally with n-hexane ( ~5 m1). The
brown solid was found to be soluble in CH,C1,, THF, DMF and acetone
but it decomposes in all solvents within 30 minutes. The complex was
therefore purified by precipitation from CH,C1, by very rapid addi-
tion of n-hexane. The pure solid thus obtained was dried under high
vacuum (ca, 0.3 Torr.) for 12 hours. This complex appears to be air
stable in the solid state. This reaction has also been carried out
with NaBD,CN and the deuterated product purified as discussed above.
Further discussion of this deuterated product occurs in the Results

and Discussion section.

62.86%, H = 5.20%, N =:1,42%

Analysis Found: C

Calc. for [Ni(BH,CN)(Dppm),]C10, C 4.86%, N = 1.44%

63.34%, H

I

2.3.1.3 (Cyanotrihydroborato)(cxpno)bisLbis(dipheny]phosphino)_

methane]dinickel(I)

Ni,(BH,CN)(CN)(Dppm),.z EtOH

The above complex has been synthesized from both
Ni(€10,), 6H,0 and NiCl,.6H,0 reactions with the phosphine and
NaBH3CN using different molar ratios of NaBH;CN to Ni(II) as follows:

(a) From Ni(C10y),+6H,0/Dppm/NaBH;CN

Ni(C10y4),°6H,0 (0.3g, 0.82mM) and Dppm (0.63 g.,

1.63 mM) were mixed in ethanol (40 ml1) and this immediately
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precipitated a yellow solid. An ethanolic solution (20 m1) of NaBH;CN
(0.4 g., 6.30 mM) was added dropwise to the stirred yellow suspension
over a period of 10 minutes. During addition of the NaBH3CN solution,
the initial yellow reaction mixture changed first to brown, then to
1ight green, and finally to deep green when the addition was complete.
The resultant mixture was left to stir for a further 3 hours, during
which time a greenish brown solid precipitated. This was filtered off
from the reaction mixture, washed with ethanol ( ~ 10 m1) and n-hexane
( ~ 10 ml), and dried under reduced pressure for several hours. The
complex is soluble in EtOH, CH30H, CHZCQJTW; benzene and CH3CN, giving
a green solution in each solvent but it decomposes in solution to

give Tight brown solutions within a few minutes. This colour changes
further to violet after a few hours. Puri%ication of this complex by
recrystallization was therefore not possible due to its solvent
sensitivity. However, the complex was successfully purified by washing
with small amounts of cold ethanol followed by benzene. It was
obtained as an ethanol solvate. Similar reactions using NaBD3CN and
NaBH3C15N under the above conditions were carried out and the
appropriately labelled green complex obtained was also purified as
discussed above. The reasons for these labelling experiements will be
discussed later. This complex shows air stability and the synthesis

is reproducible without serious difficulty.

Analysis Found: C =65.47%, H =5.41%, N = 2.79%
Calc. for Ni,(BH3CN)(CN)(Dppm),s %EtOH C =65.27%, H = 5.10%, N = 2.87%
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1
The presence and the amount of EtOH was confirmed by H NMR spectrometry.
=6
The ethanol could not be removed even by pumping at 10 Torr.

for several hours.

(b) From NiCl,-6H,0/Dppm/NaBH3CN

A solution of NaBH;CN (0.079'9., 1.25 mM) in ethanol
(20 m1) was added (very rapidly over a period of 2 minutes) to a stirred
mixture containing NiCl,+6H,0 (0.15 g., 0.63 mM) and Dppm (0.52 g.,
1.35 mM) in ethanol (40 m1). The pink solution immediately turned to
green upon addition of the NaBH3CN and the mixture was allowed to
stir for 3 hours. After this, the green solid product was filtered
from the reaction mixture and the crude product was purified as out-
lined in section 2.3.1.3a. Analysis, infr%red spectra, 31P spectra

and deuterium Tlabelling experiments showed this product to be

identical to that described in section 2.3.1.3a.

Analysis Found: C = 65.35%, H = 5.20%, N = 2.80%
Calc. for Ni,(BH3CN)(CN)(Dppm), «%EtOH C =65.27%, H = 5,10%, N = 2.87%

2.3.1.4 Bis(Cyano)tris[bis(diphenylphosphino)methanel dinickel(I)

Ni, (CN), (Dppm) 3+ 4EtOH

This product was obtained (Tow yield) as an ethanol-

1
solvated (analysis and H NMR) deep green crystalline solid from the
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reaction mixture filtrates of the two reactions described in sections
2.3.1.3a and b above after they were allowed to stand at room
temperature for 48 hours. The crystals were filtered off, washed

-with ethanol ( ~ 10 m1), and dried under reduced pressure for 24 hours.
The product is soluble in EtOH, CH,C1,, benzene, THF, MeOH and DMF

to give, initially, a deep green solution. However, after 24 hours,
the green solutions obtained from all of these solvents turned to a
deep violet, although the EtOH and MeOH solutions seemed the most stable.
This compound is reproducible and appears to be air stable in the

solid state for a long time. Again, the deuterated product has been
prepared using NaBD3CN and a similar reaction usingiNaBchlsN gave the
15N labelled complex. As before, these labelling experiments were
carried out so that unambiguous infrared and structural assignments

could be made (see Results and Discussion section).

1.89%

67.49%, H = 5.08%, N

Analysis Found: C
Calc. for Ni,(CN),(Dppm)3-4EtOH C

1]
1]

5.96%, N = 1.86%

67.76%, H

In addition to the above procedure which gave Ni,(CN),
(Dppm) 3+-4EtOH as a minor product, when the reactions in sections
2.3.1.3a and b were allowed to stir for overnight for about 17 hours
at room temperature instead of for the 3 hours mentioned in sections
2.3.1.3a and b, then they produced this deep green complex Ni,(CN),

(Dppm) 3+4EtOH as the major product. This separated directly from the
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reaction mixture and was purified as before. The four molecules of
ethanol of crystallization were obtained even after drying under high

vacuum (107% Torr.) for 24 hours.

2.3.1.5 Bis (Cyano)bis[bis(diphenylphosphino)methaneldinickel(I)

Ni, (CN), (Dppm), *EtOH and .Ni, (CN), (Dppm), "CcH .

This complex has been synthesized from room temperature
and higher temperature reactions using different molar ratios of

NaBHsCN in the presence of both Ni(Cl0),<6H,0 and NiCl,-6H,0.

(a) From Ni(C10,),-6H,0/Dppm/NaBH3CN

To a stirred suspension containing Ni(C10, ), «6H,0
(0.3 g., 0.8 mM) and Dppm (0.63 g., .63 mM) 1n'ethano1,(29rm1); a
solution of NaBH3CN (0.05 g., 0.79 mM) in ethanol (10 ml) was added
dropwise over a period of 2 minutes., The resultant mixpure was then
left stirring at room temperature for a further 22 houhé,during which
time a pinkish yellow solid precipitated. This was removed by filtr-
ation leaving behind a deep violet solution. This violet solution
yielded violet crystals after reducing the volume of solvent by
evaporation under reduced pressure. The same violet crystals could
also be obtained from washing the pinkish yellow solid mentioned above
with.a variety .of solvents (e.g. ethanol, methanol, or benzene).

These violet crystals, though reproducible from one

experiment to another, were actually a mixture of complexes (see
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Results and Discussion) and final purification was effected by several
recrystallizations from ethanol, methanol, or benzene. The crystals of
'Niz(CN)z(Dppm)z-EtOH so obtained were dried under reduced pressure for

24 hours.

This complex is air stable and soluble in all common
solvents in which it is stable for about 48 hours. Thereafter, the
solutions turned brown. As with the Dppm complexes described earlier,
the deuterated (from NaBD3CN) and 15N labelled violet complexes were
prepared in the manner outlined above. It was found that Ni,(CN),(Dppm),
always forms a solvate on recrystallization and the solvent of
crystallization remains, even after drying under high vacuum for 24
hours. The presence of the solvent was confirmed by 1H NMR(EtOH) or

mass spectrometry (CgHg). Again, this complex is easily reproducible.

o
1

65.86%, H = 4.93%, N = 2.74%
Molecular Weight = 957
65.89%, H = 5.08%, N = 2.84%

Molecular Weight = 983.32

Analysis Found:
Calc. for Ni,(CN),(Dppm),+EtOH C

i

2,60%

Found: C =68.23%, H=4.97%, N

2.75%

68.54%, H = 4.92%, N

(ep]
it

Calc. for Ni,(CN),(Dppm),+CgHg

(b) From NiCl,-6H,0/Dppm/NaBH3CN ( a higher temper-

ature reaction

An ethanolic solution (20 ml1) of NaBH;CN (0.316 g.,
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5.02 mM) was added over a period of 5 minutes to a stirred mixture of
NiC1,+6H,0 (0.15 g., 0.63 mM) and Dppm (0.519 g., 1.35 mM) in ethanol
(40 m1) and the resultant mixture was allowed to stir for one hour at
77OC. After this, the heating was stopped and the solution was stirred
at room temperature for a further 4 hours, during which time a small
amount of purple solid was formed. This was filtered off from the
reaction mixture and washed with a very little ethanol and n-hexane.
The crude product was purified as discussed in section (a) above and
the purified product shows the same spectroscopi¢ and analytical

features as the product Ni,{CN){Dppm), reported in section 2.3.1.5a

above.

Analysis Found; C =65.47%, H =4,93%, N = 2,74%

Calc. for Ni,(CN),(Dppm),-EtOH C = 65.89%, H = 5.08%, N = 2,84%
Found: C = 68.46%, H = 4.95%, N = 2.65%

Calc. for Ni,(CN),(Dppm),+CcHs C = 68.54%, H = 4.92%, N = 2.75%

2.3.2 Ni(II)/Diphos/NaBH3CN reactions

A number of reactions under different conditions
have been carried out for both the Ni(C10,),+6H,0/Diphos/NaBH4CN and
NiCl1,-6H,0/Diphos/NaBH3CN systems in a single solvent or in mixed

solvents at room temperature or higher temperatures. Several
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interesting complexes derived from these reactions have been
reasonably well characterized and experimental details are

summarized below.

2.3.2.1. Hydridobis[bis(1,2-diphenylphosphino)ethane] nickel(II)

.perchlorate.

[ NiH(Diphos),1C10,
NaBH CN (0.26 g., 4.07 mM) in ethanol (20 m1) was

added dropwise over a period of 15 minutes to a stirred mixture of
Ni(C10y4)2°6H20 (0.75 g., 2.05 mM) in toluene/ethanol (10 ml1, 1:1) and
Diphos (2.45 g,, 6,15 mM) in toluene (20 m1). The reaction mixture
was stirred for a further 21 hours at room temperature under N,, during
which time an orange red solid was precipitated. This was filtered

off leaving a wine red filtrate which was set aside. The crude solid
product was washed with toluene ( ~ 5 ml) ethanol ( ~ 5 ml) and finally
n-hexane ( ~ 5 ml) and then dried under reduced pressure for several
hours. The complex, characterized as [NiH(Diphos),} C10,, is air

stable and soluble in CH,Cl1,, CHCl3, THF, DMF and acetone to give
solutions which are stable for up to 12 hours, After several days,

a second crop of this complex was obtained from the filtrate which had
been set aside at room temperature as mentioned above. The synthesis

is reproducible.
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65.37%, H = 5.20%

i}

Analysis Found: C
Calc. for INiH(Diphos),l C10, C

65.32%, H = 5.12%
Note: A similar hydride of formula [NiH(Diphos),]BH3CN has been
prepared in related reactions but only as a side reaction product.

This will therefore be reported later at the appropriate point.

2.3.2.2 Tris(Cyanotrihydroborato)bis[bis(1,2-diphenylphosphino)

ethane] dinicke1(II) chloride or perchlorate

This type of complex has been synthesized both from
Ni(C104)2°6H,0 and NiCl,°6H,0 using a different molar ratio of
NaBH3CN and a different reaction time although both reactions were at
room temperature. The complexes appear to be air stable in the solid
state for a long time and the syntheses were found to be reproducible.

The individual experimental procedures are described below.

(a) From Ni(C10,),+6H,0/Diphos/NaBH3CN

To a stirred yellow mixture of Ni(C10,),-6H,0 (0.98
g., 2.68 mM) in ethanol (20 m1) and Diphos (1.96 g., 4.92 mM) in
ethanol (20 m1) was added NaBH5CN (1.5 g., 23.8 mM) in ethanof (20 m1)
over a period of 2 minutes. The resultant mixture was then allowed to

stir for a further 30 minutes, during which time a yellow solid was
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deposited. This was filtered off and the wine red filtrate set aside
(see section 2,3.2.3) for further examination. The solid was washed
with ethanol ( ~ 10 m1) and n-hexane ( ~ 10 m1). The crude
[Ni,(BH3CN)3(Diphos),1C10, thus obtained was purified by precipitation
from CH,C1, with rapid addition of n-hexane followed by drying under
reduced pressure. The complex is soluble in CH,C1,, CHCl3, THF and

DMF but decomposes in all solvents fairly rapidly giving brown solutions
from the initially yellow solutions. Immediate decomposition occurs in
DMF. A synthesis of this complex using NaBD5CN was carried out and

the infrared spectrum of the deuterated product will be discussed at

lTength later in this thesis.

4.05%

o
i

61,79%, H = 5.32%, N

Analysis Found:
3.91%

61,44%, H

i

Calc. for [Nio(BH3CN)3(Diphos),]1C10, C 5.30%4, N

(b) From NiCl,- 6H,0/Diphos/NaBH; CN

NiCl1,-6H,0 (0.5 g., 2.10 mM) and Diphos (1.67 g.,
4.20 mM) were mixed in ethanol (20 m1) to give immediately a pink
solution. While stirring this solution, an ethanolic solution (10 ml)
of NaBH3CN (0.224 g., 3.57 mM) was added dropwise over a period of 4
minutes. The resultant mixture was then stirred for a further 3 hours
at room temperature during which period the yellow [Ni,(BH3CN)3(Diphos),l-
C1 precipitated. This was filtered off leaving behind a wine red

solution. The yellow solid was purified as described for
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[Niz(BH3CN)3(Diphos)21C10y by precipitation from CH,Clowith rapid
addition of n-hexane (slow addition allows decomposition of the
complex). This yellow complex shows virtually the same spectroscopic
and chemical behaviour as the complex [Ni,(BHsCN)3(Diphos),1C10,
described in section 2.3.2.2a. It is a weak electrolyte in
solution.- Again, the deuterated complex [Ni,(BD3CN)3(Diphos),I1Cl

was prepared for infrared analysis.

Analysis Found: C =61.70%, H = 5.34%, N = 3,95%
Cl = 3.34%

Calc. for [Ni(BH3CN)3(Diphos),1Cl C=61.74%, H = 5,33%, N = 3.92%
Cl = 3.32%

(c) From NiCl,-6H,0/Diphos/NaBH3CN (large excess)

NaBH3CN (0.93 g., 14,71 mM) in ethanol (10 m1) was
added dropwise over a period of 5 minutes to a stirred mixture of
NiCl,+6H,0 (0.5 g., 2.10 mM) and Diphos (1,64 g., 4.20 mM) in ethanol
(20 m1). After complete addition of the NaBH3CN, the mixture was
allowed to stir for a further 4% hours. A yellow solid was separated
from the reaction mixture and purified as in section 2.3.2.2a. This
yellow solid proved to be [ Nip(BH3CN)3(Diphos),] C1, identical to that

prepared in (b) above.
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Analysis Found: C=61,70%, H = 5.37%, N = 3.96%
Calc. for [Ni2(BH3CN)3(Diphos)21C1 C =61,74%, H = 5.33%, N = 3.92%

2.3.2.3 Hydridobis[bis(l,2-dipheny1phOSphino)ethane]nicke}(II)

Cyanotrihydroborate

[NiH(Diphos)21BH3CN

From the wine red filtrate of the reaction mixture
referred to in section 2.3.2.2a, a wine red crystalline solid
identified as [NiH(Diphos),IBH3CN separated after 24 hours at room
temperature. The crystals were filtered off and washed with ethanol
( ~5ml) followed by n-hexane and then dried under reduced pressure
for several hours. The crystals were purified by careful precipitation
from CH2C12with addition of n-hexane (1:1). The crystalline solid is
soluble in CH,C1,, THF, CHC13, DMF and acetone in which solvents it
is stable for 24 hours. This complex appears to be air stable in the
solid state. A deuterated version of the complex [NiD(Diphos),]1BD5CN,

has also been synthesized using NaBD3CN.

