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ABSTRACT

Copper(I) chloride and perchlorate complexes of the
types (L-L)CuCl, (L—L)50u2X2 (X=Cl‘,ClOZ), [KL-L)20d10104
(1L~-1.=DPPM, DPPE, trans VPP, cis VPP, DPPP,»DPPB,DPPPe,DPPH)
have been prepared from reactions in organic solvents be-
tween the appropriate copper(II) salt and the bis phosphine
in the appropriate stoichiometries. Possible arrangements
of these compounds are considered on the basis of IR,

31p wmgr,

H NMR, conductivity, and molecular weight data.
All of the evidence suggests that the complexesIZL-L)2Cd}-
€10, should be formulated as ion pairs, whereas in the
complexes (L-L)zCu,Xy (X=Cl7, Cl0; ), X is thought to be
coordinated. The available evidence suggests the presence
of both bridgihg monodentat? and chelating bidentate phos-
phines in the (L—L)30u2X2 c6mplexes except for L-L =trans-
VPP, where all the phosphines, appear to be monodentate and
bridging. The 1:1 complexes of CuCl with L-L are all formu-
lated as dimers, [(L-L)CuCl], with bridging chlorides, and
tetrahedrally coordinated copper.

Tetrahydroborate éomplexes of the type‘(L-L)Cu(BH4)
(L-L = DPPM, DPPE, trans VPP, DPPP, DPPB, DPPPe, DPPH)
have been prepared from reactions of NaBH, with a variety
of the copper(I) chloride and perchlorate phosphine com-
plexes listed above. The physical data are generally con-
sistent with the presence of mohomeric_complexes involving

the bidentate coordination of the BH4 groups. Again, the

possible exception to this generalization is the trans VPP
i



complex where a bridging phosphine dimeric structure seems
likely. An insoluble complex, formulated as t(DPPM)ECuE—
(BH4)] C10, has been prepared by treating the reaction mix-
ture from Cu(Cloq)é 6H,0 and DPPM with NaBH,. One incom-
pletely characterized, yellow-brown, air sensitive species
which on the basis of some preliminary physical and chemical
evidence, is fhought to contain a copper(I) hydride bond
has‘been prepared from the reaction of NaBH4 with (DPPE)-
CusCl,.

Cyanotrihydroborate complexes, (L-L)5Cu2(BH50N)2,
(L-L)Cu(BH4CN), and [(I-L),Cu] (BH;CN) have similarly been
prepared from reactions of NaBHBCN with the various copper(I)
chloride and perchlorate phosphine complexes. Possible
structures for these complexes and the modes of coordina—
tion of the BHBCN grouping are discussed. Several different
types of BH;CN coordination appear to be present in the
variety of complexes formed and these are reflected in a
series of complicated infrared spectra which are sometimes

difficult to interpret.

ii
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1, INTRODUCTION

1.1, General:

Copper(I) compounds find widespread use in organic
synthesis (1) as well as many applications in chemical (2),
biochemical (3), and industrial (4) catalysis. For example,
bis(phosphine) complexes of copper(I) chloride have been
used as asymmetric hydrogenation catalysts to prepare amino
acids (5), while p-bis(cyanotrihydroborato)tetrakis(trip-
henylﬁhosphine)dicopper(I) selectively reduce$ acid chlorides
to aldehydes and ketones to alcohols in acidic media (6).
Thus, 4-tert-butylcyclohexanone is reduced to the trans alcohol
with a high degree of stereoselectivity (94:6), Furthermore,
reduction of &, B - unsaturated nitriles with an unidentified
copper hydride complex was found to give efficient, exclusive
reduction of the double bond (7).

Copper(I)-isocyanide systems also promote several
versatile organic reactions, such as dimerizations (8) and
cycloadditions (8). 1In these reactions, an organocopper(l)-

isocyanide complex is assumed to be the active intermediate

(8).



Lithium organocuprates, (RZCuLi)n, rank among the
most important of organometallic reagents., They are not
usually isolated but are used in situ in ether or a similar
solvent for a wide variety of organid syntheses (9). Thus,
lithium organocuprates undergo reactions with organic halides
(10, 11, 12), acid chlorides (13), oxiranes (14, 15), and
esters (16), to form conjugate addition products, The low
reactivity of these organometallic compounds towards carbonyl
functional groups permits carbonyl group protection to be
omitted (10, 13). Reactions of MeZCuLi with enones (17)

result in the formation of addition products, e.g.

t . Me
Ph>c = ¢=<COPu" MepluLl Hp0, pn _ CHeH,COBu® whereas under

2 _
similar conditions, reactions of these enones with Meli, MeZMg

or LiAlHu produce alcohols (e.g. PhCH = CHC(OH)MeBut from the
above reaction),

Studies of the mechanisms of lithium organocuprate
reactions with a variety of substrates share one factor in
common, namely that conclusions drawn from these studies remain
premised upon an assumed structure for these reagents, The
species present in solutions depend upon the solvent and the
ratio of LiR to Cu (18), For example, it has been fouhd that
a 312 mixture of LiCuMe, and Meli is more stereoselective
towards 4-tert-butylcyclohexanone than either LiCuMe, or MeLi
alone (19). Mixtures of LiCuMe, and MeLi react with diaryl

ketones as if a reducing agent more powerful than either
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LiCuMe, or Meli were present (20). These results suggest fhat
lithium diarganocuprates and organolithium compounds are
.capable of reacting to form complexes of the type LiZCuMe3
and LiBCuMeu. Thus, although lithium organocuprates are very
versatile reagents, very little is known about their structures
and mode of action,

Many stable copper (I) complexes have been prepared
by a variety of methods in the last two decades and most of
the elements of Groups V, VI and VII coordinate with the metal
in this oxidation state. The stoichiometries, coordination
numbers and therefore structures of copper (I) complexes depend
very much upon the reaction conditions, such as reactant ratios,
solvents, temperature, time of reaction, type of added ligands
and nature of the counter anion, Since the experimental work
to be described in this thesis concerns the synthesis of
copper(}ﬂ complexes of bidentate phosphines and their reactions
with NaBH, and NaBH,CN, the following introduction may serve
to familimrize the reader with what is known of the synthesis,

structure and chemistry of copper (I) compounds,

1,2, Stability of copper (I) compounds:

1.2.1, Introduction}

The stabilities of copper (I) compounds depend very
strongly upon the nature and geometry of the attached ligands,

the nature of the counter anion and the solvent,



From thermodynamic relationships among copper(I),
copper (I1I) , and copper (0) -(21), it can be observed that
,there is a strong tendency for copper (I) complexes to dis-
proportionate:

2Cu?aq)===fCu%;q) + cu® (1)
K =[cu?*][cu®] [cu*]? = ~ 10°
Aquocopper (I) complexes are powerful reducing agents. For
example, the reduction of Co(III) complexes by copper (I) has
been examined and the reactions are attributed to an electron
transfer process from copper (I) to Co(III) (22).

Many copper (I) compounds are oxidized in solution by
air, Thus, the autoxidations of Cu(NHB); and Cu(imidazole)z
lead to copper (II) species and the reaction proceeds via
peroxo species which, in turn form hydrogen peroxide by reaction

with the solvent (23)., Also, the complexes (PhBP)nCuNRlR2

1,2

(n=2 for R"R®N = phthalimido, succinimido, N-phenylacetamido,

acrylamido, phenylamido, and 2-oxo-1-pyrolidinyl; n=1 for
RIR®N = acetamido) are decomposed by air in solution (24),

Of course numerous Cu (I). complexes are stable in
aqueous solution, this stability being conferred by ligands.
The relative stabilization effects of a ligand on copper (I)
ions can be recognized by the appearence or disappearence of
the blue aqueous copper (II) ion (25, 26), |

Solvents that are capable of solvating copper(l)

ions more effectively than water stabilize copper(I). Thus,
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the extremely air and moisture sensitive copper (I) acetate
has been synthesized by reducing copper (II) species with
copper metal in both pyridine and acetonitrile solutions under
oxygen free conditions (27, 28), A further example of the
effect of solvent on the stability of copper(I) is given by
the fact that the ion BMeCN)uCu]+can be isolated in the form
of salts with large anions (e.g. €10y, PFE) (29).

Copper (I) 1is also stabilized by suitable ligands
with -donor and Y-acceptor properties. The stabilities of
copper (I) : compounds with different ligand sysfems have been

summarized in the following sections,

1.2,2, Stability of Cu(I) - N-donor)iigand sxstéms:

It'is.élear then that the stabilities of copper (1)
complexes vary with the stereochemical and electronic environ-
menf Around the metal created by the nature and geometry of
the attached ligands, For example, lower aliphatic saturated
amino.groups stabilize the copper (II)" oxidation state and
promote easy disproportionation of copper (I).. Thus, ethyle-
nediamine reacts with CuCl in aqueous potassium chloride
solution to give a copper (XI) species (30):

2cuCl + 2en = [{en),Cu]®* + 2c1™ + cu® (2)

However, copper (I) complexes with higher amines (31) or with
pyridihe type ligands (32) are more stable, while thermally
very stable (»260°C) copper (I) benzotriazole compiexes (Fig.1)



Figure 1 Figure 2

may be prepared in acid solutions (pH~2) (33).

Kinetic studies of the reduction of dmp— Cu(II)
complexes (dmp = 2,9-dimethyl - 1,10-phenanthroline, see
Fig,2) by thiocyanate ions in aqueous sodium perchlorate and
by thiourea in aqueous sodium perchlorate and in methanol show
that Kdmp)zcu]+'is formed as the major product with high
thermal stability (34).

1.2.3. Stability of Cu(I) -1T -ligand systems:

An example of this type of stabilization is given by
the fact that an aqueous solution of Cu(ClOu)2 has been reduced
by metallic copper in the presence of carbon monoxide or
ethylene to the corresponding copper(Il)-carbon monoxide or
ethylene complex (25), These explosive complexes are isolated
in pure form under oxygen free conditions, Coordination of
the ligand is inferred from the observed high formation constants
and lower carbon monoxide stretching frequency ( 2130 em~1
complex, 2143 cm"1 CO0) and alkene stretching frequency
( 1540 em~? complex, 1623 em™1 free ligand) of these complexes,
However, when the carbon monoxide or ethylene are removed (by
pumping) from the colourless reaction mixtures at the end of

the reaction, the copper(l) ion in aqueous solution dispro-

portionates again into copper metal and copper(IlI) ions.



The lability and disproportionation of copper(I)
carbonyls has frustrated attempts to explore reactions of
copper(I) with carbon monoxide in the presence of saturated
nitrogen donor ligands (35). If unsaturated nitrogen ligands
stabilize the copper(I) state, the metal center is not
further available for coordinating CO molecules. A study on
the feacfion of (CO)CuCl with ethylenediamine in methanol at
-30°C failed to produce (36) any dcopper(I)-en-CO complexes.

The reaction described below provides an excellent
illustration of how the stability of copper(I) carbonyls and
also of the copper(I) ethylenediamine system may be affected
by the nature of the counter anion, the added ligand and the
solvent, Though ethylenediamine induces the disproportionation
of copper(I) chloride in aqueous solution (30), reactions of
copper(I) iodide with ethylenediamine in the presence of
carbon monoxide in methanol allows isolation of various (e.g.
[(co)(en),cu ]1, [(CO), (en) 5Cu, ]I, ) thermally stable copper-
(I)-en-carbon monoxide systems depending upon the reactant
ratios (37). No disproportionation is observed and absorption
of carbon monoxide is not reversible., The observed lower
carbon monoxide stretching frequency (e.g., in []CO)Qen)ZCu]I
YCo[Nujol] 2060 cm™!) is diagnostic of Cu-CO bond stabilization,
No carbon monoxide absorption is observed when an en/Cul ratio
lower than 1 is used, The observed reversible absorption of

carbon monoxide when CuCl is used (36), may be related to the
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fact that chloride, in contrast to iodide, does not prevent
the disproportionation of copper(I). Though the isolation
and characterization of I, is difficult

(cO)CuCl + en —— (CO)(en)CuCl (3)
I

(36), the addition of NaBPh, precipitates the thermally stable
compound (CO)(en)Cu(BPhy) (V.o [Fujol] 2117 em™) (37).
Copper(I) carbonyl complexes are extremely sensitive to air

and moisture (37).

There is an extensive literature on stable copper(I)-
unsaturated nitrogen ligand systems (38), probably due to the
fact that Wacceptor ligands favour copper(I) (39). Thus,
the reaction shown in equation 4

2cul + en + 2c0 —M€% | [(co), (en)Cu, ]I (4)

2 3ty j 1o
II
4C6H11NC

2 [(en) (C4H, {NC),Cu]BPh, (5)
III |

leads to complex II (37), which reacts further (40) with
cyclohexyl isocyanide (06H11NC) to produce complex III,

[(emn) (CgH, NC),CulBPhy, (¥, MNujol] 2143 and 2177 em™l), which
crystallizes out on the addition of NaBPhu. Thus, the strong
os-donor ligand, cyclohexyl isocyanide, displaces ethylenediamine,
Further, it has been found that the greater the basicity of

the nitrogen containing ligand, the less readily is the result-

ing complex oxidized at an electrode, Redox potentials of
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Cu(IiI)/cu(I) systems are related to the relative thermodynamic
stabilities of the two oxidation states in a given ligand
environment, Electrochemical studies with [(L - L)Cu]C10,
(r-L = N,N1 - bis [o- (diphenylphosphino)benzylidene]
ethylenediamine, see Fig.3) showed that the Cu(I) species

can be oxidized to Cu(II) and even to Cu(III), However,

SRS

iy
CHg
Figure 3
when _'g-BuNC is added to the copper(I) complexes
of L-L, no oxidation was possible (41), This result cleurly
demonstrates the tendency of the isocyanide to stabilize the

copper (I) oxidation state,

1.2,4, Stability of Cu(I) - S-donor ligand systems:

Monodentate anionic ligands derived from alkylthiols
and thioamides (42) and also the neutral ligand thiazolidine-
2-thione (Figure 4a) (43) all form stable copper (I) complexes.
In addition, copper (I) complexes of thiourea and substituted
thioureas are highly stable towards disproportionation - even
in acidic solutions. The observed high stability constants

of the bis, tris and tetrakis complexes of thiourea and sub-
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stituted thioureas with copper (I) (44) is explained in terms
of the synergistic effect operating between the metal atom
and the ligand,

It has been observed that the number of complexes
formed with different substituted thioureas decreases in the
order: AcTh> PhTh > PhThPh>> AcThAc (45), and also decreases
as metal to ligand ratios are varied in the order: (1:2) >
(1:1)7> (1:3)7> (1:4). It has also been observed that the
number of stable so0lid compounds formed from reactions between
different thioureas and the copper (I) ion is affected by the
éhemical nature of the counter anion and decreases in the
drdér: Cl1™ 5> OH™ > MeCO0™ > souz‘:> NO,. These results
clearly show how the nature of the ligand, the nature of the
counter anion and the metal: ligand ratio influence the
stability of the resulting copper (I) compounds,

Turning to other complexes, [(pma)Cu]BPh, and
[(pea)Cu]BPh, (pma = 2-pyridylmethyl bis- [2-ethylthioethyl}-
amine; pea = 2-pyridylethyl bis-[2ethylthioethyl]amine, see

Fig.4b) can be prepared from the respective mixed donor

/’ 2'n \CHZCHZSEt
g =9 pma, n = 1

pea, n
(a) (b)
Figure 4

ligands (46).