Analysis Found: C =71.05%, H=5.79%, N = 1.58%
Calc. for [NiH(Diphos),1BH3CN C =71.10%, H = 5.84%, N = 1.60%
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2.3.2.4 Bis(Cyanotrihydroborato)tetrakis[bis(1,2-diphenylphosphino)-

ethanel dinickel(II) dichloride

Ni2(8H3CN)2(DiphOS)4C12

To a stirred mixture of NiCl,-6H,0 (0.5 g., 2.10 mM)
in ethanol (20 ml1) and Diphos (1.67 g,, 4.20 mM) in ethanol (20 ml),
was added NaBH3CN (0.925 g., 14.72 mM) in ethanol (20 ml1) over a period
of 10 minutes. The mixture thus obtained was then left for further
stirring for 48 hours, during which time a number.of colour changes
occurred. The reaction mixture was initially brown, it changed to
orange after 18 hours, to green after 36 hours, and finally to greenish
yellow. A greenish yellow solid was filtered off, washed with ethanol
( ~ 10 m1) and then with n-hexane ( ~ 5 m1), The solid was then left
for drying under reduced pressure for 24 hours. The crude Ni,(BH;CN),=
(Diphos),Cl, so obtained is soluble in CH,C1,, CHCl,, THF and DMF and
the resulting solutions were found to be stable for several hours. The
crude product was purified by recrystallization from CH.Cl, (very
carefu]]y) with addition of n-hexane. The addition of n-hexane had
to be such as to maintain a constant volume of solution and a constant
time interval between the additions, otherwise decomposition occurred.
The complex is air stable in the solid state and is a non-electrolyte in
methylere ¢chloride. As with previous complexes, this synthesis is

reproducible.
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Analysis Found: C = 68.53%, H = 5.54%, N = 1.52%
Cl = 4.80%
Molecular Weight = 1845

1.50%

Calc. for Ni,y(BH3CN),(Diphos),Cl, C = 68.38%, H = 5.48%, N
Cl = 4.,85%
Molecular Weight = 1860.26

2.3.2.5 Bis(Cyanotrihydroborato)bis[bis(1,2~diphenylphosphino)

ethaneldinickel(II) dichloride

N12(BH3CN)2(D1phOS)2C]9_‘Et0H

An ethanolic solution (20 m1) of NaBH;CN (0.93 g.,

14.72 mM) was added dropwise over a period of 5 minutes to a stirred
mixture of NiCl,+6H,0 (0.5 g., 2.10 mM) and Diphos (1.67 9., 4.20 mM)
in ethanol (40 m1). The mixture was then heated at 5500 for a further
30 minutes. The mixture jnitially was pink but this changed to brown
after complete addition of NaBH3CN. After heating the mixture} a dark
brown suspension was obtained from which a yellow orange solid:
Ni(Diphos), was separated by filtration. The remaining dark brown
solution was allowed to stand in the refrigerator at Oqt for 5 days
during which time brown crystals were formed. These were filtered off,
washed with ethanol ( ~ 10 m1) and then with n-hexane ( ~ 5 m1), and

then dried under high vacuum for several hours. The solid was purified
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by recrystallization from CH,C1, with slow addition of n-hexane in the
usual manner. The complex Ni,(BH3CN),(Diphos),Cl1, so obtained as an
ethanol solvate (IR, 1H NMR and analysis) is soluble in CH,C1,, CHClj,
THF and has some solution stability. An identical synthesis using
NaBD3CN has been carried out for this complex for the usual spectroscopic
reasons to be discussed later. The complex retains a molecule of ethanol
even after drying for 24 hours under high  vacuum (_10'—6 Torr.). It
appears to be air stable indefinitely and is a non-electrolyte in

freshly prepared solutions in methylene chloride,

Analysis Found: C = 60.65%, H = 5.50%, N = 2.40%
Cl = 6.60%
Molecular Weight = 1085

Calc. for Ni,(BH3CN),(Diphos),C1+EtOH C = 60.45%, H = 5.39%, N = 2.51%

Cl = 6.67%
Molecular Weight = 1110.34

2.3.2.6 Bis[bis(1l,2-diphenylphosphino)ethanelnickel(0)

Ni(Diphos),

This known(9,20) complex has been synthesized from
Ni(BF4)2+6M,0, Ni(C10,),+6H,0 and NiCl,:6H,0 reactions with Diphos in

the presence of NaBH,CN at room temperature and elevated temperature.
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Almost all filtrates of the reactions described for Diphos so far
finally yielded this complex as very fine orange crystals. However,
only one typical experimental procedure leading directly to Ni(Diphos),
will be discussed. This reaction was carried out at higher températpre
and, indeed, this complex was found to be more easily formed at elevated

temperatures.

Ni(BF,),-6H,0 (0.5 g., 1,46 mM) in ethanol (10 ml)
and Diphos (1.67 g., 4.20 mM) in ethanol (10 ml) were mixed and
then an ethanolic solution (10 ml) of NaBH3CN (0.92 9. , 14.72 mM)
was added to this stirred mixture over a period of 3 minutes. The
resultant mixture was then heated to 67°cC. Initially, the yellow
solid formed after the addition dissolved to give a red solution but,
after 15 minutes, some orange solid appeared. Stirring of this heated
suspension was continued for a further 15 minutes, The orange solid
was filtered off, washed with ethanol ( ~ 5 ml) and then with n-hexane
( ~5ml), and finally dried under reduced pressure overnight. The
Ni(Diphos), so obtained was found to be soluble and relatively stable
in CH,C1,, CHC13, THF, DMF and CH3CN under nitrogen but the solid

complex is air sensitive.

5.63%

Analysis Found: C=172.98%, H

5.60%

(@}
H

Calc. for Ni(Diphos), 73.00%, H
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2.3.2.7 Unidentified complex

NiCl1,+6H,0 (0.5 g., 2.10 mM) and Diphos (1.67 g.,
4.20 mM) were mixed in ethanol (40 ml1) and the stirred mixture was
heated to boiling. To this stirred and boiling mixture, an ethanolic
solution (20 m1) of NaBH,CN (0.93 9.,14.72 mM) was added dropwise
over 5 minutes. The resultant mixture was then further stirred for
17 hours at 760C. After cooling the mixture to room temperature and
stirring for a further 5% hours, a yellow orange solid, Ni(Diphos) s
was obtained. This was filtered off leaving behind a deep brown
filtrate. This deep brown filtrate was evaporated under reduced
pressure to reduce the volume and then allowed to stand in the
refrigerator at OOC for several days, during which time a pale yellow
solid (very small yield) precipitated. This was separated from the
solution and washed with ethanol ( ~ 5 ml) and n-hexane ( ~ 5 ml).
The yield was so low that further purification by recrystallization
could not be carried out. The solid appears to be very air sensitive.
and decomposes in air within one hour to give a green product. Analyses
(several samples) for carbon, hydrogen and nitrogen, always show an
unusually high percentage of nitrogen. The complex is reproducible,
but always a very low yield was obtained. The infrared spectrum shows
the presence of CN groups but final characterization was not carried out

(see Results and Discussion).
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]

Analysis Found: C = 49.13%, 46,07%, H = 4.00%, 4.06%,

=
il

7.77%, 7.63%

2.3.3 Ni(II)/Dppp/NaBH3CN reactions

- .

This system has not been investigated as thoroughly
as were the corresponding Dppm and Diphos systems already discussed.
However, a number of exploratory reactions have been carried out on this
system and some interesting products have been obtained. The stoichio-
metric compositions of these complexes have, for the most part, been
well established but detailed structural assignments are only tentative
as outlined in the Results and Discussionisection. These tentative
structural assignments form the basis of the subsection headings which

follow:

2.3.3.1 Tetrakis(Cyanotrihydroborato)bis [bis(1,3~diphenylphosphino)

propane ] dinickel (II)

[Ni(BH3CN), (Dppp)] 2

This compound has been synthesized both from
Ni(C104)2°6H,0 and NiCl,+6H,0 reactions using the same molar ratio of

NaBH3CN but different reaction times.
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(a) From Ni(C10,), *6H20/Dppp/NaBH,CN

A solution of NaBH3CN (0.92 g, ,~15 mM) in EtOH/
toluene (10 m1, 1:1) was added over 2 minutes to a stirred mixture of
Ni(C104),+6H,0 (0.96 g., 2.61 mM) in ftOH toluene (10 ml, 1:1) and
Dppp (2.94 g. 7,13 mM) in EtOH/toluene, (20 'ml, 1:1) under nitrogen,
The colour of the mixture was initally dark purple but this turned to
light yellow after complete addition of NaBH3;CN. The mixture was
then left stirring for a further 2 % hours at room temperature. The
resulting light yellow solid which precipitated was then filtered off
leaving behind a blood red filtrate. The crude product was washed
with ethanol ( ~ 5 ml), toluene ( ~ 5 mls and finally with n-hexane
( ~ 10 m1). The yellow [Ni(BH3CN),(Dppp)l, appeared to be partly
soluble in CH>Cl1,, (CH3),CO, THF,CHC13, DMF and CH3CN but rapid
decomposition occurred in all of these solvents. The crude product
was, however, purified by recrystallization from CH,C1, with n-hexane
(very slow addition). The yield of 30% was comparable with that of
other complexes reported so far. In the solid state the complex is

air stable for at Teast short periods.

As with the other BH;CN™ complexes, the corresponding
BD3CN™ complex was prepared for spectroscopic analysis, After a few
days, the blood red filtrate referred to above yielded orange coloured

crystals and more will be said about them later in this section.
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Analysis Found: C = 63.62%, H =6.01%, N'= 4.96%
Calc. for [Ni(BH3CN),(Dppp)i, C =63.29%, H=5.81%, N = 5.08%

(b) From NiCl,+6H,0/Dppp/NaBH;CN

NiCl,°6H,0 (0.3 g., 1.25 mM) in ethanol (10 ml1) and
Dppp (1.04fg,.j2;52 mM) in toluene (20 m1) were mixed to yield a pink
solution. To this solution, an ethanolic solution (10 ml) of NaBHBCN
(0.56° g. , 8.83 mM) was added very rapidly over about 2 minutes with
stirring under N,. The resultant mixture was then stirred for 1 hour.
A yellow solid separated from the mixture and this was washed with
toluene { ~ 10 m1), ethanol ( ~ 10 m1) and with n-hexane ( ~ 10 ml).
This yellow solid was found to be identical to the complex

[Ni(BH3CN),(Dppp)], reported in section 2.3.3.la above.

Analysis Found: C = 62.95%, H = 5.69%, N = 4.87%
Calc. for [ Ni(BH5CN),{Dppp)il, C = 63.29%, H = 5.81%, N = 5.08%
2:3:3.2 Dihydridotetrakis[bis(1,3-diphenylphosphino)propane]dinickel

(IT) cyanotrihydroborate perchlorate

Ni,H, (Dppp)y (BH3CN)(C104) (see section 3,4,2 regarding dimeric
formulation)

The compound has been synthesized from Ni(C10y4),+6H,0
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by using the same amount of NaBH3CN in a variety of reaction conditions.

Typical syntheses are given below.

(a) From Fast.addition of NaBH3CN

To a stirred mixture of Ni(C104),°6H,0 (0.96 g.,
2.61 mM) and Dppp (2.94°g. , 7.14 mM) in ethanol/toluene (30 ml, 1:1)
was added NaBH3CN (2.23'g. ., 35.46 mM) in ethanol/toluene (10 ml, 1:1)
over a period of 2 minutes. The resultant solution was left to stir
for a further 21 hours during which time a Temon yellow precipitate was
formed. This was filtered off from the reaction mixture and the crude
product was washed with ethanol ( ~ 5 ml), toluene ( ~ 5 ml) and
n-hexane ( ~ 10 m1). This crude product could not be purified by
recrystallization from any of the common solvents CH,Cl,, CHCl3, THF,

DMF, ethanol, acetone or toluene because of too high a solubility.

(b) From slow. addition.of NaBH3CN

An ethanolic solution (10 ml1) of NaBH3CN (2.23 4g.,
35.46 mM) was added very slowly over a period of 15 minutes to a
stirred mixture of Ni(C10,),+6H,0 (0.96 g., 2,16 mM) in ethanol/
toluene (30 ml, 1:2) under N,. The resultant solution was then stirred
for 2 % hours during which time the Temon yellow NigHz(Dppp)4(BH3CN)

(C10,) precipitated. This was filtered off from the reaction mixture
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Teaving behind a blood red filtrate. The spectroscopic and other
characteristics of this compound were found to be the same as those
of the compound discussed in section 2.3.3.2a.

The filtrate, after a few days, yielded orange crystals

of another product which is discussed in the following subsection.

Analysis Found: C = 69.17%, H = 5.65%, N = 0.62%
Calc. for NioHa(Dppp)s (BH3CN)(C104)  C ='68.70%, H = 5.72%, N = 0.73%

2.3.3.3 Bis[bis(1,3-diphenylphosphino)propanelnickel{Q)

Ni(Dppp)2

This complex was obtained (ca.40% yield) after a few
days as orange crystals from almost all filtrates of the reactions
which have been carried out for the Ni(II)/Dppp/NaBH3CN system, and
which have been described above, This indicates that, in.the presence
of the Dppp ligand, reduction of Ni(II) to Ni(0) with the mild
reducing agent NaBH3CN was found to be easier than with the Diphos
ligand. In contrast Dppm seems to cause rapid reduction to Ni(I) and
these points will be discussed at the appropriate point Tater in this
thesis. This orange crystalline compound was found to be air sensitive
in the solid state but stable in chlorinated solvents for a considerable

time under N,,
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Analysis Found: C =73,31%, H = 5,91%
Calc. for Ni(Dppp), C=73.41%, H = 5,89%

2.3.4 Ni(II)/Dppb/NaBH3CN reactions

These reactions were again of an exploratory nature
and the remarks made at the beginning of section 2.3.3 for Dppp reactions

apply here also.

2.3.4.1 Cyanotrihydroboratobisi bis(1,4~diphenylphosphino)butane]

nickel(II) perchlorate

[Ni(BH3CN) (Dppb),] C10,

An ethanolic solution (10 m1) of NaBH;CN (0.42 g,,
6.5 mM) was added over about 10 minutes to a stirred mixture of
Ni(C104),+6H,0 (0.30 g., 0.82 mM) in ethanol (10 m1) and Dppb (1.05g.,
2.45 mM) in benzene (10 m1) which prior to the addition of NaBH3CN
had been already stirred for about 15 minutes, The resultant mixture
was left to stir for one hour under N,. The orange-red solid which
appeared was filtered off leaving behind a deep pink solution which
yielded a further crop as light orange red crystals upon addition of

n-hexane. The crude product was washed with ethanol ( ~ 10 ml),
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benzene ( ~ 5 ml), and finally with n-hexane. The crude product

was recrystallized from benzene by slow addition of n-hexane., The
resulting pure solid [Ni(BH3CN)(Dppb)2]C104‘was found to be moderately
stable in air in the solid state and solublée in benzene, THF, CHZC12,

CHC13, CH3CN and DMSO with very limited solution stability.

it

1.57%

68.41%, H = 6.21%, N

[}

Analysis Found C
1.41%

68.98%, H = 5.95%, N

Calc. for [Ni(BH3CN)(Dppb),1C10, C

2.3.4.2 Tetrakis(Cyanotrihydroborato)bis[bis(1l,4~diphenylphosphino)-

butanel] dinickel(II)

[Ni(BH3CN),(Dppb)1,

This complex has been synthesijzed from both
Ni(C10,),6H,0 and NiC1,+6H,0 reactions with NaBH,CN in the presence
of the phosphine. Details are given below, The complex is air stable
in the solid state. As with some complexes previously described in
this thesis , the syntheses below were repeated using NaBD;CN for the

spectroscopic reasons already outlined.