]
N
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1.2.5., Stability of Cu(I) - P, As and Sb donor ligand systems:

Organophosphines, arsines, and stibines almost invariably
stabilize the copper (I) state, although no stable copper(I)
complexes of unsubstituted PH3 have yet been reported, For
example, simple copper(I) carboxylates are easily oxidized
and disproportionate in the presence of moisture although
stable carboxylatocopper(I) complexes of PhBP have been
prepared by reducing copper(II) carboxylates in suitable
solvents with PhBP (47), Of particular relevance is the
extensive literature on the preparation of stable copper(I)
halide complexes of tertiary phosphines, arsines, and stibines;
particularly as a section of this thesis concerns the formation
and properties of copper(lI) chloride complexes with bidentate
phosphines, Some Cu(I) complexes of the latter have already
been reported., For example, copper (1) halide (C1™, Br  and
I:) complexes of DPPM and DPPE with various Cu(I)/L-L ratios
have been prepared by direct interaction of the copper(I)
halide and the appropriate ligand in appropriate stoichiometries
in organic solvents (50), In addition, complexes of the type
(DPPA)B(CuX)Z(X = Cl, Br, NO3 NCS) were also prepared from
reactions between the linear bidentate phosphine, DPPA, and
the copper (II) salt in ethanolic solution (49), With mono-
dentate phosphines complexes of the types (PhBP)BCuX and
RPhBP)CuX]u (X = C17, Br™ and I7) have been prepared from

reactions of the appropriate copper (II) halide and the ligand
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in stoichiometric amounts (48), Similarly a series of complexes

of the types, (PhjAs) 0w X (X = halogen; 1im = 411, 3:1, 412,

3:2 and 4:4) have been prepared by reacting stoichiometric
amounts of the ligand with the appropriate metal halide (51).
Further stibine complexes, LCuX and L2CuX, where L =

o - t0lyl;Sb, m-tolyl;Sb, p-tolyl,Sb, o-xylylsSb, and p-xylyl,;Sb;
X = C17 and Br~, have been prepared by prolonged heating of
CuCl,*2H,0 or CuBr, with tertiary stibiﬁes under reflux in
suitable solvents (52),

The stabilities of copper(I) complexes with ligands
containing P, As, and Sb donor atoms vary considerably with
stereochemical and electronic enviromments of the copper atom.
Thus, stable copper(Il) hydride complexes can be prepared
from reactions of LiAlHu with tertiary arylphoshine copper(I)
halide complexes, while, under similar conditions, tertiary
alkylphosphines give rise to decomposition to unidentified
products (53)., Further, it has been variously shown that
the stabilities of copper(I) hydroborates depend predominant-
ly on the stereochemical environments created by phosphines,
arsines, and stibines around the copper atom (54), Thus
stable complexes, (R Y),Cu(BH,), where Y is P and R an aryl
group (Ph, p-Mecéﬂu, m-MeCgH, , p-MeocéHu) have been prepared
from the reactlon between (RBY) CuCl and NaBH,, whereas under
identical reaction conditions, trialkylphosphine, triphenyl-
arsine and triphenylstibine give rise to decomposition to

unidentified black solids (54, 55). However, under the same
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conditions CsBBHB,forms the stable complexes, (PhBY)nCu(BBHS)
for Y = P(n=2), As(n=2) and Sb(n=3) (54). |

1.2.6, Stability of organocopper(I) compounds:

This section concerns Cu-Cow-bonded derivatives, as

opposed to the o and Y type of bonding already discussed in
Cusr-ligand cémpounds.

Copper(I), but not copper(lIl), forms a variety of
such compounds, most of which are unstable and highly reactive,
Clearly the ovCu-C bond stability depends upon the nature of
the organic group attached to the Cu atom and also upon the
nature of the substituents on the organic group, For example,
perhalogeno alkyl- and aryl-copper(I) derivatives are thermal-
ly more stable and less oxidizable than the parent compounds
(56). Similarly, cyanomethyl-copper is also relatively stable,
probably owing to the electron-withdrawing properties and
coordination ability of the cyano group towards copper (57).

The presence of other ligands (e.g. PhBP) can increase
the stability of certain organocopper(I) compounds, such as

Cu(2-benzyldimethylamine) (DPPE) (Figure 5) (58), and
(PhBP)CuMe (59), although attempts to stabilize the copper
alkyl bond by coordination with 2, 2¥-bipyridyl have been un-

CHZNMe2
CuDPPE

Figure 5

successful (60).
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, ~ S r—X
Arylcopper(I) compounds, such as [;:I -, where
_ ' —Cu
X = dimethylamino, (dimethylamino) methyl, methoxy, methoxy-

methyl, diphehylphosphino, and dimethylsulfamoyl groups, are
moré thermally stable than compounds with no groups in the
o-position, and are only slowly attacked by water and air (61).
From the observed upfield shift of the methoxy proton resonance
in the above complex when X =methoxy (62), it may be thought
that the above stabilization is due to probable coordination

of the hetero atom of the side group to the copper,

1.3. Preparation of copper(I) compounds:

1.3.1. Introductions:

A large number of copper (I) complexes has been prepared
in a variety'of stoichiometries by a variety of methods., Since
the'présent thesis concerns reactions of bidentate phosphines
with copper (II) salts and reactions of NaBH) and NaBH,CN with
copper(I) in the presence of bidentate phosphines, the discus-
sion in this section is organized under three reaction
categories. This will allow easy comparison of the results

recorded in this thesis with related material in the literature.,

1.3.2., Synthesis of copper(I) complexes by direct interaction
between ligands and Cu(l) speciles:

Typical examples of the use of this approach are the

syntheses of copper(I) acetate complexes with various nitrogen-,
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phosphorus-, arsenic-, sulphur-, and -selenium donor ligands
by direct interaction of the components in solutions under
oxygen free conditions (63), With unidentate donors, compounds
of the type LnCu(OZCMe) (for L = thiourea or selenourea,

n =3, and for L = PPhB.or imidazolidine-2-thione, lsee Fig.é],

il

imidazolidine-2-thione
Figure 6

n = 2) are formed (63), With bidentate donors»(L-L) such as
phen, 2,9-dimethyl-1,10-phenanthroline, DPPM, DPPE or DPAE,
complexes of the type (L-L)Cu(Osze) are isolated (63), and
by using different reactant ratios, the complexes (DPPE)j'
[@u(ozmMeﬂ > and (DPPE)ZCu(OZCMe) have been obtained (63).

Complexes of the types, L,CuX and LB(CuX)2 X =C17,
Br~, I"; L = 2-methoxycarbonylphenyldimethylarsine, 2-methoxy-
carbonylphenyldiphenylarsine, and 2-methoxycarbonylphenyldi?
(p-tolyl)arsine have been prepared by reacting under reflux
a suspension of the stoichiometric quantities of the appropriate

ligand and the copper(I) halide in chloroform (6&),
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1.3.3. Synthesis of copper(I) complexes from copper(II) _Dby
using ligands as reducing agents: '

’Tertiary phosphines, arsines, and stibines almost
always act both as reducing agents towards copper(II) salts
and, as seen before, as complexing ligands towards copper(I).
A wide variety of copper(I) complexes prepared by using
phosphine, arsine, stibine and also phosphite ligands as
reducing agents on copper(II) species in solution under dif-
ferent reaction conditions and with a variety of metal to
ligand ratios has been listed in Table I.

Table I summarises a great deal of information and
several points arise which need further comment. For example,
tetrakis complexes of monodentate ligands can in general be
prepared only with anions having poor ligand properties, e.g.
C10; (66, 67). The fact that all attempts to prepare
BCyBP)QC@]C104 with an excess of Cy;P were unsuccessful (75)
is probébly a reflection of the steric hindrance of the bulky
cyclohexyl group., Also, with monodentate ligands, tetrameric

complexes of the type [LCuX], (X = C17, Br™, I”) can be
prepared (51, 71). However, all attempts to prepare tetra-
meric monophosphine complexes of copper (I) fluoride were un-
successful (48),

As Table I, for simplicity, does not contain experimental
details, it is not clear from this table that the type of

product formed depends in many cases upon the solvent, For
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example, the trisphosphine complex, (PhB)BCu(NO3) is obtained
in ethanol (72), whereas, under identical reaction conditions
a bisphosphine complex, (PhBP)ZCu(NOB) is formed in methanol
(73).

Before proceeding to other ligand systems, it is
worth mentioning a slightly different synthétic approach to
some Cu(I) complexes, Thus, in the isolation;of the complexes
(PhBP)BCu01, (PhBAs)4CuCI. and (PhBSb)ZCuCI from reactions (68)
between melted ligands and the appropriate Cu(II) salt use
was made of the fact that the ligands melt well below the
decomposition temperature of the resulting complex,

Considering now other ligands, sulphur ligands are
also known to reduce copper(II) to copper(I). A wide variety
of copper(I)-sulphur ligand complexes, prepared by using
ligands as reducing agents on various copper(II) species in
solutions and under a variety of reaction conditions has been
listed in Table II,

Few additional comments are necessary on the data in
Table II which is simply meant to illustrate the scope of this
particular feature of Cu(I) chemistry, Perhaps the role of
the solvent could be stressed again here, For example,
complexes such as [(bdtm)CuCl],, [(bd‘l:m)ZCu]ClO,+ (84) can be
prepared by using the ligands as reducing agents in ethanol
or ethanol-methylenechloride solutions, whereas, the correspond-

ing reactions in acetone lead to a copper(II) product (84),
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1.3.4, Synthesis of copper(l) complexes by adding hydroborate

ions to various copper species in the presence of
ligands:

1.3.4.1., Introduction:

Reactions of ionic alkali metal hydroborates with
transition metal ions in the presence of ligands may produce
(a) fully reduced metal(0) compounds (55), (b) hydroborate
complexes in which the hydroborate ion’is coordinated to the
metal ion (85) or (c) metal hydrides (86) or even mixed
hydride - hydroborate type complexes (87), The tetrahydroborate
ion, BH;,'and some of its substituted derivatives such as

BHBCN . BH(OMe)3 " etc,, are widely used as reducing agents
and as sources of H  ion in both inorganic and organic
chemistfy. This next section of the thesis deals with some

of the copper complexes of these species.,

1.3.4.2. Synthesis of copper(I) hydroborate complexes:

Tetrahydroborate complexes of a great many metallic
elements have been made, Stable hydroborate complexes are
generally prepared in the presence of soft Lewis bases. A
wide variety of copper(I) hydroborates have been prepared by
reacting hydroborate ions with copper(I) complexes., As in
previous sections, the result of these studies can be
conveniently and concisely presented in tabular form, as in

Table III,
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Table III, Copper(I) hydroborates.
Complex Mode of formation .Reference
(DBP)ZCu(BHu) CuCl, + DBP + NaBH, 88

(DPPA)BCuz.(BHu)2 (DPPA)BC“Z(NOB)Z + NaBH, 49
(MePh,P) BCu(BHu) (MethP) 30u01 + NaBH) 89
[(MeO)BP] 5Cu(BH,) [(MeO) 3P] 4CuCl + NaBH), 90
LBCu(BHBCN) CuCl, + L + NaBHBCN
(L=Ph3P, DBP, EtthP,

1.5 DPPE) 55
(PhBP) 3Cu(BHBCN) (Ph3p)30uc1 + NaBHBCN 91
(PhBP)ZCu(BHBCN) (PhBP)20u01 + NaBHBCN 91
LBCu(BHBCN) CuCl2 + L + NaBHBCN
(L=Ph3As, PhBSb) 91
(PhBP)ZCu(BHBCOOR) (PhBP)30u01 + KBHBCOOR
(R=Me, Bt) 92
(PhBP)ZCu(BHBCOOH) (PhBP)QCuF + Ca(BHBCOOH)2 92
(PhBP)3Cu(BHBCOOEt) CuCl + MethP + KBHBCOOEt 93
L, CuB Cu(SOu) + L + appropriate
(L=trif£—toly}phosphine; ggg;ggorate
n=2,4; B=B3H8,

BgHys Bgi;pS ) o

Cont*d....
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Table III, Continued.

Complex Mode of formation Reference

[(Ph4P) 5 (Ph.P).CuCl + triethylam-
CHCl ]2 10 10 3 m decahydrodecaborate 95
3
(PhBP)ZCu(Buﬁg) (PhBP)BCu01 + KByH, 96
2,3ﬁy-(Ph3P)2Cu—RB5H7 (Ph3)30u01 + K(RB5H7)
(R=H, and 1-or 4-Me) 97
(Ph,P)Cu(C,BgH, ) [(Pn 3P)CuC1], + g:(g f;) o8

There are some very interesting chemical features of
many of the complexes listed in this table. It will be
convenient to discuss these aspects, e.g. mode of attachment
of the hydroborate ions, ligand dissociation ir solutions and

fluxional behaviour data later in this chapter,

1.3.4.3, Synthesis of copper(I) hydride complexes:

Metal hydrides frequently arise as products from
reactions between NaBH; and its derivatives and metal salts,
especilally when suitable ligands are present, They do in
general form a well characterized group of cohplexes with well
defined physical and chemical properties. However, only a
few copper (I) hydride complexes are known perhaps because the

spectroscopic properties (NMR, IR) which in general allow the
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easy recognition of most M-H bonds have not been successful
when applied to Cu(I)-H bonds.

For example, the interesting hexameric complex,
(PhBP)6Cu6H6'HCONMe2 was prepared by adding solid sodium tri-
methoxyborohydride to a stirred solution of.(PhBPCuC1)4 in
DMF under argon (99). However, the presence of the hydrides
was not detected by X-ray crystallography, NMR or infrared
spectroscopy, but was inferred from chemical reactions. More
will be said about this complex later., The red complexes,
[(PhBP)CuH]n, Kp-Mecéﬁu)jPCughl have been prepared by adding
a solution of LiAlHu in diethyl ether (less than one mole
per mole of CuCl) to a reaction mixture of CuCl(4,78 mM)
and phosphine (14.3 mM) in THF (53). Again no sp;ctro—
scopic evidence was obtained for the hydrido ligands,

A series of stable copper (I) hydrides; of the type
Li CupHeo oy (forn=1,m=1,2; n=2, m=1,3; n = 3,
m=1; n=4, m=1; n= 5, m = 1) have been prepared by
reacting LiA1H4 with the corresponding lithium alkylcuprates,

LinCum(CHB)(n+m) in ether (100)., The reactions were carried
out by adding a solution of'LiAlHu to a clear colourless
reaction mixture of CHBLi and Cul in appropriate ratios in
ether at -78°C,

It is clear from this brief section thatvcompounds
containing Cu-~H bonds are very uncommon compared to other

metals and also difficult to characterize.
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1.4, Structures of copper(I) compounds:

1.4,1. Introductions

Copper(1l) complexes give rise to an interesting
array of stoichiometries and geometric configurations includ-
ing polynuclear species (38). Simple stoichiometries do not
give much information about the structures of copper(I)
compounds which can be mononuclear, binuclear with bridging
neutral ligands or coordinating anions, polynuclear with the
copper atom two-, three-, or four-coordinate or linked in
infinite chains (38). A brief summary of structural types

is presented here,

1.4,2, Mononuclear species:

Traditionally, copper(I) is viewed as a metal ion
prone to form two-coordinate linear (101) and four-coordinate
tetrahedrai (102) structures, Howéver, mononuclear species
can be of various structural types with two-, three-, or four-
coordinate copper depending on the nature of counter anion
and the steric bulk of the ligand,

For example, cationic complexes of the type LMCu+X’,
where L = MeCN (29) or pyridine (103) and X = noncoordinating
anions, ClOE or NOE are tetrahedral species. Similarly, in
bis (6,6 t-dimethyl-2,2'-bipyridyl)copper (1) tetrafluoroborate,
the copper (I) environment (CuyN) is pseudotetrahedral (104),
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On the other hand, copper is planar and three-coordinate
in (CyBP)ZCuOCIO3 (105), Similarly, with noncoordinating
anions and soft ligands containing bulky substituents, the
copper is three-coordinate and planar, in complexes such as
[KMeBPs)BCu]+clo; (106), 306H7N)30u]+clo; (107), and
gme4uzcs)30qfapa (108),

In LBCuX type complexes, in which X is a coordinating
anion, a distorted tetrahedral geometry may be formed, a
typical example being (MethP)BCu(BH4)7(109). Distorted
tetrahedral coordination is also found for complexes of the
type L,CuX, where L = Ph3P, X = NOS (110), BH, (111),
O,NCHCMe,OH™ (112), OZNCPhNog (113), OOCCHS (114), i,e., X

is a chelating anion,

1.,4.3,. Binuclear species:

The compound (CyBPCuCD2 exists as the dimeric species
(115) in contrast to the tetrameric "cubane" (116) or “step"
(117) structures found for other monodentate phosphine-copper (I)
halide complexes with a 1:1 ratio, Each copper atom is
in a trigonal-planar coordination with a terminal phosphine
and two bridging chlorides (Figure 7a, p. 34)., The existence
of this compound as a dimer rather than as a tetramer is due
to the steric bulk of the Cy3P ligands,

The complex (Ph4P),Cu,Cl, (118) and its benzene

solvate (119) are interesting because they are both binuclear
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compounds containing both three- and pseudotetrahedral four-
coordinate copper in the same molecﬁle, as seen in Fig. 7b

(p. 34). An X-ray investigation of the compound
[(Me,PhAs),CuCl], shows that the molecule is like the above
compounds in that it is a dichloride-bridged dimer, but is
unlike the above compounds in that both copper atoms are
pseudotetrahedral and related by an inversion center (119).

A similar dimeric species is [KPhBP)2CuN5]2 with four-coordinate
copper atoms in tetrahedral geometries (120),

' The compound RPhBP)ZCu(BﬁchIlZ, which is very
relevanf to what will be discussed later in this thesis, is
also dimeric (121), with each pseudotetrahedral copper atom
bonded to two triphenylphosphine ligands and to a hydrogen
and a nitrogen atom from two different cyanotrihydroborate
groups (Figure 7¢, p. 3%). This compoﬁnd is one of the very
few examples where the mode of coordination of theBHBCN
group has been established by crystallography. The crystal
structure of the compound (DPPE)BCu2C12‘2(MeZCO)is also very
interesting because it shows the first example discussed so
far where a bidentate phosphine acts as a bridging ligand
(122), Figure 74, (p. 3%) shows clearly that each copper
atom is tetrahedrally coordinated to a chlorine atom, two
phosphorus atoms from one chelating DPPE molecule while the
bridging ligand occupies the remaining site on each copper.

Further examples of bridging ligands are shown in the crystal
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structures (123) of the dimeric complexes [LgCu,] (BF,), where
L = Th, and S-dimethylthiourea. Each copper(I) atom is four

coordinate and is bridged by the S atoms of the ligands.

1.4.4., Trinuclear species:

Only one such trinuclear structure is known and this
is a 312 complex, (DPPM)Z(CuI)3 (124), The structure,
Figure 7e ¢p. 34), consists essentially of a triangle of
copper atoms bridged by iodides and DPPM 1igands_such that

each copper has a distorted tetrahedral configuration,

1.4.5. Tetranuclear species:

Two types of structures, *"cubane" and “step", are
generally observed for tetrameric complexes of the type
(LCuX)u where X is halogen and L is usually a monodentate
phosphine or arsine, In the cubane structure (Figure 7f, p.
34) éach copper atom (located at the alternate corners of a
cube) is tetrahedrally coordinated with triply bridging halides
(located at the remaining corners of the cube) and a terminal
phosphine, On the other hand, in the step form (Figure 7g,
P. 35) there are double and triple halide bridges and two
four-coordinate, tetrahedral and two three-coordinate, trigonal
copper atoms,

The Cu,Cl, core of RPhBP)CuCIlu has the "cubane-like"

structure (116), whereas the CuyB, core of the analogous
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bromocompound, RPhBP)CuBrju, has the step structure (117).

The step structure is also found in the bromo derivative,.
(DPPM),Cuy,Br) (125). Iodo derivative are known both with a
cubane-like core e.g. [KEtjAs)Culju, and 'KEtBP)CuI]uv(lzé)

and with a step structure e.g. RPhBP)BCuI]u (127). Thus,

it can be seen that in RRBP)CuX]u (X = halogen) type complexes,
the step structure is favoured over the cubane-like structure
only with bulky ligands and large halogen atoms,

A number of sulphur 1ligand complexes have a tetra-
hedral or distorted tetrahedral Cuu core, Thus, the CuuS6
core of the RPhS)écuu]z' cluster consists of a tetrahedron
of copper atoms inscribed in a distorted octahedron of sulphur
‘atoms (Figure 7i, p. 35) (129)., Each S atoﬁ is coordinated_.
to two copper atoms across an edge of the Cuu tetrahedron,
and each copper is trigonally coordinated by three sulphur
atoms of three different ligands,

There are two other structures shown by tetranuclear
copper complexes, Examples of the first type are
[Cu(CHZSiMeB)]u (130) and [CuOBu?]h (131) which have square
planar Cuy cores (Figure 7j, p. 35), while [CuNMe,],, (132)
consists of a planar parallelogram of copper(I) ions
(Figure 7k, p. 35). These structures however, appear to be

less common than the arrangements discussed earlier,
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1,4,6, Pentanuclear species:

As might be expected, these complexes are very un-
common, One example is the dianion of the benzothiolate
complex, [{pz-SPh)7Cu5]?-, which has a curious arrangement
of four copper atoms, each with trigonal planar coordination,
the remaining copper being two-coordinate and linear (Figure
71, p. 35) (133).

The interesting cluster leZ-SBut)GCuS]' has a trigonal
bipyramidal arrangement of copper (I) atoms with copper-copper
bonding (Figure 7m, p. 36) enclosed within a distorted
octahedron of doubly-bridging thiolate ligands (134%), Each
of the six thiolate sulphur atoms bridge an axial-equatorial
pair of copper atoms such that the two copper atoms akial in
the trigonal bipyramid possess trigonal planar coordination

(Cu ) and the three equatorial copper atoms possess approx-

trig
imately‘linear diagonal coordination (Cudig)‘ Two systematic
distortions force all copper atoms towards the centroid of
the cluster without decreasing copper-sulphur distances, as
apparent from the following observations., The S'Cudig"s
angles are decreased below 180° to 170° ¥ 1°, and the Sé
prism is twisted by 49° about the threefold axis., The atomic
distances are decreased {(compared with the idealized un-
distorted distances in the parenthesis); centroid-cud 1,90,

1,86, 1,84 A° (2,27 A9); Cug; g=Cu

ig’
[o] o]

Cudig'cudig’ 3.23 A° (3,93 A°), This type of prominent
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structural feature with metal-metal bonding will be discussed

again in section 1.4.8,

1.4,7., Hexanuclear species:

The only example of this type known is the extremely
interesting compound'[(PhBP)Cqué, which has been mentioned
earlier and which is shown in Figure 7n, (p. 36) (99). Basic-
ally, the molecule is an arrangement of six Cu atoms at the
vertices of a slightly irregular octahedron, with}each one
bound to a PhBP. Two types of Cu-Cu distances have been
detected, One average Cu-Cu distance is 2.65 A® and the other
is of average value 2,54 A®, The presence of the hydrido
ligands was not detected directly from the X-ray data, but
they are tﬁought to lie in bridging positions al?hg the six

‘longer Cu-Cu edges.

1.4,8, Octa- and decanuclear species:

A few examples of these types of arrangements are
known, mainly with sulphur ligands, For example, the'CuSS12
cores in the compounds, (PhuP)utCuB(Szcuoz)éj (IV) and
(PhuN)u[CuB{SCC(COOEtX}6] (V) consist of a cube of copper atoms
inscribed in a distorted icosahedron of sulphur atoms, Each
sulphur atom is coordinated to two copper atoms across an
angle of the cube, and each copper is trigonally coordinated
by three sulphur atoms of three different ligands (135).

Considering repulsive Cu-Cu interactions at 2.77 A° in
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[ (u-SPn) (Cu, ] (129), the observed Cu-Cu distance 2,844 (20)
A® in (IV) and 2.790 (11) A° in (V) have been considered as
the optimum conditions where the attractive interactions

prevail,

1.4.9. Long chain species:

Potassium and ammonium trichloro- and tribromocuprate(I)
are made up from infinite chains of Cu,X, tetrahedral units
sharing corners (136, 137) while in Cs[Cu2C15]there are double
chains formed by CuCl, tetrahedra sharing edges (138), 1In
contrast, KCu(CN), has a spiral polymeric structure in which
each copper atom is bound to two CN- carbon atoms and one CN-
nitrogen atom in a nearly trigonal coplanar array (Fig. 7o,

p. 36) (139).

Sulphur ligands are also known to form long chain
compounds. Thus, the structure of the complex (EtZS)B(CuI)u
consists of infinite chains of sulphide-bridged Cquu cores,
each of which resembles a distorted cube with alternating
vertices of copper and iodine (Figure 7h, p. 35) (128)..

It is obvious from the above discussions that copper (I)
complexes exist in an extraordinarily wide range of co- |
ordination geometries and copper(I) compounds, often with
quite simple empirical formulae, can clearly have quite
complicated structures, These are difficult to establish
without X-ray methods, as will be emphasized again later in

this thesis,
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1.5. Properties of copper(I) compounds:

1.5.1, General:

It should perhaps be noted at this point that copper(I)
comipounds are diamagnetic and almost always colourless
since the 34 orbitals of the copper are completely filled,
Colohr results only if charge-transfer bands occur or if the
anion itself is coloured. This means that physical measure-
ments based on the presence of an incompletely filled 4 electron
shell are of no help in structural studies on copper(I)

complexes,

1.5.2, Dissociation behaviour in solution:

The dissociation of tertiary phosphine, arsine and
stibine complexes of copper (I) in solution is very much
dependent upon the nature of the ligand, the solvent and the
temperature, Thus a 31P NMR study of tri-p-tolylphosphine
(L) complexes of copper (I) halides in organic solvents, shows
that the major species is the dimer (LZCuX)2 at -100°C., Above
this temperature, at about -70 to -80°C, the complex dis-
sociates into L3CuX, LBCuZXZ and a small amount of the LZCuX
monomer (140). The equilibria occurring in chloroform
solutions of complexes of the type, {?hB_nMenY]mCuX (n=Q,1,2;
m=3,2,1.5; Y=P, As; X=Cl, Br, I) have been studied osmo-
metrically. The relative stabilities of the LBCuCl complekes

are L = PhBPQKMePhZP:=Me2PhP (141), an order which is different
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from the order of ligand basicities, and which therefore
suggests that the most important influence on ligand dis-
sociation seems to be a stereochemical one, However, the
corresponding arsine analogs are ﬁﬁch more dissociated than

the phosphine complexes and suggesfs perhaps that the basicity
of the ligand does influence the extent of dissociation,
Finally, for 3:11 complexes with any given ligand the extent

of '1igand dissociation decreases in the order C1> Bry 1.

The labilities of arsine and stibine complexes are
further manifested by the ready convertibility of complexes
(PhBY)'BCg(NOB) (Y = As, Sb) into [(L-L),Cul(NO5) (L-L = phen,
2,2‘; biquinolyl) by reacting them with an excess of fhe
bidentate ligand (72). The triphenylphosphine analogue is
not readily converted into the bidentate complex,

Further aspects of ligand dissociation will be discussed
more in the next section in connection with hydroborate ion

interaction.