(a) From Ni(ClOu)z-6H20/Dppb/NaBH3CN

To a previously well stirred (15 minutes) mixture of
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Ni(C104),+6H,0 (0.3 g., 0.8 mM) in ethanol (10 ml1) and Dppb (1.05 9.y
2.45 mM) in benzene (10 ml1) was added an ethanolic solution (10 ml1) of
NaBH3CN (0.41°g,, 6.55 mM} very rapidly. As soon as the addition of
NaBH3CN was complete, a deep yellow precipitate was formed and this

was 1mmgdiate1y filtered off from the reaction mixture, washed with
ethanol ( ~ 5 ml), benzene ( ~ 50 m1), and finally with n-hexane ( ~ 5 ml).
The product, [Ni(BH3CN)2(Dppb)]2'was recrystallized from CH,C1, by very
rapid addition of n-hexane, yielding a yellow solid solublie only in
CH,C1, and CHCl13. There are significant spectroscopic differences
between the freshly precipitated and washed material and the
recrystallized material which suggest that the former is the dimeric
structure [Ni(BH3CN),(Dppb)]l, while the latter may be monomeric

Ni(BH3CN),(Dppb). This is discussed in section 3 of this thesis.

Analysis Found C =64.33%, H=16.,12%, N = 4.37%
Calc. for [Ni(BH3CN),(Dppb)l, C = 63.75%, H = 6.01%, N = 4,55%

(b) From NiCl,+6H,0/Dppb/NaBH;CN

A mixture of NiCl,+6H,0 (0.30 g., 1.20 mM) and
Dppb (1.07 g., 2.51 mM) in ethanol/benzene, 1:1 (20 ml1) was stirred
for about 10 minutes. An ethanolic solution (10 ml) of‘NaBH3CN
(0.24 g., 3.77 nM) was then added very rapidly over a period of

2 minutes and the resultant mixture was stirred for a further 30
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minutes. A deep yellow solid appeared and this was separated trom the
reaction mixture and washed free of impurities as in section 2.3.4.2a
above. This product is spectroscopically identical like to that

obtained by the method outlined in section 2.3.4.2a.

4.50%

63.85%, H

Analysis Found C 6.09%, N

6.01%, N = 4.55%

i
i

Calc. for [Ni(BH5CN),(Dppb)I, C = 63.75%, H
As mentioned in section 2.3,4.2a, the

recrystallized material is spectroscopically different from the

freshly precipitated material. Also, it crystallizes with one

. 1
molecule of solvent per monomeric unit (confirmed by H NMR spectrum).

Il
I
1

Analysis Found C =56.77%, H=5.62%, N = 3.98%

56.01%, H 4.20%

5.42%, N

Calc. for Ni(BH3CN),{(Dppb)+CH,Cl,  C

2.3.5 Ni{II)/cis-Dppe/NaBH3CN reactions

Only a few exploratory reactions have been carried
out on this system. From them, only two characterizable compound
(containing Ni(II) and Ni(0) respectively) have been obtained so far.

Once again, assignments of structures are tentative.
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2.3.5.1 Bis(Cyanotrihydroborato)[cis ~-bis(1,2-diphenylphosphino)

ethylene] nickel(II)

This complex has been synthesized from both the
Ni{C10,),+6H,0 and NiC1,+6H,0 reactions as reported below. The
complex is air stable and diamagnetic. The compound is stable in

CH,Cl,, THF and CHC13 solution for several hours.

(a) From Ni(C104),+6H,0/is ~Dppe/NaBH3CN

Ni(C104),+6H,0 (0.15 g., 0.4 mM) in ethanol (10 ml)
and c¢cis-Dppe (0.32 9., 0.81 mM) in ethanol (10 m1) were mixed and
stirred magnetica]]y. To this stirred mixture, a solution of
NaBH3CN (0.21 g., 3.27 mM) in ethanol was added dropwise over a
period of 2 minutes. After this addition, the mixture was stirred for
a  further 30 minutes during which time a brown solid was deposited,
This solid was removed by filtration, and then washed with ethanol
( ~5m), benzene ( ~ 5 ml) and n-hexane ( ~ 10 m1). The brown
Ni(BH3CN),(cis-Dppe) so obtained is soluble in CH,C1,, THF, CHClj,
DMF, acetone and DMSO, The crude product was purified by
recrystallization from CH,Cl, by addition of n-hexane. The complex

appears to be (see Discussion) a simple monomeric cis-square

planar Ni(II) system.
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Analysis Found: C =62.80%, H=5,20%, N = 5,21%
Calc. for Ni(BH3CN),(¢is-Dppe) C = 62,83%, H=15,23%, N = 5.23%

(b) From NiCl,'6H,0/cis-Dppe/NaBH,CN

To a stirred mixture of NiC1,°6H,0 (0.15 g., 0.63 mM)

in ethanol (10 m1) and 'cis-Dppe (0.8 g., 1,19 mM) in ethanol

(10 m1), an ethanolic solution (10 m1) of NaBH;CN (0.32 g.,

5.04 mM) was added very rapidly (2 minutes). The mixture was then
Teft to stir for a further 30 minutes and a brown solid was deposited,
Prior to drying under reduced pressure, this solid was washed with
ethano? ( ~ 5 m1), benzene ( ~ 10 m1) and finally n-hexane ( ~ 10 m1),
The crude Ni(BH3CN),(cis-Dppe) was purified by recrystallization from

CH,C1, with n-hexane as outlined in part (a) above.

Analysis Found: C = 62.68%, H=15,10%, N = 5,08%
Calc. for Ni(BHCN), (cis-Dppe) C = 62.83%, H=5.23%, N = 5,23%

2.3.5.2 Ni(cis-Dppe),

An ethanolic solution (10 m1) of NaBHsCN (0.21 g.,
3.27 mM) was added dropwise during 2 minutes to a stirred mixture of
Ni(C10y),'6H,0 (0,15 g., 0.409 mM) and cis-Dppe (0.32 g., 0.81 mM)
in ethanol(20 m1). The mixture was left to stir overnight, after
which the orange solid crude product was filtered off; and purified

by washing with ethanol ( ~ 5 m1) followed by n-hexane ( ~ 5 ml),
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This compound is soluble in the common chlorinated solvents and is air

sensitive.
Analysis Found: C = 73.50%, H = 5.10%
Calc. for Ni(CiS-Dppe) C =73,35%, H = 5.17%

2.3.6 Ni(II)/trans-Dppe/NaBH3CN reactions

Again this system has not been investigated extensively
and only a few trial reactions have been carried out. Two characterized

products have been obtained and structural assignments are tentative.

2.3.6.1 Tetrakis(Cyanotrihydroborato)bisftrans=bis(1,2-diphenylphosphino)

ethylene] dinickel(II)

[Ni(BH3CN),(trans-Dppe)],

This complex has been synthesized from both Ni(C104),
+6H,0 and NiCl,+6H,0 reactions as follows, It is air stable in the

solid state and diamagnetic.
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(a) From Ni(C104)3+6H50/trans -Dppe/NaBHzCN

e = e

Ni(C104)2+6H,0 (0.15 g., 0.409 mM) in ethanol(10 ml)
and trans-Dppe (0.32°g., 0.81 mM) in toluene (10 ml) were mixed and
magnetically stirred. An ethanolic solution (10 ml) of NaBH;3CN
(0.21 J.y 3;2'mM) was then added dropwise over a period of 2 minutes
to that stirred solution. The mixture was stirred for one more
hour during which time a small amount of yellow ( ~ 20%) product
precipitated. This was separated by filtration and was washed with
ethanol ( ~ 5 ml), toluene ( ~ 5 ml), and finally n-hexane ( ~ 5 ml).
The crude [Ni(BH3CN),(trans-Dppe)l, so obtained was purified by
precipitation from CH,Cl, solution by addition of n-hexane. Yields

of this complex were always low.

Analysis Found: C=62,53%, H=5.32%, N = 5.12¢
Molecular Weight = 1020
Calc. for [Ni(BH3CN),( trans-Dppe)jo C =62.83%, H=5.23%, N = 5.23%

Molecular Weight = 1029.42

(b) From NiCl,-6H,0/trans-Dppe/NaBH CN

To a stirred mixture of NiCl,-6H,0 (0,15 g., 0.63 mM)
in ethanol (10 m1) and trans-Dppe (0.50 g., 1,26 mM) in toluene

(10 m1), was added an ethanolic solution (10 ml) of NaBH3CN
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(0.32 g., 5.04 mM) dropwise over 2 minutes, The resulting mixture

was then stirred for one more hour, during which time a small amount
of yellow solid ( ~ 15%) was formed. This was isolated and purified
as in (a) above. [The Ni(BH3CN),(trans-Dppe)i, is soluble in CH,Cl,,

CHC13, THF, DMF, DMSO and acetone.

5.38%, N

Analysis Found: C = 62.80%, H = = 5.37%
Calc. for [ Ni(BH3CN),(trans-Dppe)], C = 62.83%, H.= 5.23%, N = 5.23%

2.3.6.2 "Ni(trans-Dppe),"

This above complex was isolated as orange crystals
from the reaction mixture filtrates (blood red) of reactions a) and
b) in section 2.3.6.1 above after allowing them to stand at room
temperature for a few days. This complex is insoluble in ethanol but
is stable in the common chlorinated solvents under N,. It is air

sensitive in the solid state.

Analysis Found: C =73.57%, H = 5.63%
Calc. for"Ni( trans-Dppe), " C =73.35%, H = 5.17%
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3. RESULTS AND DISCUSSION

3.1 Introduction

As stated at the end of section 1, the investigation
reported in the following pages is a detailed study of behaviour of
Ni(II) towards NaBH3CN in the presence of a variety of bis-phosphines
and under a variety of conditions. Severai reasons were given in

section 1 as to why this particular system was chosen for investigation.

Of the six bis-phosphines initially chosen for the
study (Dppm, Diphos, Dppp, Dppb, ¢is-Dppe, and trans-Dppe), only
reactions of the first two listed with NiCl,+6H,0 or Ni(C10y),+6H,0

in the presence of NaBH3CN were studied thoroughly, although a number
of similar exploratory reactions were carried out with the remaining
four bis-phosphines. The reasons for this were two-fold. First, both
Dppm and Diphos produced, with these nickel salts and NaBH3;CN, an
unexpectedly wide variety of product types depending upon the nickel
salt used and the conditions employed for the reactions. Clearly,
these had to be thoroughly characterized and the interrelationships
between the various products for each phosphine had to be established
as far as possible before starting new work. Second, while some of
the product types obtained with the remaining bis-phosphines were
similar to those obtained with Diphos they were, in general, totally

different from those obtained with Dppm and the differences between
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the behaviour of these two phosphines had to be clarified., Further-
more, even though some structural similarities exist between the Diphos
products and those of the remaining bis-phosphines, it proved easier
to work with the Diphos systems to establish what are, in some cases,

quite unusual and unexpected structural types.

In the opinion of this author, therefore, it seemed
desirable to establish accurate structural and mechanistic information
for the Ni(II) |Dppm and Diphos| NaBH;CN systems from which extrapolations
might be made 1ater_to the behaviour of the remaining bis-phOSphihes

under similar conditions.

The results obtained with the various systems studied

are presented and discussed in the following subsections.

3.2 Reactions of Ni(II), Dppm, and NaBHsCN

From the many reactions carried out in this study
between either Ni(Ci04)2-6H20 or NiCl,+6H,0 with Dppm and NaBH3CN,
four major products have been characterized and their structures
reasonably firmly established. Three of the four compounds can be
synthesized from both Ni(C104),6H,0 and NiC10,+6H,0 under a variety
of conditions which include variations in the amount of NaBH3CN used,
the reaction time, and the temperature of the reactions. These three.

compounds are found to be very interesting in that they are Ni(I)
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species with structures and properties which are unexpected by analogy
with other NaBH3CN transition metal reactions in the Titerature. The
fourth compound characterized is a nickel (II) species which can only

be synthesized from Ni(C10,),-6H,0.

The behaviour of the Ni(II) | Dppm | BH3CN system was
found to be very sensitive to the amount bf NaBH3CN added and the
nature of the Ni(II) salts used in a particular reaction. Furthermore,
two of the Ni(I) complexes are very unstable in solution which made
characterization extremely difficult. ThegNi(II) complex, while more
stable than the Ni(I) complexes contains a perchlorate jon and shows a
tendency to explode unless treated with great care. For this reason,
higher temperature reactions with the perchlorate salt were not carried

out.

Details of these synthesesand characterizations will

now be presented and the Ni(II) species will be discussed first.

3.2.1 [Ni(BH3CN) (Dppm),1C10,

This brown diamagnetic complex was prepared from a
very hrief reaction of the interacting species Ni(C10y4),°6H,0, Dppm,
and NaBH;CN in a mixed solvent system (benzene and ethanol) as outlined
in the experimental section. Analytical data for the product were in

excellent agreement with the above formulation. This reaction is very
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sensitive to the rate of addition of the NaBH3CN, the amount of NaBH3CN
used and the reaction time. Thus, in reactions where a large amount of
NaBH3CN is used and where the addition time of NaBH3CN and the reaction
time are increased, entirely different prbdudts are obtained and these

will be discussed in later subsections.

In contrast to the other Dppm products to be described
later, the structure of this complex was relatively easily established.
The infrared spectra of [Ni(BH3CN)(Dppm),]C10, and the corresponding
deqteréted system [ Ni(BD3CN)(Dppm),]C10, are shown in Fig. 22 and the
mofe important infrared spectral frequencies for these complexes are
recorded in Table 11. The large and broad peak at around 1000 cm-l
clearly indicates (64) the presence of ionic perchlorate. The C=N
stretching frequency of the BH3CN grouping occurs as a very sharp band
at 2190 cm 1 which is 11 ecm ! higher in frequency than that of C=N in
jonic BH3CN™., This indicates that the BH3CN™ grouping is bonded through
the nitrogen atom (24). The B--Ht (terminal) stretching vibrations
occur as a broad and strong absorption at 2320 c¢cm ! which is very close
to the absorption of the B-H vibrations in free BH3CN™ and which there-
fore indicates that no M-H-B type of coordination occurs. These B-Ht
vibrations are very close to those (2340 cm™!) of the N-bonded BH3CN~
complex CoH(BH3CN)(PPhs) where it is known (44) that no M-H-B linkages

occur. A very weak shoulder on this absorption occurs at 226Q cm L,

The infrared spectrum of the corresponding deuterated
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complex [Ni(BD3CN)(Dppm),] C10, shows the B-D, stretching frequencies

at much lower values than the B—Ht values as expected from the isotopic
shift effect. The higher resolution at lower frequency causes splitting
into three peaks at 1755 cm !, 1685 cm ! and 1635 cm ! respectively..
This again indicates monocoordination of the BH3CN™ grouping through

the nitrogen atom to the metal ion, since the deuterated complex
CoD(BD3CN)(PPh3)3 (resynthesized during this work specifically to observe
the location of the stretching mode of B-Dt at lower frequency) shows

a virtually identical -pattern with peaks at 1755 cm 1, 1680 cm ! and
1635 cm™ ! . As will be seen later in the discussion of certain Diphos
complexes, systems containing the M-H-BH~CN;type. of Tinkage show the
vibrations at significantly higher frequencies. This has

B-H, and B-D

t t
also been discussed in section 1.8.