1.6, Copper(I) - hydroborate ion interactions:

1.6.1. Introduction:

In recent years there has been considerable interest
in establishing the stereochemical and electronic principles
which are operative when hydroborate ions interact with metal
ions, For mononuclear complexes, four possible modes of at-

tachment of the simplest tetrahydroborate ion are conceivable:
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monodentate (VI), bidentate (VII), tridentate (ViiIi), and

iohie (1IX) (142). For other B-H- containing anions, such as
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BHBCN', similar types of binding modes might be expected,
although clearly a number of different arrangements are also
possible, The various types of binding possibilities are
being investigated by diffraction, nuclear magnetic resonance
and infrared spectral studies, Firm structural information
can obviouSly lead to a petter understanding of the properties
of a molecular system, However, the most common solid-state
structural technique, single-crystal X-ray diffraction, is

in many cases of limited utility (143). Accurate location of
hydrogen atoms near a heavy metal is extremely difficult
because of the approximate proportionality of X-ray scattering
to the square of the atomic number and also due to diffuse
scattering for large vibrations of hydrogen atoms near a hea§y

metal. Thus, the molecular structure is sometimes difficult
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to accurately determine, due to complicated electronic,

steric and also perhaps crystal packing factors. Nuclear
magnetic resonance spectra in solution show that hydroborate
complexes are generally nonrigid and in many cases such studies
yield only limited structural information., For example, in

bi- and tridentate species the bridge and terminal hydrogen
atoms undergo rapid intramolecular exchange (Fluxional) and

so appear equivalent on the NMR time scale (144), In contrast,
infrared spectral studies can, at least in theory, provide
useful data on the coordination geometry and bonding of the
hydroboréte ligand (145). Thus, a normal coordinate analysis
shows that it should be possible to distinguish between the
differéht modes of coordination of the'BH; ion as shown in '
Figure 8, by the number of peaks and their positions in

certain regions of the IR spectrum, For example the mono-
dentate attachment of the BH, group is distinguished by the

1

pfesence of the strong peak at 1000-1150 cm” - assignable to

the BH3 deformation and a strong absorption at ca. 2000 em™1
for the B-Hy stretching frequency (145), ﬁhereas with the
bidentate BH; group the BH, deformation occurs at 1100-1200
ém"l and the B-H, stfetching frequency at 1650-2150‘cm'1.

The significant distinguishing feature of the bidentate mode
of attachment is the presence of a strong bridge stretch at
1300-1500 cm™ 1, Furthermore, the position and number of peaks

in the B-Ht and B-Hb region of IR spectrum helps to distinguish
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between the bidentate and monodentate attachment, The
frequency difference between B-H, (2300-2450 em™1) and B-Hy
(ca . 2000 cm’l) vibrations for monodentate attachment is
significantly less than for the bidentate attachment (2400-
2600 cm™! B-H,, and 1650-2150 cm™! B-H_). Thus, as the B-H
force constants in monodentate attachment become more equal
(compared to bidentate attachment), covalent interattion
with the metal weakens,

The discussion in this section is organized into
three categories, namely (i) mode of attachment of hydroborate
ions, (ii) fluxional studies, and (iii) dissociation in

solution of copper (I) hydroborate complexes.

1.6.2., Mode of attachment of hydroborate ions in cogp er(I)
compounds:

The only conclusive reports of a BHL group bonded in
a monodentate way are with copper (I) , although the possibility
of similar bonding in a cobalt complex (55) and a series of
ruthenium complexes (87b) has been reported previously from
ﬁhéée51aboratofies. Thﬁs,'the first confirmed example of a
single hydrogen bridged bond between a BHu group and copper(I)
occurs in (MethP)BCu(Bﬁu). reported by Bommer and Morse,
initially from infrared spectroscopic data (89) as shown in
Table IV, The expected infrared absorption of a monodentate

BHQ group, from the normal coordinate analysis, are given at
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the tqp of Table IV so that the reader may readily compare
the expected with the observed frequencies for compounds
thought to have such an arrangement,

Confirmation of the presence of a monodentate BH,,
group in (MePhZP)BCu(BHQ) has been shown by an X-ray crystal-
lographic study (109), The Cu----B separation, 2.650 - (5) A°,
is substantially greater than the 2.184(9)A° value for the
corresponding distance in (PhBP)zcu(BHu) which is known to
contain a bidentate BH), group (111). A nearly-linear Cu-H,-B

bridge (170°) with a Cu-H, bond length of 1.47A° was found

b
in this initial study, Very recently, a more accurate single
crystal neutron diffraction study of (MethP)BCu(Bﬂu) has
reaffirmed the monodentate coordination of the BH, group (146).
However, the observed Cu-H_ bond length, 1.697(5)A° and the

distinctly bent Cu-H, -B bridge, 121.7(4)° are in marked

b
contrast to those found in the earlier X-ray analysis (109).
This difference which emphasises the difficulties of locating
H atoms with X-ray, as mentioned earlier, is partly due to the
fact that hydrogen atom positions are often distorted by the
bonding electron density in X-ray analysis, Furthermore, the
observed H,-Cu-P angles (86°, 109°, 115°) deviate considerably
from three fold symmetry. The authors rationalized these

observations by postulating that a "closed" three center

overlap pattern occurs in Cu-Hb-B bond.
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Monodentate bonding of the BH; group has also been
proposed (93) in (MethP)BCu(BHBCOOEt) from IR spectroscopic
data, as shown in Table IV, A decrease in covalent inter-

action of the (BH,COOEt) group in (Meth)BCu(BHBCOOEt) is

3
indicated by a decrease in frequency separation between terminal
and bridging frequencies compared to the case for the BHu

“1), The decreased value of the

analogue (270 vs 240 cm
frequency separation between B-Ht and B—Hb in the copper
(ethoxycarbonyl)trihydroborate complex may be attributed to

the lower negative charge on the B-H hydrogens of (BHjCOOEt)‘
due to the inductive effects of the ester group.

A survey of the known structures of metal-BHa‘compleXes,
reveals that complexes containing bidentate hydroborate groups
are most common. An X-ray diffraction investigation (111) on
(PhBP)ZCu(Bﬁu) shows that this is a typical example and
Table V shows the agreement between the expected and observed
infrared frequencies (147) for the bidentate BH, group. Thus,
bands at 2385 and 2353 cm_1 have been assigned to the terminal
B-Ht stretching modes and the bands at 2001 and 1959 em™1 to
the B--Hb bridging modes, Table V also summarizes the solid-
state infrared spectral bands for various other complexes of
the type LZCu(Bﬂh) all of which are thought to contain the
bidentate BH, groups.

‘Infrared spectral data (Table V), are also consistent

with bidentate coordination of the substituted hydroborates
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in the complexes (Ph P),Cu(BH,CO0R), R = Me, Et, H, all of
which hsve very similar spectra., The slightly higher frequency
observed for the terminal B-—Ht for the substituted hydroborate
complexes compared to the corresponding tetrahydroborate
complex (Table V) is attributed to the less negative charactér
of the borane hydrogens in (PhBP)ZCu(BH3COOR) due to the
inductive effects of the ester group.,

We now turn to cyanotrihydroborate complexes, Infra-
red spectral data of the complexes Lqu(BHBCN) (L = Ph,P,

Ph.As, Ph,Sb), shown in Table VI, have been interpreted (91)

inBterms zf Cu-NCBH3 bonding. The C-N stretching frequencies
in the complexes are slightly shifted (~1-13 cm'l) to higher
energy (Table VI) compared to the C-N stretching frequency

in anionic BHBCN_. A similar small shift in the C-N stretch-
ing frequency is observed in LiBHBCN (?CN = 2198 cm'l) and has
also been attributed to a Li-N interaction (148)., This is
further supported by the infrared spectrum of the compound
(PhBP)BCu(BPhBCN), where the anion can only coordinate to the
copper atom in a monodentate fashion using the nitrogen atom.
In this complex, the C-N stretching frequency is seen to be
38 em™1 higher in energy than for the sodium salt of the
ligand (Table VI), This large frequency shift has been at-
tributed to increased C-N o~ bonding upon complexation, From

the similarity of the B-H stretching and BH, deformation

frequencies in the free and coordinated BHBCN‘ ion (Table VI)
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it has been suggested that the-BHBCN" ion approximately retains
its CBV.symmetry in the L3Cu(BH3CN) complexes, Infrared
spectral studies of the closely related complexes LBCu(BHBCN),
L = DBP, EtPh,P (Table VI) have also been interpreted as be-

ing due to a Cu-N type of interaction (55).

The reader may perhaps have noted that Table VI
contains two sets of IR data on the complex of empirical
formula (PhBP)BCu(BHBCN). There are in fact two complexes
which were pfepared independently, using slightly different
procedures, and which differ considerably in a number of
respects, such as melting points, and solubilities in organic
solvents, The two complexes also differ significantly in the

2100 cm~1

region of their IR spectra, i.e. in the region of
the M-Hb—B stretching frequency. It is likely therefore
that one complex has a Cu-N interaction while the second isomer
has a M-Hb-B arrangement, The latter is also presumably
presentAin (DPPE)1.5Cu(BHBCN) (55) which also has a band at
2106 cm™l., Thus a study of the detailed method of bonding of
BHBCN° in these copper complexes is warranted, preferably
by X-ray diffraction, although IR spectroscopy can also>provide
very useful information.,

The crystal structure of the interesting dimeric
compound [IPhBP)ZCu(BHBCN)]z (121) (Figure 7c, p. 34), shows
that;each copper atom is bonded to a hydrogen and a nitrogen

atom from two different cyanotrihydroborate groups. The
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infrared spectrum of this compound (Table VI), can be explained
on the basis of this structure (91). in contrast to the
LBCu(BHch)_cqmplexes, the B-H stretching mode has shifted to
higher frequency and has split‘intq éeveral components, and

the ferminal BH2 deformation mode:has shifted to lower energy,
1100 cm'i, in LZCu(BHBCN). However, the C-N stretching
frequency remains unaltered (2190 em™1) in both types of

complexes, A new absorption at 2200 em™1

1

, underlying a broad
band at ~2207 em ~ is assigned to a Cu-H -B stretching |
vibration. This structure,because of the presence of two

slightly different CN groups, also accounts for the two CN

1 region of the IR spectrum,

stretching bands in the 2200 cm~
An X-ray investigation of the complex (PhBP)ZCu(BBHS)
(149) showed that the compound is a monomeric speéies in
which the copper atom is in a pseudotetrahedral environment
and coordinated to two Ph3P ligands and two hydrogen atoms of
the BBHg group (Figure 9). The infrared spectra (Table V) of

the compounds L2Cu(B3H8) (L = Ph P,VPhBAs)r(su) can be explained

on the basis of the above structzre. Thus, the bands betWeen
2500 and 2200 em~! have been assigned to terminal B-H,
vibrations and other bands below the latter frequency to
bridging hydrogen atom vibrations,

A 3p nwp study (94) of the above compound,

(PhBP)ZCu(BBHB), at -120 to -85° shows an AB pattern with
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-20.4 and -22.4 ppm and Jy, = 91Hz at -100°, This result

PP
is consistent with the above solid-state structure (149), as

the two phosphorus atoms are magnetically non-equivalent,

H
P\Cu e H\?//H\B /H
T

Figure 9

1.6.3. Fluxional studies on copper(I) hydroborate complexes:
Fluxional processes may be defined as rapid, degenerate,

intramolecular making and breaking of chemical bonds e.g.

intramolecular exchange of bridge and terminal hydrogen atoms

in coordinated hydroborate complexes (e.g. see Figuré 10).

Hy H

Hb
N

Figure 10
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Individual hydrogen environments of the B3H5 group
in (PhBP)ZCu(Bjﬂa) has been observed with 'H NMR by slowing
down the fluxional behaviour (150), The broad resonance of
the B3H8 hydrogens with no evident boron-hydrogen coupling
in the H NMR spectrum (60MHz) of (Ph,P),Cu(BHg) at 20°¢C
sharpens to a significantly greater degree at -14°c, The
resonance of the BBHS hydrogens broaden again at lower
temperatures and at -93°C, two broad oVerlapping resonances
are observed, This result clearly indicates the different
hydrogen environments of the B3H8 group in the complex.

Subsequently it has been observed that the 1H NMR
spectrum (100 MHz) at -90°C consists of five separate resonances,
This is consistent with effective thermal decoupling (i.e,
washing out of 11g 4 coupling, which generally shows a broad
featureless quartet at ambient temperatures) and slow intra-
molecular exchange of the bridged and terminal-hydrogen atoms
of the BBHé group in this complex at this temperature.

The above observation is in direct contrast to TI(BBHS)'
which displays rapid equilibration on the 1y NMR tiﬁe scale
even at -137°C and sharpening of the peaks due to the Bsz
hydrogens has not been observed until ~ -100°C (150),

The other example where the slowing of the fluxional
behaviour in copper complexes has been observéd is in

[IMeO)BP]ZCu(BHu) (90)., At ambient temperatures a somewhat

broadened quartet has been observed for the hydrogen



52

resonances of BH; (100 MHz), The quartet for BH& hydrogens
broadens considerably at lower temperatures (~ -65°C) and
collapses to a broad doublet at -95°C. At -128°C the H NMR
spectrum consists of a broad singlet which sharpens at about
-147°Cc., At -165°C the resonance collapses to the baseline.
The collapse of the BH4 hydrogen resonance involves the slow-

ing of the fluxional process.