The 31P NMR spectrum of [Ni(BH5CN)(Dppm),1C10, in
CH,C1, shows a verj st?ong signal at 6=-62.75 indicating that all of
the phosphorus atoms are magnetically equivalent and that both phosphorus
1igands chelate the same nickel ion, This 1is supported by the fact
that a similar signal is observed at §=-64.3 for PtCl1,(Dppm),(62).
An additional weak peak occurs at §=-34 in the spectrum of [Ni(BH3CN)-
(Dppm)2IC104. This has been attributed to a decomposition product since,
as mentioned earlier, the Dppm compiex is very solvent sensitive. The
fact that this weak peak gradually increases in intensity with time
while the strong peak at §=-62.75 gradually decreases, finally

disappearing after several hours, suggests that this interpretation is



-122-

correct. The 31P spectrum indicates that the chemical change with
time is a very simple one and one possiblity is slow dissociation
(and perhaps subsequent decomposition) of a weakly coordinated BH3CN™

to give the [Ni(Dppm)2]2+ ifon as shown below.

[N (BH3CN) (Dppm) 51 €10, —M2CT2 1N (Dppm),12*

That this is almdst certainly the case is sﬁown:by the fact that
[N1(Dppm), 1{(€C104)5, a known (20) compTexfprepared and analytically
characterized here as a yellow solid by direct reaction between
Ni(C10,),+6H,0 and Dppm in ethanol, shows only one sharp peak at §=-34
in the 31P NMR spectrum in CH,Cl,. From all this evidence therefore,
the structure of [Ni(BH3CN)(Dppm),1C10, complex has been assigned with
reasoﬁab1e confidence as a five coordinated Ni(II) system is as shown

in Fig, 23.

-
NCBH

/ 3
(CHz\l (C:Z) C10,

\\p AN,

Fig. 23

The Structure shown in Fig. 23 is a square pyramid with all four P

atoms basal and equivalent since this agrees with the 31P spectrum.
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However, this may not be the actual solid state arrangement since
polytopal re-arrangements of other five-coordinated structures

(e,g. trigonal bipyramid) in solution at room temperature (Berry
pseudorotation or turnstile rotation (65)) is well known and can lead
to apparent magnetic equivalence of nuclei if the re-arrangement

process is very fast,

3.2.2 Ni,XaYb(Dppm)C-xEtOH where X=BH3CN™ ,y=CN, a=1, b=1, c=2 and x=k;

Y=CN, a=0, b=2, c=3 and x=4;
Y=CN, a=0, b=2, ¢c=2 and X=1

As mentioned earlier, thnee of the complexes
obtained in the Dppm reations are very closely related and the
generél formula given in the heading above emphasizes this close
relationship. Very careful adjustments to the reaction conditions
were required in order that the three complexes could be isolated as
pure species. Experimental details are given in section 2 of this
thesis but, brief1y5 the first formed product in this group is a
greenish brown solid and the second is a deep green solid which is
isolated -from the mother Tliquor of the reaction mixtures which give
the first formed product. The third product, a violet solid, is
formed in reations which are carried out for a much longer time or at
a higher temperature., In solution, both of the green products change
to the violet product., A1l three products are diamagnetic and all

can be prepared from either NiCl,<6H,0 or Ni{C10,),+6H,0,
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Normally 1in reactions of this kind, analytical data
and infrared spectra together allow fairly rapid determination of the
molecular formula and suggest a probable structure which can later be
confirmed by other physical measurements and chemical reactions. How-
ever, for these three complexes, this was not possible although
analytical data showed that all three complexes contain small amounts
of nitrogen (1.8-2.8%). Numerous spectroscopic and chemical studies

therefore had to be carried out.

Thus, initially, the three complexes were regarded

as Complex A (greenish brown), Complex B (green) and Complex C (violet)
while structural evidence was pieced together. These complexes are
now known to be the Ni(I) species Ni,(BH3CN)(CN)(Dppm),+%EtOH,
Ni, (CN), (Dppm)3;+4EtOH and Ni,(CN),(Dppm),<EtOH respectively and to
avoid confusion, these designations are used on the various spectra
recorded in the next few pages. However, in the text they will be
decuésed as Complexes A, B and C until the evidence for each

formulation becomes clear.

Looking first at the infrared spectra of these
complexes, the infrared spectrum of Compiex A shows three sharp
stretching vibrations at 2020 em™', 2190 cm”! and 2320 cm”? together
with a weak broad peak at 3300 cm*l. These are shown in Fig. 24 and
selected infrared spectral data are recorded in Table 11. From this

infrared spectrum, it is clear that on the basis of arguments used
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earlier the sharp and strong peak at 2190 em ¥ is due to the C=N
stretching vibration of an N-coordinated BH,CN™ grouping (11 cm™?
higher than the CN stretching vibration in free BH3CN'). This, at
first sight, appears to account for the nitrogen in Complex A. The
B-Ht stretching vibrations appear as a strong and broad band at-
2320 cm™’ with a weak shoulder at 2265 cm™?, This is typical (see
section 1.5) of N-coordinated BH;CN™ groupings which are not involved
in any type of M-H-B linkage. Thus, two (2320 and 2190 cm ') of the
four peaks in the infrared spectrum are readi]y explained. The other

two (2020 em™! and 3300 em™ ) will be discussed in conjunction with

similar peaks in the spectra of Complexes B and C.

Complex B shows two absorptions in the infrared
spectrum at 2110 cm™ (weak) and 2020 em™ (very strong, sharp)

1

togetﬁer with a medium strength broad peak at around 3400 cm - as

shown in Fig. 25, while Complex C (washed but not recrystallized-

1, a much

see later) shows a very strong and sharp band at 1975 cm~
weaker band (very sharp) at 1987 cm™!, and a weak broad peak at around
3400 cm™! as shown in Fig. 26. Thus, ignoring for the moment the

peaks at 3300-3400 cm'l, all three complexes exhibit a sharp and strong
band in the 1950 cm™'-2030 cm™' region. The obvious possibilities for
these bands are that they are due to metal hydride, metal cyanide or
metal carbonyl vibrations (the latter coming from abstraction of CO

from EtOH - such abstractions are well established (66)). Of these

possibilities, the metal cyanide might seem the most likely since all
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three compounds contain nitrogen and only for Complex A has any nitrogen
been accounted for. However, metal cyanides usually show C=N

stretching vibrations at much higher frequencies in the 2075-2200 cm !
range (67a) and all possibilities must therefore be examined. For a

metal carbonyl the infrared band within this range is normally strong
and broad. Thussinitially,it was thought possible that these bands

in all of the complexes are due to the presence of terminal metal-
hydride linkages which frequently give rise to (43) a sharp and strong

stretching mode within this region.

In this context !H NMR evidence could be a useful
structural tool since metal hydrides normally give rise (11, 43, 47)
to distinctive signals upfield of TMS, the multiplicity of which (if
the complexes contain coordinated phosphines) gives information
regarding the number and type of neighbouring phosphorus atoms. Thus,
1H NMR spectra have been recorded for these complexes at room
temperature and at lower temperatures in different solvent systems
and in no case was a hydride signal observed. This could mean
that the complexes are not hydrides or that solution decomposition
is too fast for hydride signal observation since, as already stated,
Complexes A and B are very solvent sensitive. It was, in fact,
observed that the initially green solutions of these two complexes
changed to violet and then deep violet (formation of Complex C as
mentioned earlier)while the 1H NMR spectra were recorded. Complex C

is ‘stable in solution but it too did not show any trace of metal
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hydride signals in the !H NMR spectrum. Spectra were recorded for all
three complexes at much lower temperatures (about -70°C) in an effort

to slow decomposition but none of these three complexes showed any

trace of a hydride signal in the 'H NMR spectrum under these conditions,
even though, at these temperatures, Complexes A and B appeared to be
stable. From this evidence, it would appear that none of these
complexes is a metal hydride although the evidence is, as yet, not
conclusive. More will be said later about NMR spectrometry of these
complexes in connection with different aspects of the structural

problem.

If the bands in the range 1950-2030 cm ! are due
to metal hydride vibrations, the hydrogen would probably have come
from the NaBH3CN. Therefore, the corresponding deuterated complexes
were synthesized using NaBD;CN in the expectation that, if these are
hydride bands, they would show a charateristic isotopic shift to
Tower frequency on deuteration. In the infrared spectra of these
complexes only the B-Ht stretching bands at 2320 cm ! for Complex A
shift to lower frequency splitting into three bands at 1755 cm' !,
1685 cm ! and 1635 cm ! as shown in Fig. 27. This is precisely the
behaviour observed earlier for [Ni(BD3CN)(Dppm),1C10,and CoD(BD3CN)(PPh3);4
as discussed in section 3.2.1. However, the strong bandsin the
1950-2030 cm™! region for all three complexes are not shifted and they
are therefore not due to metal hydride vibrations as already tentatively

deduced from !H NMR spectra.
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However, the sharp but weak band at 1987 cm™’ for
Complex C vanishes from the spectrum on deuteration. No new band
was observed at lower frequency but such a band could be obscured by
the very strong bands for the ligand itself which crowd the lower
frequencyrange of the spectrum. This peak at 1987 em™! s clearly
due to the presence of a metal hydride 1inkage but the peak is weak
and no other peak is affected by deuteration. The possibility that
this peak is due to the presence of an impurity therefore had to be
considered. Complex C was therefore rigorously purified by several
successive recrystallizations from ethanol and, after three such
recrystallizations, the band at 1987 cm™? had completely disappeared
as shown in Fig. 27 but the remainder of the spectrum was unchanged.
The peak at 1987 cm™ ! is therefore due to the presence of a hydride
containing impurity. Thin layer chromatographic examination was used
to examine a sample of Complex C which had not been recrystallized
several times and which showed the sharp weak peak at 1987 cm'l.
The complex showed two separate spots in the TLC when the chromatogram
was run in a mixture of chloroform:acetone, 5:1. The purified
(several recrystallizations) Complex C shows only one spot but no

attempt was made to isolate the impurity as only very small amounts

appeared to be present.

While the infrared bands in the 1950-2030 cm'1 are
clearly not due to metal hydride vibrations, they could still be due

to either metal carbonyl or metal cyanide vibrations. This problem
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was solved and these infrared bands in the 1950 cm '-2030 cm™! range
were completely assigned for all these complexes by synthesizing the
15N labelled Complexes, A, B and C. First, however, 15N Tabelled
NaBH3;C15N had to be synthesized (see experimental section). If the
bands appearing in the IR spectrum are due to the presence of a metal
cyanide grouping then the band for the C=15N stretch should appear at
lower frequency than that for C=1“N. Such 15N labelled groups (not
necessarily C=N) show vibrations which are lower in frequency by

up to 60 cm™ (67b) compared with those of the corresponding 1N
species. Indeed, the NaBH;C!°N prepared for these reactions showed
this with the C=15N frequency at 2152 em™ L which is 27 e’ Tower
than that observed for NaBH;CI“N. In fact, it was found that for the
infrared band under discussion, all three 15N Tabelled complexes show
in theirinfrared spectra, shifts to lower frequency of about 35 cm” ¢
as shown in Figs. 24, 25, 26 and Table 11. Labelling these molecules
with ]SN would not affect metal carbonyl frequencies and these are
therefore metal cyanides. This therefore accounts for the nitrogen

in Complexes B and C and accounts for nitrogen additional to that%of
the BH4CN grouping in Complex A. As mentioned earlier, the C:=N
vibrations of metal cyanides normally occur at higher frequencies
than those observed here. However, such vibrations in this range

are known (67a) and they are often associated with cyanides of metal

ions in lower than usual oxidation states. The possibility therefore

arises that Complexes A, B and C are Ni(I) species.
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As the last step in establishing molecular formulae,
the broad and weak stretching frequencies at 33003400 cm ! in the
infrared spectra of all of these complexes will be examined. These
vibrations may be due to an OH group in water (from NiX,:6H,0) or
ethanol (the reaction solvent) or they may be due to an N-H linkage
derived from BH3CN. This last possiblity is less likely since such

absorptions are usually sharp rather than broad.

That the absorptions are not due to water was shown
by carrying out the reactions under strictly anhydrous conditions.
Examination of the infrared spectra of the Complexes A, B and C
then obtained showed that the absorptions in the range 3316-3400 cm!
remain unchanged. Equally clearly, they are not due to amine type
systems since the deuteration and >N labelling experiments already
discussed would have shown isotopic shifts and the peaks remain

unchanged in location even after such labelling.

It therefore appears that these absorptions are due
to the presence of ethanol and here, the ! H NMR spectra already
recorded to search for metal hydride signals would be potentially
useful since such spectra would show not only the presence of ethanol
but also the amount of ethanol present. Therefore, for Complexes A,
B and C, ' H NMR spectra were recorded again in CDClz3 and it was
found that all of them show a poorly resolved triplet at §=1.25 and

a quartet at §=3.75. These values are precisely the same as those
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obtained for pure ethanol in CDCl3. In this context, this author felt
that the solvent CDCl3 should be checked for the presence of traces

of ethanol but no such traces were found. It is therefore clear

that the stretching vibrations in 3300 cm 1-3400 cm™! region in the
spectra of Complexes A, B and C are due to the presence of ethanol

which is either coordinated or in the crystal lattice.

Careful integrations of the 1H spectra showed that
the phosphine Tigand to ethanol ratio was reproducible and different
for each complex and this information, together with the analytical,
magnetic and infrared data already discussed, finally allowed
assignment of a molecular formula to each complex. Thus, Complexes
A, B and C were found to be the binuclear Ni(I) species Ni,(BH3CN)(CN) -
(Dppm),-%EtOH, Ni,(CN), (Dppm)3;-4EtOH and Ni, (CN), (Dppm),-EtOH
respectively. A molecular weight determination of Complex C confirmed

its dimeric nature and, indeed, diamagnetic'Ni(I) suggests a dimeric form.

It finally remained to determine the structure of,
and the chemical relationships between these systems. First, it
seemed desirable to establish if the ethanol is essential to the
structures and recrystallizations from solvents other than ethanol
were attempted, Complexes A and B both reverted slowly to Complex C
in all sovents (including ethanol) but Complex C was sufficiently
stable to be recrystallized from benzene from which it was again

obtained as a solvate Ni, (CN),(Dppm),+CgH; in which the ethanol has
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been displaced by benzene.

Final structural information was obtained from 3!P
NMR spectrometry. The arrangements of the phosphorus atoms in the
various complexes have been extensively investigated from the 3!P
NMR spectra in methanol (for Complexes A and B) and ethanol (for
Complex C) solutions. Complex A, Ni,(BH3CN)(CN)(Dppm),-3%EtOH , is
very solvent sensitive but freshly prepared samples always showed a
doublet at §=28.42 and 29.30 with the two peaks of equal area. This
spectrum clearTy shows nonequivalence of the phosphorus atoms in the
complex and suggests that the two Dppm ligands are present in slightly
different chemical environments. As time passed (&g. 1 hour) a strong
and sharp signal at 6= 1.4 appeared in the spectrum in addition to the
doublet. The intensity of this signal gradually increased while that
of the doublet decreased until it completely disappeared, During this
time, the sample changed colour from green to violet. Further changes
in the 31P NMR spectrum and the colour of the same sample were not
observed for about 48 hours. After this time the violet solution
turned to pinkish brown. The nature of this change was not investigated.

The significance of the peak which appears at §=1.4 will be discussed

shortly.