1,6.4, Dissociation of copper(I) hydroborate complexes in
solutions: '

There is an extensive report about the dissociation
of copper(I) hydroborates in solution, Thus, the dilute
solution (CHC13) IR spectrum of the tris complex,
(MethP)BCu(Bﬁq), consists of doublets in #he terminal and
bridging B-H regions (Table rvjconsistent with a bidentate
mode of attachment of the BH, group in solution (89). The
presence of very small amounts of the monodentate species has
been inferred from the observed very weak absorptions at |
2300 and 1060 cm™ !, Molecular weight measurements indicate
extensive dissociation of the complex in benzene (93 ). From
these observations_it has been suggested that the second
Cu-Hy-B bond formation occurs in solution at the expense of
one of the originally coordinated MethP ligands., 31P NMRv

studies of the complex (93) at temperatures of -110 to -70°C

in CD2C12 display one sharp singlet, which moves slightly
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upfield (from -15.,7 to -16.6 ppm) at higher temperatures.
This further confirmed that a rapid exchange of free and co-
ordinated phosphine occurs in solution. Similarly, IR
solution data (Table IV), conductivity and molecular weight
data on the monodentate compleX, (MethP)BCu(BHBCOOEt). (93)
indicate the existence of an equilibrium between singly and
doubly bridged species in solution,

The equivalent conductance of this last compound is
much higher than for the corresponding tetrahydroborate
complex, at comparable concentrations (93). Furthermore, the
measurements of the degree of ligand dissociation by osmometric
studies show that the BH; complex dissociates to a much
greater extent than does the BHBCOOEt' complex (93). From
these observations it has been suggested that the extent of
neutral ligand dissociation is affected by the electron density
on the coordinating portion of the anion, Thus, BHBCOOEt'
interaction is sufficiently weak (as the boron atom is less
negative due to the inductive effect of the ester group) that
it does not effect dissociation to the extent that BHa doés.

‘The equivalent conductance of the (ethoxycarbonyl)
trihydroborate derivative (93) has been found to increase
substantially by addition of excess of phosphine, This result
suggests the formation of the monodentate tris (phosphine)
complex at higher phosphine concentrations, for which the

conductivity is higher,
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From a comparative study of equivalent conductivities
(which is a function of the ionic dissociation), of Ph3P
complexes of copper (I) with C17, BHj, BBHé_and BHBCNf, it
has been observed (91) that the relative extent of dissociation
of aniéns appears to be BBHéanHBCN-j> BHEj).Cl-.

Equilibria such as LJMX + L= LM’ + X~ are not
generally important at the temperatures and concentrations
available using the vapour pressure osmometric technique, The
changes in equilibria in a variety of phosphite and phosphine
complexes of tetrahydroborate and (ethoxycarbonyl)—trihydro-
bofate have been observed by using IR and 1y nMr techniques,
upon lowering the temperature of the complex in the presence
of an excess of phosphine and phosphite (151), In different
equilibria the bidentate and monodentate coordination of the
hydroborate groups are distinguished from one another by
observing the position and number of peaks in the terminal
and bridging stretching region, The changes in concentratiéh
with temperature of the two complexes in a given equilibrium
have been observed by a gradual change in chemical shift of
the borane proton resonance,

These complexes exhibit various equilibria of the
type: LMX + L = L MX and LMX + L= L4M+ + X~, which are
dependent on temperature, the particular phosphorus-containing
ligand, and the hydroborate ligand. The (ethoxycarbonyl)-
trihydroborate ligand is completely replaced by a phosphite,
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even at ambient temperatures, and this has been attributed to
the weaker bonding of this trihydroborate groupingrcompared
with the tetrahydroborate grouping, The equilibria for
phosphine are observed at higher temperatures than for the
corresponding phosphite, This result may reflect the dif-
ferences in basicity of the ligands as well as equilibria

temperature dependence,

1.7. Objectives of the present work:

From the foregoing discussion, it is obvious that
reactions of bidentate phosphines with copper(il) salts have
not yet been studied to any significant extent, Furthermore,
the interaction of hydroborate ions of various'types with
copper(I) is curious in respect of the stabilities of the
species formed and the mode of attachment of the hydroborate
grouping., To explore reactions of bidentate phosphines with
copper (II) and, overall, to study the reactions of NaBH, and
NaBHBCN with copper (I) bidentate phosphine complex systems,
the present work has centered mainly on the following points:s
(A) to study reactions of bidentate phosphines with copper (II)
salts;

(B) to study the effect of counter anions (Cl1l~, C10,) upon.
product types;

(C) to study reactions of NaBH4 and NaBHBCN with copper (I)

bidentate phosphine complexes,
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A detailed study of the resulting complexes will be

made by using a number of physical techniques in an effort to

determine the structures of the products., Of particular

interest is to try to determine the mode of attachment of the

BH4 and BHBCN groups, Thus, the following physical'techniques

will be used:

i.

ii,

14 NMR ana 1P NMR spectral studies to investigate
structural features and the behaviour of the resulting
complexes in solution,

Infrared spectral studies to characterize the resulting
products and to ascertain the mode of attachment of BH,,

and BHBCN groups,

iii,Molecular weight studies to determine the'possible polymeric

iv,

nature of the copper(l) complexes formed in the above
mentioned reactions and to study the solution behaviour
of these complexes,

Conductivity studies to determine the ionic type (if any)
of the resulting complexes.,

These points, and others, form the basis for the

remaining discussion of this thesis,



2, EXPERIMENTAL

2,1. Materials:

The reagent grade bidentate phosphines (DPPM, DPPE,
cisVPP, transVPP, DPPP, DPPB, DPPPe, DPPH) (Strem Chemical Inc.)
were used without further purification, Reagent grade
Cu(ClOu)z'éHzo (A1fa Division, Ventron Corporation) and
CﬁClz‘ZHZO (BDH Ltd., England) were used as purchased. Re-
agent grade NaBH3CN (Aldrich Chemical Company), NaBH,, (Fisher
Scientific Company), and NaBD, (Alfa Division, Ventron Corpor-
ation) were used without further purification although to
prevent hydroiysis the samples were stored in a desiccator
éver anhydrous calcium chloride,

Solvents were purified by distillation and degassed
with oxygen free dry nitrogen and sfored over molecular

sieves.

2.2, Analyses and phxsical measurements:

Air sensitive samples were suitably protected from

atmospheric oxidation for analyses and physical measurements,

57
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Infrared spectra of the samples were recorded as Nujol
mulls pressed between sodium éhloride plates for the 4000 em™1
to 400 cm”1 region and between polyethylene plates for the

1 using a Beckman IR-12 spectrd-

region 600 cm~! to 200 cm”
meter (calibrated periodically with a polystyrene reference
film), A Bruker WP-80 FT-NMR spectrdmeter was used for IH
and 31p NMR spectra, All chemical shifts were measured against
either tetramethylsilane (TMS) in the 'H or H,PO,(85%) in

the J1p NMR spectra. In practice H3P04(85%) was not used as
the external standard during the recording of routiné 31P

NMR spectra to avoid saturation of the spectra by H3P04‘ A
sample of (CD3)ZCO was used in a thin capillary coaxially
fitted to the sample tube through a vortex plug as the external
lock. Using H3P04 as the sample and (CD3)200 as the external
lock, the H4PO, signal was found to be 2920Hz and hence the
chemical shifts of the samples were calculated relative to

this frequency. The main advantage of this method is that
weak Signals in samples could be measured., This is important
if a sample is only sparingly soluble,

For X-ray powder diffraction measurements, samples
sealed in Lindeman capillaries were photographed on a Debye-
Scherrer type camera using Ni-filtered copper Ket radiation from
a Philips PW-1130 X-ray generator., Mass épectra were recorded
on a Hitachi-Perkin Elmer RMU-7 double focussing mass spectro-
meter. Microanalytical data were obtained with a Perkin-

Elmer model 240 Elemental Analyzer. The molecular weight
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determinations were.carried out gt 25°C in methylene chloride
and at 37°C in acetonitrile using a KﬁAUER vapour pressure
osmometer calibrated with benzil; Conductivities were measured
‘on a YSI model 31 conductivity bridge at 25°C at 107°-10"n
concenfrations. Redistilled analytical grade methylene
chloride and acetonitrile were used for the conductance

measurements,

2,3. Syntheses:

Syntheses were carried out at room temperatures either
in arglove box under pure nitrogen or in a hood; Copper(I)
bidenfate phosphine complexes were prepared by the addition
of the phosphines to copper(II) chloride or perchlorate in
benzene and ethanol and the reaction mixtures stirred until
the reactions were judged to be complete, A mixture of ethanol
and benzene was chosen as the solvent medium because the
Cu(II) salts are soluble in ethanol and phosphines are
soluble in benzene, Reactions of NaBH, or NaBH,CN with the
resulting copper(I) bidentate phosphine complexes were carried
out by the addition of solid or solution of NaBHu/NaBHBCN in
ethanol to the copper(I) phosphine complexes in a mixture of
benzene and ethanol (unless otherwise specified)., Reaction
mixtures were stirred by a magnetic stirrer for periods which
varied from 20_minutes to 4 days depending on the rate of
the specific reaction, The solid producté which were obtained
from these reaction mixtures or precipitated by adding n-hexane

were isolated by filtration, washed and recrystallized from
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suitable solvents, Yields were generally high, Unless

otherwise specified, the amount of NaBHu/NaBHBCN used in the
reactions amounted to a 2-10M excess over the metal con-

centrations. 

2.4, Bidentate phosphine complexes of copper(I) perchlorate:

24,1, QIPIQZCuICIO“ complexes:
A series of white complexes of the type

[(1-1),Cu]C10,°nCH,C1, (n=0, L-1~DPPE, DPPP, cisVPP;

n=1, L-1=DPPB, DPPPe, DPPH) were prepared by reactions of
Cu(ClOu)z’éﬂzo (~0.3g, 1,14mM) with the appropriéte iigand
(in a 4-7M excess) in mixtures of benzene and ethanol

( 111,~50ml)., The reaction mixtures were stirred at room
temperature for periods which varied between 20 minutes to

14 hours (see Table VII) before isolation of the products,
Solid products were obtained either directly from the reaction
mixtures or after the addition of n-hexane (see Table VII)

to the‘colourless reaction solutions, and were collected by
filtration and washed successively with ethanol (~30ml),
n-hexane (~15ml), benzene (~10ml), and n-hexane (~20ml), The
washed products were purified by recrystallization from
usually methylene chloride/n-hexane and dried under high
vacuum for about 3 hours, Specific preparative conditions

and analytical data appear in Table VII,
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2,4,2, gL-LQBQQZ(CIOulz complexes:

Two white complexes of the type (L‘L)3C“2(C104)2

(L-1=DPPM, transVPP) were prepared in the same way as described
above by reacting Cu(0104)2’6H20 (~0,.4g, 1,5mM) wifh the ap-
propriate ligand (~5M excesé) in benzene and ethanol ( 1:1,
*60m1). The resulting solid products were collected by
filtration from the reaction mixtures after a suitable time
interval (see Table VII) and washed successively with ethanol
(~20m1), benzene (~10ml) and n-hexane (10ml). The washed
products were purified by recrystallization from suitable
solvents (see Table VII) and dried under high vacuum for
abodt 3 hours, Specific preparative details and analytical

data appear in Table VII,

2.5, Bidentate phosphine complexes of copper(I) chloride:

2.501. (L‘LzB.C_ll_zg_]_.z Compl_e}(esz

A series of white complexes of the type

(L-L) 4CupCl, *nCH,CL, (n=0, L-L=DPPE, transVPP; n=0,5, L-l=
cisVPP, DPPP; n=1, L-1=DPPM) were prepared by the reactions
of CuCl,‘2H,0 (~0,35g, 2mM) with the appropriate ligand (in
a 6-12M excess) in a mixture of benzene and ethanol (see’
Table VIII)., The reaction mixtures were stirred at room
temperatures for periods which varied from 30 minutes to 6
hours depending on the specific reaction, Except for the
reaction involving DPFM, solid products were obtained either

directly from the reaction mixtures or by adding n-hexane
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(see Table VIII) to the colourless reaction solutions, col-

lected by filtration and washed with ethanol (~10ml) and n-
hexane (~10ml1).

The complex (DPPM)BCuZC;Lz'CHzCl2 was obtainedrby‘
concentrating under vacuum the colourless reaction solution
almost to dryness and then dissolving the concentrate in
methylene chloride (~30m1) followed by the addition‘cf h-hexanec

The washed products were purified by recrystallization
from suitable solvents and dried under high vacuum for about
3 hours. Specific preparative details and analytical data

are recorded in Table VIII,

2.5.2. (IL-L)CuCl complexes:
A series of white complexes of the type (L-L)CuC1°nCH,C1,

(n=0, L-L=DPPM, DPPPe; n=0,5, L-1=DPPH; n=1, L-I<DPPB) were
prepared by the reactions of CuCl,°2H,0 (~0.45g, 2.6mM) with
the appropriate ligand (in a 0,6 to 1M excess) in mixtures of
benzene and ethanol (see Table VIII), The reaction mixtures
were stirred at room temperature for periods which varied
between 25 minutes and 6 hours depending on the reaction,
Solid products were obtained either directly from the mixtures
or by adding n-hexane to the colourless reaction solutions
(see Table VIII), collected by filtration and washed with
ethanol (~15ml) and n-hexane (~10ml), The washed products
were purified by recrystallization from suitable solvents and
dried under high vacuum for about 3 hours. Specific preparative

conditions and analytical data appear in Table VIII,
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The complex [(DPPM)CuCl]2 was isolated from the

filtrate left after the isolation of the white solid(described
in 2,6,1.(ii)] from the reaction of NaBH, (0.33g, 8.72mM)

with a colourless reaction mixture obtained from CuC12‘2H20
(0.39g, 2.28mM) and DPPM (1,67g, 4.34mM) in benzene and

ethanol (~1:1, ~40m1)., Addition of n-hexane to this filtrate
precipitated the white product which was collected by filtr-
action, The product was washed with ethanol (~25ml) and n-
hexane (~10ml), recrystallized from methylene chloride/n-hexane
and dried under high vacuum for about 3 hours, Analytical

data appear in Table VIII,

2.5.3. (DPPE)Cu,Cl,

This complex was prepared by the reaction of
Cu012'2320 (0,51g, 3mM) with DPPE (1.3g, 3.2mm) in a mixture
of benzene and ethanol (~1:3, ~50ml) under a nitrogen atmo-
spheré in a glove box. The reaction mixture was stirred for
40 minutes and the white so0lid was precipitated by the addition
of n-hexane to the colourless reaction solution, The product
was purified by'succeésive.Washings with benzene, n-hexane,
methylene chloride, ethanol and n-hexane and dried under
high vacuum for about 3 hours. Analytical data appear in

Table VIII,
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2,6, Tetrahydroborate complexes of copper(I):

2,6.1, (L-L)Cu(BH, ) complexes:

B
(1) A series of white complexes of the type

(L-L)Cu(BH,) *nCH,C1, (n=0, L-1=DPPE, transVPP, DPPB, DPPH;

2
n=0,5, L-L=DPPP, DPPPe) were prepared by the reactions of
NaBH, (6-12M excess) with [(L-L),Cu]C10,°nCH,Cl, (n=0, L-I1=DPPE;
n=1, L-1=DPPB, DPPPe, DPPﬁ) or (EEQQ§VPP)3Cu2(0104)2 in benzene
and ethanol (~1:1,~60ml), The reaction mixtures were stirred
for periods which varied between 2 hours to 4 days depending
on the reaction before isolation of the products, White solid
products were obtained either directly from the reaction
mixtures or by adding n-hexane to the filtered clear solutions,
collected by filtration and washed successively with ethanol
(~20m1), n-hexane (~10ml), benzene (~15ml) and n-hexane (~10ml).
The washed products were purified by recrystallization from
methylene chloride/n-hexane and dried under high vacuum for
about 3 hours, Analytical data and preparative details are
recorded in Table IX,

The same compounds were prepared from the reactions
of NaBH) (3-6M excess) with either (L-L)3Cu2012‘nCH2012
(L-1=DPPE, transVPP, n=0; n=0.,5, L-L=DPPP) or
(L-L)CuC1°nCH,C1, (n=1, L-1=DPPB; n=0, L-L=DPPPe; n=0.5,
L-1=DPPH) in benzene and ethanol (~1:1,~60ml). Products

were isolated and purified as described above.