Turning now to Complex B, Ni,(CN),(Dppm)3-4EtOH ,
this shows in the 31P spectrum a single sharp peak at 6=15.98 which

shows the presence of magnetically equivalent phosphorus atoms in the
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complexed Dppm 1igand. Again, as time passed, this sample showed
similar behaviour to that exhibited by Complex A described above -
i.e. freshly prepared samples (deep green) show only the peak at
§=15.98 for periods of up to 20 to 25 minutes but, after this, an
extra signal appears at s=1.4 and the intensity of this new signal
gradually increases as the peak at s= 15.98 decreases. Again, the
sample turns from green to violet after several hours, and the
signal at §=15.98 completely disappears. However, this time, an
additional peak at §=-21 also appears and this signal is very close
to the chemical shift observed for the free ligand Dppm. It seems,
therefore that the decomposition of Complex B, unlike that of Complex
A, produces free ligand in addition to the new complex (§31P=1.4)

produced by both compiexes A and B.

The 31P NMR spectrum of the violet Complex C,
Ni,(CN),(Dppm),-EtOH, shows a strong and very sharp signal at s=1.5
which does not change significantly with time. This signal again
indicates that all of the P atoms in the complex are magnetically
equivalent at least in solution. Furthermore, the location of this
signal and the colour of the sample solution strongly suggest that
the main decomposition product in so]ution“observed‘for Complexes
A and B at § =1.4 is Complex C. This has been confirmed by simple,

slow recrystallization experiments for Complexes A and B.

In order to investigate further the relationships
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between these three complexes, additional 3!P NMR experiments were
carried out in the presence of an excess of free ligand. When an
excess of free ligand was added to Complex A in ethanol (as the NMR
solvent) and the 31P NMR spectrum was recorded, a much more complex
spectrum was produced. The spectrum showed the originally observed
doublet at §=28.42 and 29.30 together with other signals at §=16
(very weak), 6=1.45 (medium, sharp) and 6=-21 (strong). Clearly the
peak at 6=1.45 is due to theviolet Complex C and the strong peak at
§=-21 is due to free ligand. However, the additional peak at
approximately &6=16 (weak and poorly resolved) could well be due to
small amounts of the deep green Complex B which normally shows, when
pure, a sharp singlet at §=15.98. It therefore seems likely that
Complex B, Ni,(CN),(Dppm)3-4EtOH, can be obtained from Complex A;
Ni, (BH3CN) (CN) (Dppm),+%EtOH, by loss of BH; and addition of Dppm

as shown below
Dppm in excess

Ni, (BH3CN) (CN) (Dppm), +3EtOH
EtOH

N
£

Complex A
Ni, (CN), (Dppm)s+4EtOH + BH4

Complex B

The above interconversion is indeed not unexpected
because Complex B was always the second compound isolated in these
reactions and it was always isolated from the filtrate of reaction
mixtures from which Complex A had previously been isolated. The

possiblity exists then that either Complex A and Complex B are formed
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together in separate reactions pathways in the same reaction mixture
or that Complex B is formed directly from Complex A. The above NMR
experiments suggest however, that while the latter is possib]e; it
is probably only a minor reaction pathway since so little of B is

formed from A by direct addition of free iigand.

Similar results were observed when a 31P NMR sample
of Complex C (in ethanol) was treated with an excess of free ligand.
In addition to the normal strong signal due to Complex C at §=1.45,
another weak peak 'appeared at s§=16. This phenomenon, together with
the decomposition of Complex B to Complex C discussed earlier suggests
that the following reversible interconversion is also possible.

. Dppm in excess
Ni, (CN), (Dppm), « EtOH = —

EtOH

Complex C
Ni, (CN), (Dppm)4- 4EtOH

Complex B (deep green)

Indeed, the only stoichiometric difference between Complexes B and C
(apart from the ethanol of crystallization) is the number of Dppm
ligands involved, and, superficially at least, such reversible
interconversion seems quite reasonable, As will be seen soon, however,
there are probably quite Targe structural differences between Complexes

B and C.
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There is now sufficient information available for
fairly reliable suggestions to be made regarding the structures of
these systems. First, the stoichiometric compositions of all three
complexes are known and the synthetic procedures, together with the

1P observations made in the presence of added ligand, indicated that
the relationships between the complexes illustrated in Fig. 28 exist.

For the purposes of this Figure, solvating molecules are ignored.

NiZ(BHBCN)(CN)(Dppm)2

Complex A . »
Ni(II)/Dppm/NaBH3CN Dppm N12(CN)2(Dppm)2-
Niz(CN)Z(Dppm)3 Complex C
Complex B

Fig. 28

Second, the 31 P NMR spectra of the pure complexes show that, in
solution, Complex A contains two sets of phosphorus atoms which are
in very similar but not identical chemical environments while Complex
B and C are symmetrical species each showing only one phosphorus
signal in the NMR spectrum. These observations referred to earlier
suggest various possible structures for the three comp1exes which are

illustrated in Fig. 29 a), b) and c¢) (no stereochemisty implied).



-141-

CH
2
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I I |
NC—— N Ni — NCBH . PhyP—Ni ——— Ni — PPh
by [ VAN
Ph,P PPh ‘ '
2 2 CHs—— PPh P ——CH
\\\\CH‘/”’ 2 2 . 2
2 2
I I1
Fig. 29 a) .
Possible Structures for Niz2(BH3CN)(CN)(Dppm), (Complex A)
Ph Ph CH
P~2— CH;—P, 2 php=” 2 pph
/ 2 \ 2 2
Ph, Ph,
NC — Ni —— P E—CHy—P—=-Ni—CN NC—Nii /I;H-—-CN
P— CH.~PPh
P~ CHz—P Ph, e
Ph, Ph, PhoP’ _PPhy
CH
111 2
IV
Fig. 29 b)
Possible Structures for Niy(CN),(Dppm)s ( Complex B )
CH
A CN CN Ph
Ph,P PPh, | , p 2 o PPh,
NG—Ni —— Ni—CN Ph,P—Ni—— Ni— PPh, /N NN _/\
J ben | | | CHy  Nigg----- Ni CH,
Phok 2 CHs—PPh, P—CH, N 7 Ny \/
N\ .,/ 2 2 2 CN
CHZ th p PPh2
Ph,
v VI VII
Fig. 29 c)

Possible Structures for Ni,(CN),(Dppm), (Complex C)
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Both Ni-Ni bonded Ni(I) species such as that
shown in Fig. 30 below (68a) and cyanide bridged species (68b) also
shown are well known. However, as Nakamoto has observed (67c),
bridging by cyanide groups usually leads to a significant increase
in the C=N stretching frequency and here one observes a significant

decrease. It seems then that cyanide bridged structures are unlikely.

CN CN 4 NC

NC——Nj ——Ni—CN (tren) Ni \\\ ’///’ \\\Ni (tren)
| /\/

CN CN NC NC

Fig. 30

In addition, it should be possible to tell the
difference between bridging and éhe]ating Dppm since the ring size
effect (AR) upon the coordination shift is a well known phenomenon
(62). In general terms, this ring-size effect can be stated that in
four-membered ring bis-phosphine chelate complexes, the phosphorus
atoms are more highly shielded than those of six-membered ring
chelated systems relative to a similar non-chelated complex system.
On the other hand, phosphorus atoms in five-membered chelate rings
are deshielded relative to those of a similar non-chelated complex.
The actual values of the coordination shift will probably depend upon
the nature of the metal ion, its coordination number, its oxidation

state and the stereochemistry of the system,
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In this context, if one considers Combjex A,
Ni, (BH3CN)(CN) (Dppm),, and Complex C, Ni,(CN),(Dppm),, these two
complexes differ stoichiometrically only in one BH3 unit yet there
is an upfield shift of about 27 ppm in the 3P NMR spectrum and there
is a considerable colour change from greenish brown to violet. It
seems 1ikely then that the loss of BH3 from Complex A is accompanied
by a profound structural change in formin§ Complex C. A 31P chemical
shift of around §=29 for the two sets of P atoms observed for Complex
A is more consistent with structure I (Fig. 29 a) than with structure
II where the ring size effect due to Dppm chelation normally gives
much higher field shifts (62) although the actual value of the shift
observed (from slightly positive to considerably negative) depends
upon the metal and the overall structure involved. On the other hand,
it is quite common for coordinated but unchelated Dppm to show (62) a
3]P shift of the order of é=ca.30. Similarly, the high field
location (86=1.45) of the 3!P signal for Complex C is more consistent
with structure VI (Fig. 29 c) than structure V (structure VII is

already eliminated because bridging cyanide is unlikely on infrared

evidence).

This leaves Complex B, Niz(CN)g(Dppm)g for structure
assignment. The available evidence does not allow us to distinguish
between the two possible structures III and IV (Fig. 29 b) but
structure III might be preferred because it is the least hindered.

They are, in any case, very similar,
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One last point should be made here and that is that
although thereare no 31P data in the literature regarding Ni(I)-Dppm
complexes, thereare some for similar Pt(I) ¢omﬁ1exes. Thﬁs} Brown et
al. (69) have synthesized a series of Pt(I)-Dppm bridged dimeric

systems of the general structure shown in Fig. 31. These show (in

CH
AN
Ph2P Pth

|

X—Pt Pt—X X= C1, Br, I

Fig. 31

CoHoC1y, solution) 3.'P shifts very close to O ppm. As stated in
Garrou's review (62), 3P data for Ni(II), Pd(II) and Pt(II) complexes
of similar stoichiometry and coordination number show that 3!p

shifts for the Ni(II) complexes are usually at considerably Tower
field (ca 15ppm) than for the corresponding Pt(II) complexes. If

this trend applies also to the M(I) system then the assignment of a
bridging Dppm made to Complexes A and B would appear to be quite
reasonable while the higher field signal (&1.45) observed for

Complex C would therefore again be quite compatible with a -structure’

involving chelating Dppm ligands.

The weight of the evidence therefore favours

structures I, III, and VI for Complexes A, B, and C respectively
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although final confirmation of these structures will have to await

X-ray'crysta]]ographic studies.

Further comments on the products of these reactions
in relation to those of the other bis-phosphine Tigands used will be

made at the end of this Results and Discussion section.

3.3 The Ni(I1)|Diphos| NaBH;CN system

Extensive investigations have been carried out on
this system under a wide variety of conditions and a number of
interesting products have been isolated. Seven of these have been
fairly thoroughly characterized although the apparently unusuai
structures of some of the products make X-ray structural confirmation
highly desirable. Furthermore, these reactions follow an entirely
different course from the Dppm reactions since the products
characterized are Ni(II) systems (or, in one case,Ni(0)) whereas Dppm
gave primarily Ni(I). In addition, no characterizable metal cyanides
were isolated from the Diphos system whereas Dppm gave mainly metal
cyanides. The preparation of Ni-cyanotrihydroborato-Diphos complexes
from the N1C12-6H20lNaBHSCN[Diphos system is easier than from the
Ni(C10y )2 - 6H, O|NaBH4CN[Diphos system and it was observed that the
products formed depend more upon the Ni(II) salt used than upon the
reaction time, the amount of NaBH3CN used, and the type of solvent

system.
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As with Dppm, only NiCl2+6H,0 was used in elevated
temperature reactions to eliminate the possibility of formation of

potentially explosive perchlorates from Ni(C10y),-6H,0.

Detailed discussions of the individual complexes

formed in these reactions will now be presented.

3.3.1 [NiH(Diphos),1C10,

This diamagnetic complex was first reported by
Holah and co-workers (20) and it was prepared from a reaction between
Ni(Diphos),(C104), and NaBH, in ethanol. Superficially then it is
not surprising that the same complex can be synthesized from the
Ni(C10y ), +6H,0|Diphos|NaBH;CN system in mixed solvents by an extended
period reaction. As will be seen shortly, a similar but not identical
complex may be prepared from NiCl,+6H,0. However, although hydrido
complexes of transition metals are fairly easily prepared from
suitable metal complexes using NaBH, as a reducing agent, formation
of such hydrido complexes from similar reactions with NaBH3CN is a

much less common event as discussed in the Introduction.

While this is a known complex, it was felt that
complete and unambiguous characterization should be carried out. The
infrared spectrum of this diamagnetic complex (for which excellent

analytical date were obtained) shows a stretching frequency as a sharp
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and medium intensity band at 1950 cm ! as is shown in Fig. 32 and this
is in agreement with the Ni-H hydride (terminal) stretching frequency
observed for [NiH(Diphos),]C10, (20). The ionic (64) C10, band

appears as a very strong and broad peak at 1100 cm 1.

The 31P NMR spectrum of this complex (not
recorded in Holah's earlier report) in CHC13 shows only one sharp
signal at §=44.95 which-shows that the phosphorus atoms of the Diphos
Tigands are magnetically equivalent in thg complex, at least in

solution,

The 1H NMR spectrum in CDCl1; or in CgDg Shows a
well-defined quintet at §=-13.10 with a coupling constant of JPH=5.6H2.
This high-field signal again suggests the presence of a metal hydride
linkage and the quintet nature of the signal shows that coupling
of the metal hydride proton with four identical phosphorus atoms
occurs. Selected features of the IR and NMR spectra of this complex

are given in Table 12.

On the basis of the above evidence, a structure for

this complex has been assigned is as shown in Fig. 33, The five-

- -
PhZP\\\ ///,PPh
(CH ), (cH,), | C10,
k\PhZF' PPh2
— Flg. 33 -
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coordinated species is shown as having square pyramidal type of
geometry in which the hydride ligand occupies the apical position
since this accounts for both the H and 31P spectra. However, the
geometry may be less regular than this and, in solution, magnetic
averaging of the P atoms may occur through the well-known Berry

pseudorotational process.

3.3.2  [NiH(Diphos),1BH4CN

This diamagnetic complex, which is clearly closely
related to [NiH(Diphos),1C10, has only been synthesized from the
NiC]2¢6H20[Diphos|NaBH3CN reaction. Experimental details are given
in section 2 and, as with the C10y complex, long reaction times were

required.

Once again, the analytical data obtained are in
excellent agreement with this formulation and the IR spectrum of the
wine-red crystals shows a medium intensity and sharp stretching frequency
at 1950 cm ! as shown in Fig. 32 (see also Table 12). This is
virtually superimposable upon the Ni-H stretching frequency observed
for [NiH(Diphos),1C10, (20) also shown 1in Fig., 32. The C=N stretching
mode of the BH3CN™ unit appears as a strong and sharp band at 2179 cm !
which is identical in location to that of free ionic BH3CN (27, 28).

The BH3; stretching frequency occurs as a very strong and broad band

at 2330 cm ! with a shoulder at 2290 cm~ ! and the BH deformation
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occurs as a doublet at 1130 cm™* (w) and at 1110 em™’ (s) as shown in,

Fig. 32. Again, this is consistent with ionic BH;CN™ (28).

The 31P NMR spectrum in CH,Cl, shows a very strong
signal at §=44.95 which is identical in location and appearance with
that observed for [NiH(Diphos),1C10, and this again strongly suggests

that the two complexes are strictly analogous.

This close relationship is finally proved by the 1IH
NMR spectrum in CDC13 (or in CgDg) which shows a well-defined quintet
at 6=-13.08 with a coupling constant of JPH=5.6Hz - a location and
pattern virtually identical to those exhibited by [NiH(Diphos),]C10,.
The structure assigned is therefore as shown in Fig. 33 for the
perchlorate complex but with ionic BH3sCN™ replacing jonic CIOZ. If
this is the case, then it should be noted that this is possibly the
first example of a Ni-hydride complex in which BHiCN is present as
an ionic species. This type of complex is rare because BH3CN™ usually

possesses a great tendency to occupy a vacant coordination site.

3.3.3 INi,(BHLN) (Diphos),1X, where X=C1~ or C10%

This type of complex has been synthesized from both
Ni(C10,) ,-6H 0 and NiCl - 6H0 in reactions of short duration and the
two diamagnetic complexes so formed are very sensitive towards most

solvents. Analytical data (C, H, N and, where appropriate, C1) for
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several samples prepared on several different occasions were always in
excellent agreement with the formulation given above. The two complexes

Wi11 be treated together for structure assignment purposes.

The C=N stretching frequencies of the BH;CN™ grouping .in
these complexes appear as a very strong and sharp band at 2207 em™ in
both instances. This is an increase of 28 cm™! from the stretching fre-
quency of CN in free jonic BH3CN™ and such a large shift is reasonably
conclusive evidence that the BH3CN™ grouping is involved in coordination
through the nitrogen atow as discussed earlier. The C10; stretching mode
for [Niz(BH3CN)3(Diphos)21C104 occurs as a strong and broad band at
1100 cm™ which is consistent with the presence of the ionic C1C; grouping
(64). No metal-chloride band was detectable in the range 200 - 400 cm”?
for the analogous [ﬂiz(BHQCN)ggDiphos)z]CT and this implies {ionic
ch]oriﬂe is presént. The two complexes are isomorphous and probably there-
fore isostructural by X-ray powder diffraction methods and, since C10& is
clearly present in ionic form in one of the complexes, this too implies
that C1~ is ionic in the second complex. The BH3 vibration modes occur as
a broad and strong band at 2370 en™! for the C10; complex and at 2360 cm™*
for the C1~ complex with a B-H deformation band at 1100 cm™ for the latter.
The B-H deformation mode in the spectrum of the C10, complex is obscured
by the broad C10, band at around 1100 cm™'. Selected features of the

IR spectra of these two complexes are illustrated in Fig. 34, and are

1isted, together with other data, in Table 12,

- -1
These rather high values (2370 cm 1 and 2360 cm ) for
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.the'B—Ht vibrations are suggestive of a M-H-BH2CN linkage such as those
which occur (X-ray crystallographic data) in the BH3CN~ bridged species
[Cuz (BH3CN), (PPhg)2l,  (21,28) and [Ni(BH,CN)(tren)1,(BPh, ), (C10)

which were discussed in section 1.5. The former of these.comp1exes shows
the main B-Hy vibration at 2376 cm™! while the latter shows it at 2380.cm™ .
As pointed out and discussed or observed elsewhere (10, 11) and as observed
for other compounds in this thesis, monodentate BH3;CN™ groupings coordinated

only through the nitrogen atom normally show the B-H; vibration in the

2320-2350 cm™! region.

There are two features of the IR spectra of the two
complexes which should be examined before the structural discussion is
taken any further. The first is that although the two complexes have the
formulation [Niz(BchN)g (Diphos)>] X and are isostructural, there are
apparently slight differences in the‘B-Ht stretching frequencies. Both
absorptions are, however, quite broad and the apparent difference may arise
merely from shape differences at the maxima of the two absorptions (Fig.
34, 35). Alternatively, in the crystalline complexes, C1C, and C1~ may
interact electrostatically to different extents with the cation,
Unfortunately, neither complex was sufficiently stable in solution for
comparison pf the solution infrared spectra where such ionic interactions
should be less significant. However, as will be seen shortly, there is
evidence which indicates strongly that the observed phenomenon is simply
a band envelope shape effect and that the Ni and BHBCN' containing por-

tions of the two complexes are of identical structure.
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The second point is that although analytical data-
strongly suggest that three BH3CN™ units are present in each complex
(1;5 units per Ni atom), the two complexes show only one sharp CsN
stretching frequency at 2207 cmlin both cases. This suggests a very

symmetrical structure.

The available evidence then indicates that the BH;CN™
groupings in these complexes might be present as a bridging ligand in
a symmetrical arrangement and, in this connection, it is interesting to
note that while [bu(BchN)(PPfg) ,1, shows (21) two C=N frequencies in the
IR spectra (at 2207 and 2190 cm™!) since it is unsymmetrical (25), the
symmetrical [Ni, (BH3CN)(tren)], (BPh,),shows only one such vibration (10)
(at 2221 cm"j).

This possible bridging by the BH3CN™ groupings will now
be examined further by considering the corresponding BD;CN~ complexes
where separation of the various B-Dt stretching frequencies should be
much clearer at lower frequency and where resolution is greater. The
infrared spectra of the two deuterated complexes show that the rather
broad B-H stretching frequency has been shifted, as expected, on deutera-
tion to lower frequency and this isotopic shift is accompanied by splitting
of the absorption into three individual bands at 1770 cm™1(s), 1685 cm ! (m)
and 1640 cm™! (w) for both complexes. There is some evidence of under-
lying shoulders on each peak. The CN stretching mode remains unchanged
in the spectra of both deuterated complexes at 2207 cm™!. Selected

features of the infrared spectra of the deuterated complexes are shown
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in Fig. 35 and tabulated in Table 12. This identical and well-resolved
pattern for the B-Dt frequencies obtained for the two complexes show
clearly that the minor differences observed for the corresponding B--Ht

maxima are indeed band envelope shape differences.

To establish what these B-D frequencies mean in terms
of bridging or monodentate BD3CN"groupings, it is necessary to compare
the observed spectra of these two deuterated comp]exes'ENiZ(BD3CN)3(Diphos)2}X
with those of known bridged species (deuterated) and known monodentate
species. The two known bridged species {Cu(BD3CN)(PPh3),}, and [Ni(BD;CN)
(tren)l,(BPhy), both show (10) a complex pattern of B-D vibration in
the 1600-1800 cm'1 range. The most prominent peak in this region is at
1784 em™ for the copper complex and at 1798 cﬁ-l for the nickel complex
and these two peaks have been attributed to the (llB)v,B-D stretch. Other
weaker peaks in this region have been attributed to the corresponding
(IOB)vB-D peaks and various 118 and 10B M-D-B vibrations. It seems then
that it is the strongest peak in this region which is the most definitive
and, in the spectra of the two complexes '[Ni,(BDsCN)4(Diphos),]X, this

occurs at 1770 cm'l.

There are two monodentate BH;CN™ containing species,
(Cu(BH4CN), (Megdien) and COH(BH4CN)(PPh3)3 which have been unahbiguous]y
characterized by X-ray methods (24, 44), but there is no published IR
data yet available for the deuterated versions of these systems. However,
the deuterated complex CoD(BD3CN)(PPh3)3 has been synthesized in this pre-

sent work for these infrared comparisons and this shows the B-Dt frequencies
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at 1755 ecm™!(s), 1686 cm™* (m) and 1635 cm™! (w) @s shown in Fig, 36

and listed in Table 12. Clearly, the most intenge absorption at 1755 cm™!
is at considerably lower frequency than the B-D vibrations diécussed SO
far. Besides this, the deuterated version of the almost certainly mono-
dentate BH3CN- complex [Ni(BH3CN)(Dppm)£}C104 synthesized in this work
(see section 3.2.1) also shows the B-D frequencies at 1755 cm™!, 1680 cm™l
and 1640 cm™ respectively again as shown in Fig. 35 and Table 12. Sim-
ilarly, the apparently related species initially reported (11) as
[Co(BH3CN)(Dppm) 2 J C10, but now tentatively reformulated (26) as
[CoH(BH2CN)XDppm), 1C10,  (see section 1.5.2.2.) shows an almost identical
B-D pattern with the main absorption at 1755 c:m"1 (Fig. 36 Table 12).

In this last illustration, however, the B-Dstretch may
be due to monodentate BDsCN~ or BD,CN and, perhaps, this observation should
be treated with care. However, the weight of the infrared evidence sug-
gests that the B-Ht and B-D; frequencies observed for [Ni, (BH3CN)4(Diphos), 1x
and INi, (BD3CN)3(Diphos),1X are more consistent with bridging BH;CN™ than
with monodentate BH3CN™. One final point to be noted is that the isotopic
shifts observed in the infrared spectra on going from [Ni, (BH;CN);(Diphos),l1X
to [Ni, (BD3CN)3{Diphos),1X shows the vB-D/yB-H = 0.746 for the peak at
2370 cm™! (perchlorate) and vB-D/vB-H = 0.750 for the peak at 2360 cm!
(chloride). These are consistent with the calculated ratio of vB-D/vB-H
based on the reduced masses of the atom pair of 0.736 (10).

31

Turning now to NMR data, the “'p NMR spectra of

[Nip (BH3CN)3(Diphes) J X in CH,C1, show only one sharp and strong signal
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at § = 63.30 for freshly prepared solutions over a period of about 20
mins., This evidence indicates that the phosphorus atoms of the Diphos
ligands are equivalent in the two complexes at least in solution and that
both complexes contain the same Ni/BH,CN"/Diphos unit. These NMR data
therefore apparently confirm the generally symmetrical nature of the two
species which was tentatively deduced from the presence of only one sharp
C=N stretch in the IR spectra. More will be said later regarding the
significance of the value of the observed shift. As mentioned earlier,
however, these complexes decompose in most solvents and, as the3]P NMR
recording time increases, decomposition occurs. A new sharp peak at s= 44
gradually becomes stronger with time while the intensity of the signal

at § = 63.30 decreases. After 48 hours the signal at 6§ = 63.30 complete-
ly disappears leaving only the signal at § = 44, The solution colour
changes from yellow to brown in this time. Clearly [Nig(BH3CN)3(Diphos)é]X
decomposes in solution to give a single phosphorus-containing product.

More will be said about this product later as it has been fairly well

characterized as a product in other Ni(II)/BH3CN'/Diphos reactions.

If the system is a symmetrical Ni/BH3CN /Diphos con-
taining unit then the chloride content of the molecule [N12(8H3CN)3(Diphos)2]
C1 (determined by the Mohr titration method) would have to be ionic.

This ionic nature has apparently been confirmed from Molar conductivity
measurements carried out in CHC13 solution (the species was generally
too short 1ived in other solvents). Even then, these conductivity measure-

ments had to be carried out in a very short time because the compound

decomposes slowly in CHC]3 and this is accompanied by a change in the
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‘solution colour from yellow to brown. The;mo1ar conductance of 4.0 x
10'3M solutions in CHCl; at 20°C was found to be 11 ohm™!cm? mol'l, and
thé system is therefore a weak electrolyte. The value obtained is rather
Tow for the system to be considered as a true 1:1 electrolyte but three
factors should be taken into account., First, in addition to the measured
conductance value being low, it decreases fairly rapidly with time and

the actual value is probably higher than that observed. Second, the con-
.ductance of electrolytes varies markedly with solvent (70) with lower
values being observed in less polar solvents. For example, PhuP+C1'

in CH3CN shows a very high value for the conductance but this drops sig-
nificantly when Tless polar solvents than CH;CN are used. In this context,
CHC13 1is not a particularly polar solvent. The third factor is the size
of the ions in the complex and since solution conductivity values are a
measure of the rate of migration, large ions such as [Niz(BchN)g(Diphos)2]+
would move very slowly. The fact remains, however, that the system is

a weak electrolyte even though it is perhaps not a classical 1:1 electro-

Tyte.

Conductance measurements were not carried out on
[ N% (BH3CN)3 (Diphos),1c10, partly because of solution stability problems
but also because it is clear from the IR spectrum that the perchlorate
grouping is ionic. This IR evidence also confirms the ionic nature of
C1™ in the solid state of [Ni, (BH;CN); (Diphos),} C1 since X-ray powder
diffraction studies show that the €17 and C10; complexes are isostruc-

tural. It should also be remembered that in solution, the two complexes

give identical 31p spectra.
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In a further effort to establish ionic character, solu-
tions in methylene chloride of both the chloride and perchlorate were re-
acted with solutions of NaBPh, in ethanol in an effort to make the BPh,~
salts. The yellow colors of the starting solutions were slowly discharged,

but no identifiable product could be isolated.

The changes observed with time for both the conductance

values and 31P NMR spectra will be considered shortly.

There is now sufficient evidence to allow possible struc-
tural assignments to be made for the species [Ni, (BH;CN), (Diphos),]X where
X =C1" or Cl0, . First, the analytical data obtained agree very closely
with this formulation. However, while it is clear from the analyses that
the ratio of BH3CN™: Ni : Diphos is 1.5 : 1 : 1 and that there must be
at least two nickel ions present in the structure, structures containing
four or six Ni jons cannot be excluded on the basis of analytical data
alone. Unfortunately, molecular weight measurements could not be carried
out because of the instability of these systems and their ionic nature.
Infrared data and 3]P NMR spectra show that the Ni/BH;CN~/Diphos con-
taining fragment is a symmetrical species and infrared data again suggests
strongly that the BH3CN' groupings are coordinated in a M-—— H— BH,—

CN— M mode. The two complexes are also ionic.

From this, it follows that if there are indeed only
two nickel atoms present in each molecule the only possible type of structure

is the five-coordinate Ni(II) structure shown in Fig. 37 although a
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variation on this is to have all three =N groups attached to the same
atom. Referring briefly back to the 31P NMR data, the observed chemical
shift of § = 63.30 represents a rather large coordination shift of about
'76.5 ppm downfield from the signal of the free ligand. This is entirely
consistent with the fact that the Diphos unit is chelating one nickel
ion rather than bridging two nickel ions since chelation by Diphos gives
a five-membered ring and this particular ring size for chelating bis-
phosphines leads to strong deshielding (62). Numerous examples of this
ring size effect have appeared in the literature {62) and these examples
suggest that bridging Diphos would be expected to have a much smaller
downfield shift than that observed. However, this much depends upon the
nature of the metal ion, its substitution pattern, its oxidation state
and its coordination number. Thus, not only do the31'p NMR spectra show
that the P atoms are identical but that the Diphos units are chelating as

required by the structure shown in Fig. 37.

e——
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If this structure is correct, then this would be the first
example of triple bridging of two metal ions by BH3CN™ . As discussed

earlier, double bridging is well characterized.

If there are four nickel ions present in the molecular
unit, then somewhat different types of structure consistent with the
evidence, such as that shown in Fig. 38 in which there is a tetrahedral
arrangement of BH;CN™ bridged Ni ions, can be visualized. With six
nickel ions, even more complex structures would arise. The structure
shown in Fig. 38 involves only simple bridging by BHSCN' between any

two Ni(II) ions.

Only an X-ray structure could solve this problem but
this author feels that the binuclear, triply bridged system shown in
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Fig, 37 is the most 1ikely for several reasons. First, the only known
(10, 25) BH;CN™ bridged species are both binuclear and, while both of
these are doubly bridged, there appears to be no steric or electronic
reason why triple bridging could not occur, Second, as will be seen
shortly, it appears that one bridging BHyCN™ unit in [Niz (BH3CN)3~
(Diphos), 1C1 can be displaced by chloride ion to give an apparently
doubly bridged system which is covalent and for which molecular weight
data strongly indicate a binuclear structure. Finally, the two
complexes are reasonably soluble (though rather unstable) in many com-

mon  solvents and this would indicate that the molecular weights are

not too high,

3.3.4 [Ni(BH3CN)(Diphos)C1], .EtOH

A diamagnetic complex of the above stoichiometry
(analytical data) has been synthesized in higher temperature reactions
from NiCl,,6H,0 only and it is stable in solution for long periods.

The dimeric structure has been assigned on the basis of evidence which

will be considered shortly,

Considering first infrared data, the C=N stretching
frequency occurs as a very strong and sharp band at 2207 cm'land, as
with [Ni2 (BH3CN)3 (Diphos)2) X which shows exactly the same stretching
frequency, this shows that BH3CN' is coordinated through the nitrogen
atom, The'B—Ht stretching band appears as a strong and broad band
at 2370 cm'lwith_a weak shoulder at 2290 cm"’, and, as outlined for
[Niz(BHsCN)g(Diphos)Q]X, this strongly indicates that the BH;CN~

unit is involved in the M-H-BH2~CN-M type of bonding and a bridged

binuclear species again seems 1ikely., There
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1 which is probably due to the

is also a weak and broad-band at 3360 cm”
presence of EtOH in the lattice. Certainly, analytical data indicate
the presence of half a molecule of EtOH per nickel ion and 'H NMR studies

to be discussed soon, confirm this.