(1i) (DPPM)Cu(BH,)H,0

This complex was prepared in a slightly different way
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than described above, Solid DPPM (1.67g, 4.34mM) was added

to a stirred solution of CuCl,°2H,0 (0.39g, 2.28mM) in benzene
and ethanol (~1:1,~60ml1), The mixture was stirred for 20
minutes, producing a clear colourless solution, Solid NaBHu
(0.33g, 8.72mM) was added slowly (~5 minutes) to the resulting
clear solution and the mixture was stirred for three hours,
The resulting white so0lid was collected by filtration and
washed successively with water (~10ml), ethanol (~10ml),
benzene (~10ml) and n-hexane (~10ml), The product was re-
crystallized from methylene chloride/n-hexane and dried,under
high vacuum for about 3 hours. Analytical data are recorded

in Table IX.

(iii) (DPPM)Cu(BH,,T)°o.5CH2_Q_J=2

This complex was prepared by repeated recrystallization
of (DPPM)Cu(BH,)*H,0 from methylene chloride/n-hexane and
P
dried under high vacuum for about 3 hours. Analytical data

are recorded in Table IX,

2.6.2, L(DPPM) ,Cu, (BH, )] €10,

Solid DPPM (1.82g, 4.74mM) was added to a stirred
green solution of Cu(ClOu)2°6H20 (0.6g, 2.28mM) in benzene
and ethanol (~1:1,~30ml) and the mixture was stirred for an
additional 20 minutes, Solid NaBH,, (0.24g, 6,34mM) was then
added slowly (~10 minutes) to the resulting colourless reaction
mixture and the mixture was then stirred for 1 hour, The

resulting white solid was collected by filtration and washed
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successively with ethanol (~10ml), acetone leOmi) and n-hexane
(~10m1) and dried under high vacuum for about 3 hours. The
complex is insoluble in DMF, DMSO, THF, MeCN, CH,C1, and

CHCl3 and therefore recrystallizatioh was not possible,

2,7 Formation of a probable copper(I) hydride complex:

A suspension of NaBHu'(O.Zlg, 5.55mM) in ethanol (~5ml)
was slole added (~10 minutes) to a stirred suspension of
Cu,C1,DPPE (1.3g, 2.18mM) in benzene and ethanol (1:1, ~50ml)
under a nitrogehratmosphere in a glove box, The‘reaction
mixture was stirred for an additional 20 minufeS'producing'a
red solution, The solution was filtered and when n-hexane
was added to the filtrate a yellow solid was precipitated,
The yellow solid was immediately filtered off and recrystal-
lized three times from benzene/n-hexane, before being dried
under reduced pressure, Recrystallization of the yeilow
powdef from a mixture of benzene and toluene produéed red
crystals.

Analyses: Found C 53,64, H 4,61

2,8, Cyanotrihydroborate complexes of copper(I):

2.8.1., (L-Q)Cu(BHBCNQ complexess

(i) Complexes of the type (L-L)Cu(BHBCN) (L-1=DPPM, DPPPE,

DPPH) were prepared from the reactions of NaBHBCN (4-6M excess)
with [(L-L),Cu]C10,°CH,C1, (L-L=DPPPe, DPPH and
(DPPM)BCuz(CIOL")z in benzene and ethanol (~1:1,~ 60ml),
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The reaction mixtures were stirred for about 2 hours before

collection of the products. White solids produced in the
reaction mixtures or precipitated by adding n-hexane to the
reaction solutions were collected by filtration and washed
sucéessively with ethanol (~15ml), n-hexane (~10ml), benzene
(~10m1) and n-hexane (-10ml). The products were purified by 
recrystallization from suitable solvents and dried under high
vacuum for about 3 hours, Specific preparative details and
analytical data appear in‘Table X,

The same compound‘s for the ligands DPPPe and DPPH
were also prgpared from the reactions of NaBHBCN ( 3M excess)

with (L-L)CuCl°nCH 012 (n=0, L-1=DPPPe; n=0.5,‘L-L=DPPH) in

2
benzene and ethanol (~1:11,~60ml). The products were isolated

and purified as described above

3

empirical formula but which is different in many respects

(ii)  The complex (DPPM)Cu(BH.CN), which has the same

(see later) from the isomer reported above, was prepared as .
follows. Solid DPFPM (1.75g, 4.5mM) was added to CuCl, *2H,0
(O.4g, 2,3mM) in benzene and ethanol (1:1,~40ml) and the
mixture was stirred for 30 minutes., Solid NaBHBCN (0.65¢g,
10,34mM) was then added slowly (~10 minutes) to the resulting
colourless solution and the mixture was stirred for 2 hours,
A white solid was precipitated by adding n-hexane (~20ml) to
the reaction solution and was collected by filtration, The
product was washed with ethanol (~10ml) and n-hexane (~10ml)

and purified by recrystallization from methylene chloride/n-
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hexane and dried under high vacuum for about 3 hours., Analytic-

al data appear in Table X,

The complex (DPPE)Cu(BHBCN) was prepared in the same
way as above, Solid DPPE (1.35g, 3.4mM) was added to
CuClz‘ZHZO (d.37g, 2.1mM) in benzene and ethanql ( 151, ~40m1)
and the mixture was stirred for 40 minutes, Solid NaBHBCN
(0,31g, 4.93mM) was then added slowly (~1Ominutes) to the
colourless reaction solution and the mixture was stirred for

40 minutes. The resulting white solid was collected from

the reaction mixture by filtration and washed successively
with ethanol (~10ml), benzene (~10ml) and n-hexane (~10ml),
The washed product was recrystallized ffom methylene chloride/
n-hexane and dried under high vacuum for about 3 hours,

Analytical data appear in Table X.

2,8.,2, (L-L),Cu,(BH,CN), complexes:

3—2-==—3——=2
(1) White cyanotrihydroborate complexes of the type
(L—L)Bcuz(BHBCN)z‘CH2012 (n=0, L-I=DPPP, transVPP; n=0,5,
L-I~=cigVPP) were prepared from reactions of NaBHBCN (~4M
excess) with (L—L)BCuZCIZ‘nCHZCIZ (n=0,5, L-1=DPPP, cisVPP;
n=0, L-L=transVPP) in benzene and ethanol (~1:1,~ 50ml). The
reaction mixtures were stirred for about 6 hours., White
solids which were obtained either directly from the reaction
mixtures or by adding n-hexane to the reaction solutions were
collected by filtration and washed thoroughly with ethanol
(~15m1) and n-hexane (~1i0Oml)., The products were purified by
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recrystallization from methylene chloride/n-hexane and dried
under high vacuum for about 3 hours. Analytical data and
specific reaction conditions are recorded in Table X,

The same compounds for the ligands cisVPP and transVPP
were prepared from the reactions of NaBHBCN,Gv7M excess)
with [(1-1),Cu]C10, (L-1=DPPP, cisVPP) and (transVPP),Cu,(C10,),
in benzene and ethanol (~ixi,n«40ml). Products were isqiatéd

and purified as described above,

(ii) The complex (DPPB)BCuz(BHBCN)z‘CH013 was prepared from
the reaction of NaBHBCN (0. 42g, 6,6mM)'with
]KDPPB)zcu]Clou'CH2C12 (0.81g, 0,7mM) benzene and ethanol
(1:1,*v50mi). The reaction mixture ﬁas stirred over night and
a white solid was produced, This was fiitered off, washed with
ethanol (~10ml) and n-hexane Cv10m1), recrystallized from
chloroform and n-hexane and dried under high Vacuumvfor about

3 hours, Analytical data appear in Table X,

(1iii) The complex (DPPE)BCuz(BHBCN)2 was prepared in a
slightly different procedure from that described above. An
excess of phosphine (2,5g, 6.3mM) was added to a stirred
solution of CuCl,°®2H,0 (0.12g, 0.7mM) in benzene and ethanol
G~1:9,n~#0m1) and thelmixture was stirred for an additional
L hoﬁrs. Solid NaBHBCN (0.42g, 6,6mM) was then added slowly
(~10 minutes) to the resulting colourless reaction mixture
and the mixture was stirred for about 8 hours., The white‘

solid which was produced was filtered off and washed with
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ethanol (~10ml) and n-hexane (~10ml). The product was

purified by recrystallization from chloroform and n-hexane
and dried under high vacuum for aboutIB’hours;*

The complex was also prepared from the reaction of
NaBH4CN - (0.45g, 7.1mM) with [(DPPE),Cu]C10, (0.62g, O.6HmM)
in benzene and ethanol (1:2,~ 40ml). The reaction mixture
was stirred for about 6 hours before isolatidh of the product.
The product was collected and purified as described above,

Analytical data appear in Table X,

2.8.3, [(cis VPP)pCu](BHa(}N)

cisVPP (2.4g, 6mM) was added to CuCl,°2H,0 (O.14g,
0.8mM) in benzene and ethanol le:l,»v30m1) and the mixtﬁre
was stirred for about 6 hours. NaBHBCN'(Og33g,‘5.25mM)'was
then added to this reaction mixture and the.mixture.was stirred
for 6 hours. The resulting solution was cohcenfrated (to
~20m1) and then n-hexane was added to this concentrate precipitat-
ing a white solid., This was collected by filtration and
washed successively with ethanol (~10ml), n-hexane 0§10ml),
benzene (~10ml) and n-hexane (~10ml). The product was purified
by recrystallization from acetone and n-hexane and dried under
high vacuum for about 3 hours. Analytical data -appear in

Table X,



****penurjue)

IF
.r/.
(42°S) (€0°T4) (95°T) - —
N.Nom HW-ON; mwoﬂ PEPPE IR s oo eme 0.&0.0..00.0.00..... so 00000008 AzommmMﬁUNAm\HSrmﬂom
(00°9) (69°99) Amw.ﬂv ) 3Y3TU a8AQ (ssedoxe WE $529°0) zommmmz + a
2H°GC  02°69  z22°2 2 sanoy g (ss8dxa N9 ¢3.°0) zommmmz + v NaommoomﬁzommmvmsomAmm>Mﬂmv
(91°G) (€8°89) (00°2) P sanoy 9 (sseoxa 1y *3g6°0) zomzmmz + a
h6°H 08°89 €1°2 P sanoy 4 (ssaoxa WG *32°71) zommmmz + 4 Nﬁzommmvmsomﬁmm>mmmapv
(49°S) (80°G9) (#4°1)
69°S L2°S9 65°T b 1usTu Jen0  (sseoxs w6 196°0) NoPmaen + v ETomo.?(noue)Pnof (gaaq)
(28°G9) (€0°69) (H6°1) : € 7PN S SN 4
€0°9 AL2°69 2t°'2 2 sanoy 9  (Ss90Xd WG°E ‘F19°0) NO“HAeN + Q (NDHE) “nd* (444Q)
(96°G) (€5°89) (66°1) € rAPIR S AN 4
ihts - L9 89T P sanoy 9 (sseox® WIT *30°T) ND'Hd®N + V (NO™H4E) “nd* (Fdd0)
(8€°S) (29°49) (64°2) : €
m\_ﬂom :Nodw N»WQN s eoveoe ecee 0o oo ® o e 000000 0eveoceoooe e e ev o0 eceooe AZU mmszAmmmav
(L0°9) ($2°99) (4§°2) o sanoy €  (sseoxs Wz f215°0 ) NOPHEeN + m
60°9 96°99 26°%¢ o sanoy g (ssooxa Wy {31°T ) zommmmz + v Azommmvsoﬁwmmmnv
(42°9) (44°99) (15°2) © sanoy 9 (Sse0x8 WE $99°0 ) NOPHEEN + T
G2°9 L0°L9 94°2 P sanoy g (ssedoxa W9 32°7 v_zunxmmz + v Azommmvzommmmnv
(€ET°S) (20°'49) (Li8°2) ¢
mmo\: .H@.ﬁm @N&.N LR s 0000900 oo 0000000000000 [ E R R R EEEEE) AZO mQVSOAEmQV
(€1°S) (20°%9) (48°2) € 2 €
96°% 16°€9 G€*z 0 sanoy g (ssedoxa WG !59°T ) NO“HA®N + 4 [(NO“HE) D (Wada)]

, _ v . £

H 0] N PIToS °*y3doeea jo aury “xmﬁm%mw mmMM@WV Mmpawpoawm ~xa1dwojp

gSo8Ateuy "SUOT3Tpuod aAT}ededaayg

(1)aaddod jyo saxardwoo
93Bx0qO0xpAyTIoUBLD JO BiBp TBOTJATBUB pUB SUOT3TPUOd aATeIedeag ‘X 91qeg



75

*UCTSSNOSTP 999 *°**

*3onpoad paysem

8y sem Azommmv:oAmmmav punodwod ayg .m:ﬁNm:a:\maozo woxy pazlITe}shiosa

SBM YOTUum maoxo.ﬁzommmvw:omAmmmnv aﬂmoxmAmsmxw:uﬁ\mvmuoano ausTAyeuw woay
uwaﬁﬂawpmanowu oIoM SoxdTdwod TTY *8JaNyXTW UOT}OBAI 8Y} UT PAUTBLQO PITOS P

‘uoTINnIos uoT30BAI Y3 03 auexay-u Fuippe £q pautTe3qo prros o ‘*s3onpoad

POZTTTRISAI00 a20m q PUe 9 ‘g ‘v t%Tolmou.210%nof(1-T)=q ‘Tono(1-T)=a
.NA:OHovwsomﬁquvum .Naommosr:OHo@omﬂq-Amu< q °*stseyjueged ur SenTEBA DeLEINOTE) ®B

‘panutiuc) - ‘Y olqey



76
3. RESULTS AND DISCUSSION

3.7 General:

Copper(I) chloride or perchlorate complexes were
prepared from reactions of copper(II) chloride or perchlorate
with a series of bidentate phosphines in benzene and ethanol
at room temperatures. The products of these reactions were
then treated with either NaBH4 or NaBH5CN. The compounds
which have been isolated from all these reactions are
summarized in Table XI - from which it is clear that several
different types of complexes have been obtained having phos-
phine: Cu fatios of 1:1, 3:2, and 2:1. Further, complexes
containing coorainated BHZ and BHZCN_ groups have been ob-
tained.