Upon deuteration, [Ni(BH3CN)(Qiphos)C1]2 shows an
infrared spectrum in which the CN ﬁxetching»freduency remains at the same
location as in the spectrum of the undeuterated complex but the B-Ht
vibration vanishes to be replaced by B-D vibrations at 1770 cm'l, 1685 cm™?
and 1640 cm~ !, These vibrations are at virtually the same frequencies
as those observed for‘[Niz(BHscN)3(Diphosg1X. Thus, the locations of the
B-Ht and B-Dt vibrations are strongly indicative of the fact that the
BH;CN™ units are present as bridging 1igands. A minimum of two Ni(II)
jons is therefore present in the molecular unit. Selected features of the

infrared spectra of the deuterated and undeuterated complexes are illus-

trated in Fig. 39 and are summarized in Table 12.

The 3P NMR spectrum of this complex in CH,Cl,shows a
strong and sharp signal at § = 43.86 which indicates again that the
phosphorus atoms of the Diphos ligands are equivalent, at least in sol-
ution. This chemical shift is virtually identical with that observed as
appearing during the solution decomposition of [Ni, (BH3CN)3(Diphos),] X
(discussed earlier). The decomposition product recovered from solutions
which had originally contained [Ni, (BH;CN); (Diphos), ] C1 gave analytical
data in good agreement with the formula [Ni(BHgCN)(Diphos)c] 15 -EtOH

31

and the two ~'P spectra are identical. One puzzling feature about this
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decomposition of [Ni,(BH,CN);(Diphos),]X is that both the chloride

and the perchlorate give identical 31P NMR decomposition spectra.

This is not in itself unexpected, but as will be seen shortly, the
product obtained from decomposition of the chloride, [ Ni(BH,CN)(Diphos)
CT}Z .EtOH, is probably covalent in solution whereas the decomposition
of the perchlorate would be expected to give a product (not isolated)
which would be ionic. Different 3]P spectra for the two decomposition

products would therefore be expected.

The presence of ethanol of crystallization was confirmed
by examination of the 1H NMR spectrum, which shows a poorly resolved
quartet at s = 3.75 and a triplet at s = 1.25 which are identical in
location (but not resolution) with those of pure ethanol under these con-
ditions. Integration (and analysis) showed that there is half a mole-
cule of ethanol per Diphos unit in the structure and, since IR studies
indicate that the system is at Teast binuclear, the empirical formula

is [Ni(BH,CN) (Diphos)CTy, « EtOH,

The complex [Ni(BH3CN)(Diphos)C1],.EtOH is a non-elec-
trolyte (which explains the rapid decrease in the conductance observed
for solutions of’[Niz(BH3CN)3(Diphos)]+C1'). A molecular weight deter-
mination in CHC1, gave a result (see Experimental Section) in very
close agreement with the dimeric formulation proposed. However, infrared
studies in the 200 - 400 cm range showed no absorption assignable to
the Ni-C1 band and this, together with the unexplained points from the
31

P NMR spectra noted above, leave some doubts regarding the precise

nature of the chlorine content.
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There is now enough information for a structural
assignment to be made. Thus, analytical, IR and 1H NMR data show the
empirical formula to be [Ni(BH3CN) (Diphos)C11, and the infrared .spec-
trum additionally strongly suggests that the BH3CN™ unit is bridging.
Furthermore, since only one C=N gnetching;fréﬁuency is present, the
system is symmetrical in the solid state.¢ Thé3TP NMR spectrum shows
. that all phosphorus atoms are equivalent in solution, while conductance
measurements suggest that the chlorine is covalently bound. Molecular

weight measurements support the dimeric formulation given above,

The only structure consistent with all of this data is -

[ .

. , N

that shown in Fig..40 in which the two Ni(II) ions are five-coordinated%

and doubly bridged by BHsCN™.

H

/Bz
P Cl
(Q k N\‘ / (CH )
2’2 ~N A 2'2
P sssC\\\B// \\\\ J//
Hy
Fig. 40

Several further points should be made here. The first %
is that a symmetrical binuclear Ni (II) system of this dbub]y bridged |
type [Ni(BH3CN)(tren)]2(BPhh)2 (aTready discussed) has ‘been well char-
acterized by X-ray methods and shows precisely the same value for the (=N

stretching frequency as does INi(BH3CN)(Diphos)C1]2, There are, of
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course, differences in that one species is ionic with six-coordinate Ni(II)

whereas the other is apparently covalent with five-coordinate Ni(II).

The second point is that if the structure shown in Figq.
40 is correct, it offers some support for the dimeric structure (Fig. 37)
suggested for [Ni,(BH3CN)3(Diphos)21C1 since clearly decomposition of ‘this
species to give [Ni(BH3CN)(Diphos)C1ly would require only the displace-
ment of one bridging BH3CN™ unit by two chloride jons. However, two chlor-
ide ions would require two'LN12(8H3CN)3(Diphos)2]+ jons to be involved and
the question of what happens to the second of these now arises since only
one 3TPsigna1 is observed after decomposition is complete. This together
with the fact that both [N1'2(BH3CN)3(D1'phos)2]+ ¢1” and C10, decompose to
give exactly the same 31'P NMR spectrum again casts doubt upon the covalent
nature of the chlorine in [ Ni(BH4CN) (Diphos)C1 s, If the chlorine is,
after all, ionic (perhaps very closely ion paired) then the reaction
shown below would explain the decomposition of [ NifBH3CN)3(Diphos)] X, the
isolation of [ Ni(B%FN)(Diphos)CTIQ,' , the appearance of only one 3Tp
decomposition product signal, and the absence of a Ni-Clstretching fre-
quency in the IR spectrum of [Ni(BH3CN)(Diphos)C1]2 . Thus, the decom-

position would be more of a simple disproportionation to give two products

possessing a common Ni/BH3CN™/Diphos containing ion,
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[N (BH,CN) (Diphos)15" 2X™
s31p = 43.86
‘Precipitated as the chloride
2[N12(BH3CN)3(Diphos)2]X

s31p = 63.30 24 -
[Ni (BH,CN) (Diphos)15" 2BH,CN

s31p = 43.86

3

Possibly present in solution

j.e. the complex formulated as the covalent [Ni(BHBCN)(Diphos)C]]2

is perhaps better formulated as the ionic [Niz(BH3CN)2(D1phos)2]2+

2C1° in which case the structure would be as shown in Fig. 41

B T
/g2 :
P \\C A p
\\‘\\ ,,/’}{ §§’N*~\ .//// -
Ni Ni 2C1
N AN
p Nss? H p
‘e
Hy
L N

Fig. 41
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where the Ni(II) ions are four-coordinate. Clearly, the conductivity

and molecular weight data must be treated with caution.

A third point of interest is the actual value of the
3Tp chemical shift of [Ni(BHsCN) (DiphosjCll,  at & = 43.86. While this
is less of a shift than that observed for [Ni,(BH3CN)5(Diphos),1X at &
= 63.3, it is still consistent with a chelating Diphos unit since the cis-
square planar (Diphos)NiCl, shows (62):a remarkably similar shift of
§ = 46.1. Perhaps this too indicates that the species formulated as
[Ni(BHﬁCN)(Diphos)CT)z‘ is best represented as the four-coordinate struc-
ture shown in Fig. 41 (the triply bridged system is five-coordinate)
although the actual shift values of chelated bis phosphines are very sen-
sitive to changes in substitution pattern, coordination number, oxidation

state, etc. (62).

In conclusion, while one can be reasonably sure that
the structure of [Ni(BHsCN) (Diphos)C1l,  is either as shown in Fig. 40
or as shown in Fig. 41, X-ray data would be required before a final

structural assignment is made.

3.3.5. [N'l (BHBCN) (D'iphOS)z C]]z

This compound may be synthesized from the NiCl,.6H,0
/Diphos/ BHoCN™ system in a reaction which requires a long time (see

Experimental section). The compound is stable in solution and is diamag-

netic. The dimeric formulation is given on the basis of spectroscopic
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and molecular weight data to be discussed shortly.

Looking first at the infrared spectrum, the =N

stretching frequency appears as a strong and sharp band at 2200 cm™ !

while the BH3 vibrations occur as a strong and broad band at 2330 cm™l.
The B-H deformation was at first thought to occur at 1110 em™ L with a
shoulder at 1115 (w) cm -t but, as will be ééen shortly, this absorption
remains when BHaCN' is replaced by BD3CN~ énd it is therefore probably
due to a ligand vibration. Clearly, the C=N stretching frequency is
consistent with coordination to a metal ion through the nitrogen atom
but the B-Ht vibrational frequency indicates that no M—H—B bonding
is present - i.e. in this complex, the BH3CN™ unit is not present as a
bridging unit. This deduction is supported by the infrared spectrum of
the deuterated complex [Ni(BD3CN)(Diphos),C1]l,  which shows the C=N
stretching unchanged at 2200 cm™ ! and the B~=D vibrations at 1755 cm'vﬂ
1680 cm™! and 1635 cm™!. As outlined earlier this is consistent with
monodentate N-coordinated BD,CN™ and the B—D pattern observed is vir-
tually identical with that of the well characterized complex CoD(BDsCN)
(PPhy); (44). There is no peak in the 200 em™t - 400 cm ! range assignable
to the Ni-C1 vibration and the chloride unit therefore may or may not be
ionic. This will be discussed later. Selected features of the infrared
spectra of the deuterated and undeuterated complexes are shown in Fig. 42
and recorded in Table 12.

31

The “'P NMR spectrum of the complex in CH,C1, solution

shows a doublet at ¢ = 29.34 and at & = 30.03 showing that all P atoms
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are coordinated. The two peaks are of approximately equal area but they
are of completely different shape with the lower field peak broadened and
rounded and the higher field peak sharp and intense. Clearly, in solution,
there are two types of phosphorus atoms present in equal numbers. The
values observed for the chemical shifts are less informative since they
indicate that while coordinated, the two types of phosphorus atcms are
probably not chelating. Generally, as mentioned earlier, chelated Diphos
shows & values of at Teast +40 and much larger shifts are quite common (62)
depending upon the metal involved. The observed values, then are more con-
sistent with Diphos coordinated to two metal atoms and, as will be seen
shortly, bridging Diphos is probably involved in the structure. The shape
of the Tower field peak is much broader and rounded than the higher field

31P Diphos peaks observed so far in all of the compounds men-

peak. The
tioned in this thesis are very sharp and the broadened nature here may imply
some sort of exchange process or the presence of two very closely spaced

but unresolved signals.

The complex is a non-electrolyte in solution and a mole-
cular weight determination shows a value which is very close to that expec-
ted for the dimeric system [Ni(BH3CN){(Diphos),CT1 15, This evidence ap-
parently indicates the presence of coordinated chloride which is supported
by the fact that the complex can be synthesized from the NiCl,. 6H,0 salt
only. A1l attempts to prepare it from Ni(C]Oug ,SEZO were unsuccessful.
Clearly, if the product were [Ni(BH3CN)(Diphos)21 2C17, there would be
no obvious reason why the perchlorate anologue could not be formed. Note

that in the ionic system [Ni,(BH3CN)4 (Diphos)2]+x‘, both the chloride
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and perchlorate can be formed. However, as outlined in the previous sub-
section, molecular weight and conductivity data for these high molecular

weight systems must be treated with caution.

There 1is now sufficient evidence for structural sugges-
tions to be made. Thus, analytical and molecular weight data are consis-
tent with the formula [ Ni(BH,CN)(Diphos),C1],, molecular weight and con-
ductivity data suggest that chloride is coordinated, infrared spectra show

that BH3CN™ is monoceordinated through the nitrogen, and 3]P NMR data

suggest that at Teast two chemically different kinds (though magnetically

very similar) of phosphorusatoms are present.

The most obvious structure which is consistent with this

evidence is shown in Fig. 43. However, this structure suffers from two
drawbacks. First, six coordinated nickel(II) would be expected to be

paramagnetic and the two nickel ions are sufficiently far apart that spin-
pairing would be unlikely.

NCBH3 NCBH,

3
p P—(CH,) 5P P\
(C(Z)Z\Ni< \Ni< CHZ)Z
\P/ P—~(CH2)2_P/ o

C1 Cl

Fig. 43
Second, the 31P spectra, as already outlined suggest that none of the
Diphos units is chelating. Another possible structure is that shown in

Fig. 44.
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This would produce spectroscopic and molecular weight
data consistent with those observed except that again paramagnetism would
be expected. Diamagnetism would really only be possible if the Ni(II)
ions were five-coordinated with ionic chloride. This would cause probliems
with molecular weight and conductivity data and, again strong ion pairing
may be present as outlined in the previous subsection. This complex clearly

requires an X-ray crystal structure determination.

3.3.6 Ni(Diphos)

It has also been found that at higher temperatures,
NiC1,.6H,0 react with NaBH,CN in the presence of Diphos to give the known
(9) Ni(0) system Ni(Diphos), (s 31p - 44.11) directly from the reaction
mixtures as the major product in 40% yield. Similar results havé been

observed (20) with NaBH, under milder conditions.
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3.3.7 Unidentified Comp]ex

Many attempts have been made to synthesize cyanide com-
plexes from Ni(II)/Phophine/NaBH;CN system in higher temperature reactions
Gee experimental)since the ligand Dppm readily yields Ni(I) cyanidesystems.
From only one such reaction filtrate has a very small (~20%) yield of a
probable cyanide been obtained as a yellow solid. The infrared spectrum
of this complex shows a single very sharp strgtching frequency at 2141 cm-l.
The 31P NMR spectrum shows only one sharp signal at § = 35.29 which

indicates the presence of equivalent phosphorus atoms.

This complex is very air sensitive and reproducible an-
alyses for C, H and N were not obtainable. Further attempts to clarify

the structure were therefore not made.

3.4. “Complexes with Other Phosphines

The main part of this thesis concerns complexes syn-
thesized from Dppm and Diphos, but several additional complexes have

been obtained from exploratory reactions with Dppp, Dppb, Cis-Dppe and

trans - Dppe. Although most of these species have not been fully char-

acterized, this preliminary work is briefly discussed in the following

subsections.
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3.4.1 [Ni(BH3CN)2(Dppp) 12

This diamagnetic air stable complex, for which
excellent chemical analyses have been obtained, has been synthesized
both from Ni(Ci0,),.6H,0 and NiC1,.6H,0 reactions and the complex was
stable enough to be purified by recrystallization. The C=N stretching
frequency appears as a very strong and sharp band at 2207 cm ! (an
increase of 28 cm™' from that of the free BH3CN') and this is therefore
good evidence for N-coordination of the BH3CN™ groups (24) while the
presence of only one band indicates a symmetrical structure. The BH
stretching vibration which appears as a strong broad band at 2370 cm L
(with a weak shoulder at 2280 c¢cm™!) is in the range consistent with
bridging BH3CN' units (10) as previously discussed. This is further
supported by the spectrum of the deuterated complex which shows that
the 2370 cm™! band has been shifted and split into three frequencies
at 1770 cm™*(s,br), 1685 cm™*(w) and 1635 cm™(w), as discussed prev-
iously. Selected regions of the infrared spectra of the deuterated

and undeuterated complexes are shown in Fig. 45 and 46, and are sum-

marized in Table 13.

Although the complex can be recrystallized from meth-
ylene chloride solutions, its solubility is low and only very dilute

31P NMR work. Data could not be accumulated

solutions could be made for
over sufficiently long periods because of decomposition of the sample,

the colour of which changed from yellow through brown to green.
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On the basis of the (limited) available data described
above, a structure of this complex has been tentatively formulated as

shown in Fig. 47. H

Fig. 47

In this, the Ni(II) is 6-coordinated but must be very strongly tetra-

gonally distorted to achieve diamagnetism (68cC).