Regarding reactions between copper(II) cbloridé.or
perchlorate with the phosphines, reduction of Cu(II) to Cu{I)
occurs most readily in mixtures of benzene and ethanol al-
though the rate of reduction and product type depend on the
type of phosphine and the nature of the counter anion. The
known complexes [(DPPM)Cucl]2 , (DPPE)30u2C.12, and (DPPE)-
Cu2012(50,122)_were obtained in these studies by different
procedures from those described in the literature, which
involved direct interactions of phosphines and copper(I)
chloride (50,122).

The tetrahydrqbdrate and cyanotrihydroborate complexes
were generally prepared from reactions of NaBH4 and NaBHBCN
with the copper(I) complexes discussed above, although the

known complex (DPPE)BCuE(BHBCN)2 (prepared in éthanol)(55)
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was prepared by a slightly different procedure (prepared
in benzene and ethanol) and appears to have different pro-
perties (see later) from the complex with this formulation
reported earlier (55). Reactions of NaBH, with (IL-L)CuCl
(L-1L=DPPPe,DPPH) complexes produce trace amounts of a black
s0lid which contaminates the main (L—L)Cu(BHq) products.
The filtrates obtained after isloation of the latter
complexes were sometimes yellowish, but so far no compound
has been isolated from these filtrates, nor could the black
product be identified, although it can be sebarated from the
main BH, complexes when they are recrystallized. It is pro-
bably formed by the decomposition of a small amount of the
Cu(I)-tetrahydroborate complex (it is known that various
metal salts are reduced to the corresponding metal boridés,
reference 160) in the presence of an excess of NaBH4 or,
more likely is formed by reduction of Cu(I) to Cu(O0).

The complexes listed in Table XI are white and stable
in air for indefinite periods. The complexes almost always.
retain solvent molecules, especially methylene chloride but
also water, during crystallization and these molecules are
sometimes difficult to remove even when the complexes are
kept for prolonged periods under high vacuum. The presence
of solvent was confirmed in each case by mass spectrometry.-
The crude complexes generally showed the presence of con-
siderable quantities of water which could be removed by re-
peated recrystallization. The removal, or even partial re-

moval of water (from a DPPM complex) was accompanied by
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marked changes in the IR spectrum, especially in the region
of hydroborate absorptions and may indicate that the water
may actually occupy coordination sites.

Considerable difficulties were encountered in ob-
taining reasonable elemental analyses especially with
cyanotrihydroborate complexes and this might be connected
with varying amounts of solvent.

The physical and chemical properties of the complexes
will now be discussed and for convenience, the discussion
is organized according to the type of complex formed. It
is necessary to mention here that positive chemical shifts
in the NMR spectral data are downfield and negative data are
upfield with respect to 85% H5P04 in;BqP spectra and to TMS
in 1H spectra respectively. All 5/]P NMR spectral data re-
ported in these studies are proton decoupled and all NMR

spectra were recorded at room temperatures.
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3.2 Copper(I) chloride complexes:

32.2.17 (IL=-1L)CuCl complexes:

As seen in Table XI, complexes of this type are formed
for L-L = DPPM, DPPP, DPPB, DPPPe and DPPH. p NMR, 'H NMR,
conductiVity, infrared and molecular weight data of repre-
sentative complexes are presentéd in Table XII. Some actual
5/"P NMR spectra are shown in figure 12.

The molecular weight in CH2C12 of one of these complexes,
(DPPM)CuCl was found to be 1015 from which it is clear that
the:compléx is dimeric. The same complex was found to be
essentially a non-electrolyte in CH,Cl,(the equivalent con-
ductivity does not increase above 5.6ohm'1cm2equiv —1). So
the chlorides of this complex do not apparently dissociate
in this solvent.

Far infrared spectra (450-200 cm-q) of all the com-
plexés of this type do not show any absorption above 2OOcm_1
which may reasonably be assigned to Cu(I)-Cl strétching
vibrations. This absence probably reflects the fact that
the chlorides in these complexes are in bridging rather
than in terminal positions, and would be consistent with
dimeric structures as already indicated for the DPPM complex.
Some support for this interpretation comes from an analysis
of the far infrared spectrum of the complex [(CastB)ECuCilg,
where the absence of similar bands above 200cm~ | has been

explained by suggesting that the chlorides are also in

bridging positions (153).
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The 1H«NMR spectrum of one of these compounds,
[(DPPM)CuC1), (in ODCl;) exhibits a broad peak at +3.15 ppm
for the methylene protons of DPPM at a position which is
slightly downfield with respect to those found in the un-
coordinated ligand (+2.97 ppm, CDzC0CDz). The slight shift
and the observation of a single peak might indicate that
the ligand'remains coordinated in solution and that there
is only one type of ligand attachment. No fine structure
was observed.

ThquP NMR spectrum (CH2012) of the DPPM complex
(Figure 12) exhibits a singlet at -7.7 ppm and a very weak
peak at -15.4 ppm. The latter is probably due to a trace
amount of-an impurity. The signal at -7.7 ppm is almost
certainly an indication of the equivalence of the phosphorus
atoms of the ligands. The ° 'P NMR spectra of the DPPP, DPPPe
and DPPH complekes of this same type exhibit a sharp singlet
which can also be interpreted as being due to the equivalence
of the phosphorus atoms in these molecules as would be ex-
pected from tetrahedral or trigonal Cu(I). The fact that the
signals are sharp with no splitting may alternatively in-
dicate that some exchange process occurs. A single sharp
peak in the 51P NMR spectrum (CD2012) of the compound
(MePth)BCu(BH4) has been explained in terms of equivalence
of the phosphines as well as to rapid exchange of phosphines
on the overall structure (93). |

In summary it therefore appears from IR, 3/]P,, molecular
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weight and'conductivity data that this related group of
compounds having the same metal: phosphine stoichiometry
are probably all chloride bridged dimers with chelating
phosphines and tetrahedrally coordinated copper as shown

in figure 11.

P\C /01\ u /P
YN

Figure 11

Turning now to chemical shift'stﬁdies, coordination
chemical shift,/\ , may be defined as the difference be-
tween the chemical shift of the coordinated and free phos-
prhines. It is interesting to note that the coordination
shift for the chelated phosphines in these complexes are
small and depend to a large extent on the size of the chelate
ring (see Table'XII). Thus, the four-membered chelate ring
in [KDPPM)CuCl]2 experiences a much larger coordination shift
(A= +15.9) than for example, in a six-membered chelate
ring in (DPPP)CuCl (A =+2.5)., Five membered rings (strain
free) commonly exhibit a larger value for A than a four-or
six-membered rings (154). As in the present studies, no
complexes containing a five-membered chelate ring of the
(L -L)CuCl type could be isolated, it is not possible to
compare the value of four-membered chelate ring in [ZDPPM)-

CuCl]2 with a five-membered value. In view of the current
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interest in coordination chemical shifts and ring size
effects (162), the shifts obtained in the complexes ob-
%aiﬁed in this exploratory study would merit further in-

vestigation in any extension of this work.

3.2.2 (I-L)5CusCl, complexes:
32

These complexes (with L-L=DPPM, DPPE, DPPP, trans-—
VPP, cis VPP, see Table XI) are generally formed from
reactions where a larger excess [than required for the for-
mation of the (L-L)CuCl complexes] of phosphine has been
used. 'Complexes of this type have been obtained only with
those phosphines having bridging tendencies e.g. DPPM,
DPPE and do not appear to be formed with long chain bis
phosphines e.g. DPPPe,DPPH. The complex (DPPM) 3Cu,Cl,
could not be precipitated from the reaction mixture (benzene
and ethanol) and was isolated by dissolving the concentrate
of the reaction mixture in methylene chloride followed by
the addition of n-hexane. The other complexes of this
type however, are precipitated directly from the reaction
mixture. The > P NMR, and some 'H NMR, infrared, conduct-
ivity, and molecular weight data of these complexes
(representative) appear in Table XII. Some actual 51P NMR
spectra are shown in figure 12.

The known compound (DPPE)30u2012.2(Me200) (122) is
very significant in this group because its crystal structure
is known and shown in figure 74, page 34. Thus one of the

DPPE ligands bridges two copper atoms each of which is also
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bound to a chelating DPPE and a chloride (122). Thus, in
contrast to -’che{(L—L)CuCI}2 complexes, the terminal Cu-Cl
stretching frequency in the above structure is clearly
visible at 248 cm‘q (see Table XII) in the far infrared
spectrum. The related complexes with DPPM and DPPP all
show strong péaks in the 262-235 co™ region which have
been assigned to the terminal Cu(I)-Cl stretching frequency.
For a similar complex (DPPA);Cu,Cl, a strong band at 267
cm'q has also been assigned to the terminal Cu(I)-Cl stretch-
ing frequency (49). However, in the éomplex (ggg VPP);—
Cu2012.0.50H2012 no absorption occurs in the 300—200 cm"'/I
region. It was alsornot possible to assign any ionic Cu(I)-Cl
stretching frequencyﬁdué to ligand vibrations at about 325
cm™ .

If the known solid state structure of (DPPE)BCugcl2
is retained in solution, the 2 'P NMR spectrum should show
two signals of different chemical shifts and superficially,
one would expect a ratio of the areas under the two peaks
of 2:1 due to the two different types of phosphine present.
In fact the 2P NMR spectrum (CgHg) of this compound does
display (Figure 12) two signals-one very broad peak centered
at —11.6‘ppm and a second weak peak at +29.1 ppm. However,
the ratio between the area of the peaks is not as expected.
Furthermore, the ratio varies with the concentration of the
sample and with the solvent. This behaviour is however not

unexpected since magnetically different phosphorus nuclei

will experience different nuclear Overhauser effects (NOE)
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énd therefore will give different intensities from those
predicted Just as do magnetically different carbon atoms
in 12¢ spectra. In general '2C NMR spectra cannot be in-
tegrated at all for this reason siﬁce even small changes in
environment cause very large deviations from the intensity
which would be predicted if NOE effects were the same for
all C atoms. While the effects are less extreme in 3p
NMR spectra than in 150 NMR spectra, considerable care has
to be taken to record 5/]P NMR spectra in which the integra-
tions are reliable.

The EqP NMR spectra of the similar complexes with
DPPM, DPPP, and cis VPP also exhibit two signéls -one gen-
erally in the upfield region and the other generally dowh;'
field (see Table XII). As in the case of DPPE, discussed
above, integration of the two peaks in these other cases
generally give values which were not in the expected ratio,
although in the case of the DPPM complex, the upfield peak
is seen to be almost twice the area than the downfield peak.

Considering other factors of those spectra, in the
case of the DPPM complex the downfield resonance appears to
be resolved into the expected triplet (J= 40H8, in CH2012)
(arising from coupling of the bridging and chelating P atoms),
with the outer two peaks being of very low intensity. As
mentioned above, the spectrum varies, even in the same

solvent (CH2012), although in all cases two signals occur

in the same position. Conductivity studies (CH2012) of the
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DPPM complex (see Table XIT) indicate that a little iomic
dissociation also occurs in SOiution,

The 2'P NMR spectrum of (cis VPP) 5Cu,01,.0. 5CH,01
also displays a very broad unresolved peak centered at
+9.% ppm and a sharp peak superimposed on this at +20.71ppm
although, as usual, the peaks are not in a 2:1 ratio. How-
ever, bearing in mind the known solid state structure of
(DPPE)5Cu,Cl,, the fact that the 3'p NMR spectra of all
these complexes (DPPM, DPPP, cis VPP) show two signals may
be considered reasonable evidence for the presence of both
‘bridging énd.chelating phosphines in the molecules.

The signals due to the chelating phosphines in the
3/IP NMR spectra of complexes of the type (L-L)CuCl already
discussed éppear in the upfield region. Thus, by analogy,
the upfield peak in the complexes of the type (L-L)5Cu,Cl,
may be considered to be due to the chelating phosphines
and this is supported by the fact that it is the larger
area peak which occurs in this region for those phosphines.

Considering 1H NMR spectra, one would expect that
the methylene protons of the bridging phosphines might
have different chemical shifts from those of the chelating
phosphines at least for the shorter chain systems. There
is literature precedent for this and, for example, the
1H NMR spectrum of (Co)z(DPPM)2MoI2 shows a triplet center-
ed at +5.23 ppm (JPH = 11Hs) and ‘a broad singlet at +4.67
ppm aséigned to the methylene protons of the chelating and

monodentate bridging DPPM ligands respectively (155). Thus,
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the two signals for the two different DPPM ligands occur
at considerably different chemical shifts in the spectrum
of the above complex.