3.4.2. [NiH(Dppp),12(BHZCN) (C10y)

This "product" was synthesized from several reactions
starting with Ni(C10,),.6H,0 in which the Ni|phosphine|NaBH4CN ratio
(~1:3:13) was kept constant and both the rate of addition of NaBH4CN
and the total reaction time was varied (see experimental). A1l attempts
to purify this complex (recrystallization and column chromatography)
gave products for which chemical analyses were not totally reproducible.
While analyses ranged from 70.29 - 64.38% C, 5.09 - 5.94% H, and 0.54 =~
0.96% N and obviously preclude an accurate formulation, several other

properties were reproducible and informative enough to warrant brief
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mention. For example all samples were air stable and diamagnetic.

Part of the IR spectrum is shown in Fig. 48 (and Table
13) and, at least in the B-H and C-N regions, is remarkably similar
to the spectrum of the complex [NiH(Diphos),]BHsCN (shown in Fig. 32)
which contains ionic BchN*;' In addition the strong peak at 1100 em™t

could be assigned to an ionic perchlorate.

The 'H NMR spectra of several samples in CDC1; show
a well defined quintet at § = 14.01 with JPH = 8 Hz and this indicates
the presence of a terminal hydrogen coupled to four equivalent P atoms.
A Ni-H stretching frequency could not be seen in the IR spectrum, al-

though this is not uncommon (9).

Only a single sharp peak at § = 7.28 is present in all
samples for which 31P NMR spectra were recorded. This shows that not
only are the P atoms equivalent, at least in solution, but that there
is only one P- containing species present in solution. This chemical

shift of 7.28 ppm is entirely reasonable (62) for chelating Dppp ligands.

Therefore, until more synthetic work is done on this
system, the best that can be said consistent with the above data, is
that the "product" is probably a mixture of'[NiH(Dpr)] X, where X =
C10; or BH3CN™. The data recorded in the Experimental Section (section

2.3.2.2) indicate that the two products are formed in approximately equal
quantities in many instances, For this reason, the hinuclear formulation
has been used for the purposes of section headings although a mixture of
mononuclear products now seems more reasonable;
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3.4.3. [Ni(BH,CN)(Dppb),1C10,

This diamagnetic complex was synthesized from
Ni(C10,),.6H,0 and was purified by recrystallization from benzene with
very slow addition of n-hexane. Reactions were reproducible and good

chemical analyses were obtained for the air stable complex.

The infrared spectrum shows the CzN stretching fre-
quency as a sharp band at 2200 cm™! (an increase of 21 cm™! from BH3CN~)
which indicates N-coordination of the BH3CN~ group (24). The BHg
stretching mode appears as a broad band at 2320 cm ! which is in the
range consistent with N-coordinated BH3CN-. The C10, stretching band
occurs as a broad and strong band at 1100 cm™!, with the B-H bending
modes probably hidden under this. Selected features of the spectra are

shown in Fig. 49 and are recorded in Table 13.

31,
The P NMR spectrum shows a single peak at 6= 16.18
which implies that the phosphorus atoms are equivalent. Again, the
observed shift is consistent with chelation (62). Spectra were recorded

quickly on freshly prepared solutions to minimise decomposition,

A possible structure for this compound, tentatively
formulated on the basis of the above evidence, is shown in Fig. 50.

Why the Ni  would not accept an additional BH;CN ligand into its
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Fig. 49. Selected Features of the Infrared Spectrum of
[Ni(BH3CN)(Dppb)2]C]04 .




coordination sphere rather than an 1onic'C1OZ is possibly associated

with steric requirements of the phosphines.
-
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N
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ol -

~~

Fig. 50

3.4.4.’[Ni(BHaCN)g(Dppb)]z‘and«Ni(BHacN)Q(Dpr).CHQC]a

The first compound [Ni(BH3CN),(Dppb)1,, was obtained
from both Ni(C10y),+6H,0 and NiC1,:6H,0 - phosphine - NaBH;CN reactions
where molar ratios of the reactants were varied but where reaction
times were short (see experimental). A1l attempts to recrystallize this
complex resulted in decomposition, and the crude product was therefore
simply washed with benzene. This produced air stable samples, all of
which gave good chemical analyses consistent with the above formula-

tion. The reasons for the dimeric formulation will be discussed short-

ly.

The other complex, Ni{BH3CN), (Dppb). CH,C1, was obtained
as a yellow powder when [Ni(BH3CN), (Dppb)]2 was recrystallized from

methylene chloride. Samples from different recrystallizations were



-189-

also air-stable and showed reproducible chemical analyses consistent
with the above formulation. Again, the reason for the monomeric formu-

lation will be given a Tittle later.

The infrared spectrum of Ni(BH;CN),(Dppb)]l, shows a

! from NaBH,CN) indicating

sharp VCN at 2207 cm™ ' (shifted by 28 cm”
N-coordination. The spectrum (Fig. 51) in the BH region is quite dif-
ferent from all other spectra reported in;this work in that there are
two clear peaks at 2260 and 2360 cm'l, bofh of which shift (Fig. 52)

on deuteration to give a complex pattern of bands in the 1600 - 1800 cm !
region (Table 13) with the main peak at 1787 cm™!. The 2360 cm land
1787 cm'l(s) peaks of the undeuterated and deuterated species respec-
tively are in the range expected of M——HBH,CN species. The infrared
evidence then suggests a BH3CN™ bridged species and at least a dimeric
structure. The new peak at 2260 cm™! is clearly associated with a BH
mode and could be due either to the presence of non-equivalent bridging

1ligands or, possibly, the Ni-H-B frequency which so far has not been

observed in any of the bridged structures discussed in this thesis.

Since [ Ni(BH3CN)2 (Dppb)l 2 decomposes in all solvents,
no solution studies were possible. In the solid state the complex is
paramagnetic with a magnetic moment of 1.89 BM, and this is not con-
sistent with normal high spin Ni(II) complexes. It is difficult to
rationalize this value without further work but it is possible that

the complex is contaminated with a paramagnetic impurity (e.g. a
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2200 1800 1700 1600 ' 1100 TO00 cm”
Fig. 52. Selected Features of the Infrared Spectra of the Complex

[Ni(BD3CN)2(Dppb)]2 derived from both Ni(CTO4)2.6H20 and NiC12.6H20 .
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boride) or that the molecule contains a mixture of diamagnetic and
high spin Ni(II) species. It is therefore very difficult to draw
meaningful conclusions about the structure of this species on infrared
evidence alone. While this suggests the presence of bridging BH;CN~
units (as in [Ni(BH3CN),(Dppp)]1, - section 3.4.1, Fig. 47) the situa-
tion is complicated by the additional B-H frequency. More work is

obviously necessary.

The infrared spectra of the second (diamagnetic)
complex, Ni(BH3CN), (Dppb)-CH,C1, and its BD;CN™ analogue (Fig. 53)
still show a trace of the 2260 cm™ ! peak of the first complex and the
complex is therefore very slightly contaminated with the original
compound. In addition, the position of the B-H and B-D frequencies
(Table 13) are consistent with the presence of non bridged, N-coordi-

nated BH3CN units.

The 3]P'NMR spectrum in CH;Cl, shows a single sharp
peak at § = 14,01 indicating equivalent phosphorus and this 31P NMR
shift is consistent with chelating Dppb (62). The presence of
CHC1, was determined from a H NMR spectrum which shows, with care-

ful integration, one molecule of CH,Cl, for each phosphine 1igand.

On the basis of the available spectroscopic and
analytical data, a structure of the complex has been tentatively

assigned as shown in Fig. 54 in which the diamagnetic behaviour is con-
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sistent with square planar Ni(II).

[~ -
NCBH,
(CH ;\\\\‘ ////// CHACT
////// 21y
p \\\\\\
NCBH, |
Fig. 54

3.4.5. Ni(BH,CN), ( cis-Dppe)

This diamagnetic, air stable complex was synthesized
from both Ni(C10,),:6H,0 and NiC1,.6H,0 as a major product and was
purified by recrystallization from CH,C1, with addition of n-hexane.

Excellent and reproducible chemical analyses were obtained.

The C=N stretching frequency occurs as a sharp band
at 2200 cm™!(an increase of 21 cm~! from ionic BH3CN~) indicating
N-coordination to the nickel. The BHt vibration appears as a broad
band at 2330 cm 'with a weak shoulder at 2270 cm™! (Fig. 55 and Table
13) and this suggests that the BH3CN~ groups are acting as monodentate
1igands through the nitrogen atom as discussed previously. The BH
deformation mode appears as a strong band at 1105 cm™ ! with a weak
shoulder at 1120 cm™t

31

The P NMR spectrum in CH,Clo shows a single sharp

peak at § = 70.86 indicating the presence of equivalent phosphorus
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atoms of the cis-Dppe 1igands and the presence of only one P - con-

taining species. This large shift is consistent (62) with Ap for a
1

chelated five-membered ring system. No H NMR spectrum or molecular

weight were recorded.

A structure for this complex has been tentatively
assigned on the basis of evidence obtained from the IR, NMR and analy-
tical data discussed above and this is shown in Fig. 56. The 4-coordi-

nated Ni(II) {

////,NCBH3
\\\\\NCBH3

Fig. 56

P
N
(CH), N

P’///

species present in a square planar geometry is consistent with the

diamagnetism.

3.4.6 [Ni(BHsCN)(trans-Dppe) ],

This reproducible, diamagnetic and air stable complex
was prepared from both Ni(C10,),.6H,0 and NiC1,.6H,0 reactions and was
purified by recrystallization. Excellent and reproducible chemical

analyses were obtained.
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The infrared spectrum (Fig. 57 and Table 13) shows the
I .
C=N stretching vibration at 2207 cm  and the BHt stretching frequency

1. These are consistent with the presence of monodentaté,

at 2340 cm”
N-bonded cyanotrihydroborato groups (as d}scussed in earlier sections),
and are significant]y different from the spectra of the related com-
pounds [Ni(BH3CN)2L]2, L = Dppp and Dppb. Molecular weight determina-
tions show the complex is dimeric,

The 3"P NMR spectrum shows one peak at ¢ = 63.21 and
this shift is consistent with 4p expected for a bis-phosphine chelating
to form a 5-membered ring (62). Clearly trans-Dppe cannot chelate in
this way unless isomerisation to cis-Dppe or hydrogenation to Diphos
occurs during the reaction. Until this problem is resolved it is not
reasonable to propose a structure for the complex. The relationship,

if any, between 6 = 63.21 for this complex and &= 63.3 for
[Niz(BH3CN)3(Diphos)z)CI or C10, must be investigated.

3.4.7 Ni(Dppp), , Ni(cis-Dppe), and "Ni(trans-Dppe)'

Two of these three compounds crystallized over a period
of several days from the filtrates obtained after the separation of
[Ni(BH3CN)2(Dppp)]2 and [Ni(BHSCN) ;jaglggroppe)]z. The other complex,
Ni(gj§_-Dppe);Z » was obtained directly from an overnight reaction between
Ni(II), cis-Dppe and NaBH,CN as the major product. Reduction of Ni(II)
to Ni(0) by NaBH,CN in the presence of Dppp and trans-Dppe is easier than

in the presence of Diphos and cis-Dppe.
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A1l these complexes are air sensitive (in the solid
state) and diamagnetic and their syntheses are reproducible. Excellent
chemical analyses were obtained. The complexes are stable in solution
under inert atmospheres. In the IR spectra, all these above complexes
show, as expected, no significant stretching vibrations in the 1600-
2400 cm™? region. The 31p NMR spectra show qn1y one strong peak at
§ = 30.90 (Dppp), & = 49.96 (cis-Dppe) and 44.11 (trans-Dppe) indicat-
ing the presence of equivalent phosphorus atoms in each case. The
3-'P NMR shifts are consistent with chelating phosphines (62) although,
as mentioned above trans-Dppe cannot act as a chelating Tigand. The
fact that the Ni(0) complex obtained from the trans-Dppe reaction has
the same 31P chemical shift as does Ni(Diphos),, 44.11 ppm (section
3.3.6), led us to consider the possibility that trans-Dppe might be
hydrogenated to Diphos in the reaction so that the complex formulated
as Ni(trans-Dppe), mayin fact be Ni(Diphos),. In an attempt to prove
this, the phosphine oxides from both "Ni(trans-Dppe)," and free traps-
Dppe were prepared by oxidation in ethanolic solution with 30% H,0,
followed by water dilution and chloroform extraction of the resulting
reaction mixture. Results from these experiments were quite unexpect-
ed. The 319 spectrum of the oxide (m.p.257°C) prepared from trans-
Dppe showed a strong peak at ca.s = +22.23 and a weak peak due to a
small amount of the cis-isomer at § = 33.34. On the other hand the
3]p spectrum of the oxide prepared from the "trans-Dppe" metal com-
plex (m.p. 260°C) shoveda strong peak at & = 33.34 and a weak peak at

8§ = 22.23 apparently due to the trans oxide -- i.,e. trans — cis
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isomerization and not hydrogenation probably occurred during the
reaction with Ni(Il), and the final complex appears to be a Ni(0) com-
plex-of cis-Dppe different from the one described earlier. The main
spectra of the two oxides were identical showing molecular ions at

m/e = 428, again confirming the presence of the C = C unit. These
results may clearly have implications for section 3.4.6. The reason

for the similarity in chemical shifts of this Ni complex and Ni(Diphos)2

is unresolved at this point.

3.5 Conclusions

As expected, this work has shown that, compared with
NaBHy, NaBH,CN is a milder reducing agent. Therefore, reactions be-
tween the latter and Ni(II)-phosphine mixtures were easier to control and
products easier to isolate and handle than from the corresponding NaBH,
reactions. In addition, reaction products proved to be both more num-

erous and varied.

Reactions involving Dppm, with its small bite size,
appear to be fundamentally different from reactions in the presence of
the other phosphines in several ways - i.e. the majority of products
contain Ni(I), cleavage of the B-C bond to form Ni-CN species readily
occurs, and no Ni(0) species was obtained. On the other hand, phosphines

capable of forming larger ring systems with Ni mostly form either Ni(II)

or Ni(0) complexes. The former proved particularly significant in that
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some of these appear to contain several bridging BH,CN™ units. Cyan-

ide formation was not common,

Structural assignments have been made largely on the
basis of infrared and NMR work. Extensive use has been made of IR
criteria already in the literature and in other theses from this labora-
tory to distinguish between bridging and monodentate BH3CN-groups and
31P chemical shifts proved useful in assessing whether phosphines

were chelating or bridging.

3.6 Suggestions for further work

This work has also pointed the way to further studies.
For example, the IR ¢riteria for bridging or monodentate BH3CN‘
coordination is based on only 4 X-ray structures - (two of each kind)
and this is clearly insufficient. The compounds reported here are not
easy to crystallize but it is felt that further attempts should be

made to grow suitable crystals so that definitive X-ray work may he done,

The author feels that the synthetic work described for
Dppm and Diphos is reasonably complete but there is much left to do
with the other phosphines (section 3.4). Specifically, reactions must
be repeated and conditions established which allow for the isolation of
pure compounds., These may then be related to the better understood

Dppm and Diphos complexes. Further work with cis-and trans-Dppe would
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be particularly worthwhile. The isomerization described in 3.4.7 was
discovered in the last week of the writing of this thesis and the role
of Ni ions in this process has not yet been established. Acquisition
of an 11B NMR probe was too late for ''B: NMR studies, but this tech-

nique can now be used to study the BH,CN71igand.

In the Tonger term, this work should allow for the
assessment of the overall mechanism by which NaBH3CN reacts with and re--

duces Ni(II).
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