Accordingly, the qH NMR spectra of the complexes
(L—L)50u2012 (1L-1L =DPPM, DPPP) have been carefully examined
in the region of the CH, absorption. The spectrum of (DPPM)j'
Cu,Cl,.CH,C1, (in C6D6) clearly shows two broad signals for
the methylene protons of the different bPPM ligands. One
signal at +3.87 ppm may be assigned to the chelating ahd
the one at +3.32 ppm to the bridging DPPM methylene protons
respectively by analogy with the DPPM-Mo complex discussed
above. The ratio between the areas of the two peaks is
difficult to estimate exactly because of the presence of a
partially overlapping well defined triplet (1:2:1) centered
at +3.62 ppm (J=14Hs). This is possibly due to solution
dissociation of the complex and some subsequent reactions.
On the other hand, the CH, protons of DPPP in (DPPP) 5Cu 01,
.O.50H2012 appear as a broad featureless signal slightly
downfield with respect to the free phosphine signal. This
is not unexpected because even without dissociation the
bridged and chelated dimeric copper(I) chloride system in
this case would contain four different types of CH2 group
all with similar chemical shifts and extensive coupling
with phosphorus and with each other. Considerable signal
overlap would therefore be expected to lead to the broad

featureless signal observed.
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Thus, from the available data the complexes dis-
cussed above may be viewed (albveit tentatively bearing in mind
the poorly defined spectra) as having a structure like
-that of. (DPPE)BCu2012(122) with each copper atom being
tetrahedrally coordinated by three phosphorus atoms,

(two from a chelating and one from a bridging phosphiné)‘
and one chloride ion. In such a structure with three
phosphorus atoms and one chloride around each copper atom
a single Cu(I)-Cl stretching frequency is expected.

There is one complex with this ligand to metal to
chloride ratio recorded in Table XII which does not fit
this generalization., Thus although the complex using trans-
VPP as the ligand shows in its far infrared spectrum a
stfong band at 237 cm~ which has beénraséignedvto the
termiﬁal'Cu(I)-Cl stretching frequency, (aanher band of
comparatively low intensity at 277 en” ! is suspected to be
due to a ligand vibration) the 2T NMR spectrum of the com-
pound is different from those of the others in that it ex-
hibits only a single very broad resonance centered at

~8 ppm - the position for the free ligand. This might be
due to some exchange process or dissociation of the phos-
phine in solution or it might indeed be characteristic of
a stable complex where the trans geometry of the ligand
would inhibit chelation.

On the basis of IR and 2 'P NMR data and the rigid
trans geometry of the ligand, the complex is tentatively

assigned a structure where all of the phosphines are
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bridging. FEach copper atom is probably tetrahedrally co-
ordinated by three phosphorus atoms, one from each'bridg—
ing phosphine and one terminal chloride. A similar structure
has been proposed for the compound (DPPA)BCuBCl2 by-con—
sidering the linearity of the phosphine, the molecular
weight, and the far infrared spectral data (49).

3.3 Copper(I) perchlorate complexes:

3.3.17 [(1-1)-CulC10, complexes:

Except for DPPM and transVPP, all the ligands in-
vestigated in this work produced this type of complex from
reactions with Cu(0104)2 (see Table XI). Infrared absorp-
tions due to the Cl0, group, > P NMR, conductivity and
molecular weight data of these (representative) complexes
are recorded in Table XIII. Some actual 5,]}P NMR spectra
are shown in Pigure 13.

Infrared absorptions at 625 and 1100 cm-q (broad)
(see Table XIII) are characteristic of ionic perchlorates
(156) in these complexes. Furthermore, the Vq frequency
at about 930 cm'qcharacteristic for a monodentate 0104 group
has not been seen in these complexes. Additional informa-
tion to support this view comes from the solution properties-
of these complexes. Thus, from the conductivity data
(CH2012) (see Table XIII) of the representative complexes
[(DPPE)QCu]ClO4, and [(DPPB)2Cu] Cl0Q,*CH,Cl, it can be
concluded that these complexes are uni-univalent electrolytes.

Molecular weight measuréments (CH,Cl,) of the complexes
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Figure 12. The - P{HY} NMR spectra of (a) (DPPM) 50u,01 5. CHC,
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[(DPPE)QCu] ¢10, and [(Di’—‘Pl-’-’)‘,';,Cu](3101,r have shown values of
considerably less than the formula weights (see Table XIII)
further supporting the presence of ionic perchlorate in these
complexes.

What is surprising is that the 5/'P NMR spectra of
these apparently very similar complexes fall into two main
groups, one with a very broad signal and the second with
a sharper and generally poorly resolved multiplet (see
Figure 13). Thus the 3/]J':’ NMR spectra of the complexes
[(L-L)2cu]c31o4 (L-L;DPPE, cis VPP, DPPP) exhibit a very
broad absorption. This might indicate the equivalence of
phosphorus atoms of the ligands as well as some exchange
processes. On the other hand the 3/’P NMR spectra of the
complexes [(L-L),Cu ] C10,.CH,C1, (L-L = DPPB, DPPPe, DPPH)
are all quite different and all display sharp reasonances
as, generally, poorly defined multiplets with J =~40-60 Hs.
In fact the spectrum of the complex with DPPB shows a well
defined quintet (J = 43Hs) with a gradual lowering of inten-
sities of the outer peaks. Though the multiplicity here is
difficult to understand, the splitting of the resonance into
fine structure indicates that the compound is slightly dis-
torted with regard to the disposition of the P atoms. This
could arise in a tetrahedral system through puckering of
the very long chelating chains such that the P arrangement
about the Cu atom becomes a distorted tetrahedral geometry.
The couplings observed then might be due to magnetically

slightly none-equivalent P atoms coupling through the P-Cu-P
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link. Why the shorter chain ligands should give broader
5/IP signals is not at all clear and this phenomenon deserves
further study when this work is extended.

The apparent equivalence (or near equivalence) of the
phosphorus atoms of the ligands (whether broad or sharp
31p signals are observed) and the fact that the perchlorate
groups are ionic, suggest that the copper atoms in these
complexes are coordinated to the four phosphorus atoms of
the two chelating ligands. In this connection, an X-ray
investigation of a related type of complex [(MeCN),Cu] C10,,
has shown (29) that the copper is tetrahedrally coordinated
Which is also most likely the case with the bidentate ligands

discussed here.

3.3.2 (L;L)ZCug(Clgq)g complexes:

Complexes of this type were obtained only with the
ligands DPPM and trans VPP which, as has been noted before
in this chapter, have bridging tendencies (see Table XI).
The infrared absorptions (cm'q) due to the ClOZ group, con-
ductivity, molecular weight and 51p NMR data of these (re-
presentative) complexes appear in Table XIII. Actual 5/]P
NMR spectra of these complexes are shown in Figure 13.

The infrared absorptions of the Cl0, group in these
complexes are characteristic absorptions for a monodentate,

oxygen coordinated perchlorato groups (156). Thus unlike

the ionic perchlorates in the [(I-L),Cu]C10, complexes,
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discussed earlier, these complexes show Vq absorptions
at 930 em™ (see Table XIII) charéctéristic>of monodentate
perchlorato groups. Conductivities of these complexes in
MeCN are seen to be close to the values expected for uni-
univalént electrolytes, indicating that ionic dissociation
occurs in solution. However, the slope is found to increase
considerably (~:900cm% equiv—%ohm'q) for the DPPM complex
at high dilution (<& 107°M). Clearly complete dissociation
woyuld lead to a 1:2 electrolyte and this is only achieved 
at Very high dilution. While most of the conductivity data
have been recorded in CH,Cl,, it was necessary to use the
more polar MeCN in these cases because the complexes have
low solubilities in CH,Cl,. |
. 'The ionic dissociation of these complexes'in solution
is further supported by molecular weight measureménts ih the
same solvent which shows only about one third of the value
of the formula weights (see Table XIII).

The 3p NMR spectrum (CHEClE) of the complex (DPPM);—
Cu2(0104)2 is hard to explain on the basis of a single com-
pound. Thus, it exhibits a pair of doublets one centered
at -2.8ppm, and the other at +46.5ppm, both with the
same coupling constant (26.8H8). By analogy with previously
discussed systems one might expect these to be due to two .
types of P atoms of‘chelating and bridging DPPM ligands.
However, the multiplicities apparently rule this out since

they are more consistent with coupling between nonequivalent
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P atoms in the same bis phosphine system with no addition-
al couplings present. The spectrum also shows a very
weakkdoublet centered at +32 ppm and (J=25,5H§) and a weak
broad singlet at -11.6ppm. This suggests that more than
one species is present in solution (as is also suggested
by the molecular weight and conductivity data) and it is
impossible to make structural assignments from these data.
Clearly the solid state and solution structures are entirely
different.

The analytical and solid-state IR data suggests that:
the compound (DPPM)50u2(0104)2 is closely related to the
corresponding chloride, and has tetrahedral copper atoms,
each coordinated by three P atoms, one from a bridging and
two from a chelating phosphine, and one perchloratd group.
If this is the case, the Cu(I) chloride and perchlorate
systems have entirely different structures in solution.
X-ray structural data on the perchlorate complex discussed‘
above would be highly desirable.

The 5/lP NMR spectrum (MeCN) of the analytically re-
lated coﬁpound (trans VPP)BCug(ClO4}2 displays a well de-
fined though relatively weak doublet centered at +20 ppm
(J=31Ha), with a possible indication of monodentate co-
ordination of the ligands. However, the spectrum (in the
highly coordinative solvent MeCN) also shows very broad ab-
sorption of very much greater area than the doublet men-

tioned above centered at -4 ppm. This may be due to six
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magnetically identical or very similar P atoms coordinated
to two Cu atoms. The relative areas of the doublet and
the broad absorption are such as to suggest that the doublet
arises from some impurity or dissociation product. The com-
plex could be isolated from MeCN.

Thus, considering the probable presence of monoden-
tate perchlorato groups the complex may tentatively be
viewed as the binuclear species in which two tetrahedral
copper atoms are bridged by three phosphines with the fourth
coordination site occupied by a perchlorato group.

In summary, while the - P NMR data for these complexes
must be treated with considerable caution since various
equilibria clearly operate in solution, the analytical andi
solid state data are quite consistent with fairly conven-
tional systems for which there are ample precedents in the

literature.

3.4 Tetrahydroborate complexes of copper(I):

3.4.1 (L-L)Cu(BH,) complexes:

Complexes of this type are obtained with L-L=DPPM,
DPPE, DPPP, trans VPP, DPPB, DPPPe, DPPH (see Table XI).
They can be made from reactions where complexes of the type
(L-L)30uy0l,, [(T-L)cuci],, [(L-L),Cu]C10, and (L-L);Cus
(0104)2 are used as starting materials as well as by treat-
ing a mixture obtained from the reaction of Cu012.2H20 and
DPPM with NaBH4. Clearly these reactions lead to the

formation of the most common type (see the introduction to
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Figure 13. The 31P{h}NMR spectra of (a) (DPPM)BCug(ClO4)2,

and (b) (trans VPP)BCuE(ClO4)2
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Figure 13 cont'd. (c) [(DPPE),Cu]C10,, (d) [(cis VPP),Cu}C10,,
(e) {KDPPP)2Ca]01o4,.(f) [(DPPB),Cu]C10,.CHLCL, (8) [KDPPPe)g-
Cu30104.CH2012,and (1) [(DPPH) ,Cu] €10, .CH,C1,
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this thesis) of complex containing BH, known. Of major
‘interest in this work is the mode of coordination of the
BH, g&roup.

Physical data including molecular weights, infrared,
and 5/]]P NMR are recorded in Table XIV. Molecular weight
data have been obtained for three representative complexes
and they indicate that the complexes appear to be monomeric
in solution, although in the case of trans VPP the value is
little higher than the monomeric value. (see Table XIV )

On this basis alone the most reasonable arrangement would
involve, assuming four-coordinate copper, bidentate BH4
groups.

Infrared absorptions for various modes of BH4 co-
ordination (see Figure.8, P. 39) in tetrahydroborate com-
plexes have been discussed earlier (section 1.6) and char-
acteristic peaks observed for monodentate and bidentate
attachments of the'BH4 group are listed in Table IV (page
45) and Table V (page 46) respectively. The solid state
structure (111) of the complex (PhBP)2Cu(BH4) has veen
shown to contain a bidentate BH4 group, for which the char-
acteristic infrared absorptions appear in Table V (page
46).

As mentioned above, the stoichiometries and molecular
weight data mentioned above suggest that there is probably
a very close relationship between the triphenylphosphine
complex and the bidentate phosphine complexes (L—L)Ou(BH4),

obtained in the present work. This relationship will now
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be examined and we will start by considering the IR data
for these complexes.

Infrared absorptions attributable to the coordinated
BH4 groups of these complexes are recorded in Table XIV.
Some actual IR spectra are also shown in Figure 14. For
convenience and to allow easy comparison, the infrared
absorptions of the bidentate BH, group in (PhBP)gou(BHq)
are included in Table XIV. ZFrom Table XIV it can be seen
that the spectra of the (L-L)Cu(BHq)' complexes are all
qualitatively very similar and are in turn similar to the
spectrum displayed by (PhBP)gcu(BHq). For example, the
BH_b terminal and BHb bridging regions are very similar, as
is the appearence of the strong absorption at about 1135 cm—q
assignable to the BH deformation. A weak peak at about
2240 Cm—q in these complexes has been tentatively assigned
to an overtone of a BH deformation, although it should be
noted that it is not precisely double the ffequency of the
BH deformation. However, it is not possible to assign any.
bridge streteh in the 1500-1300 cm"/I region because of the
presence of ligands and Nujol absorptions in this region.

It is therefore reasonable to assume on the basis
of this IR data that the (L—L)Cu(BHq) complexes listed in
Table XIV have the same type of bidentate BH,, attachment to
the copper(I) as in (PhBPZQCu(BHq). Presumably the phos-
phines act as normal chelating ligands to make the copper
four-coordinated, although exactly how this could be

achieved with trans VPP is not clear. In this connection



104
it should be noted again that this complex gives a moleculér
weight which is superficially higher than a.mbhomeric system
would give. The possibility therefore arises that here we
have a dimeric system (partially dissociated in solution)
with two bridging bis phosphine 1igands and two bidentate
BH, units.

.The 51P NMR spectra (Table XIV) of the complexes
(1-L)Cu(BH, ) .nCH,C1l, (n=0.5, L-L =DPPM, DPPP; n=0, L-L-DPPE,
DPPB, trans VPP, DPPH) display single resonances (Figu:e
15), whiéh occasionally show indications of what might be
fine.structure. This observation of a single resonaﬁce in-
diéates the equivalence of the phosphorus atoms in theée_
complexes as would be expected if the complexes have a
structure analogous to that of the triphenyl phosphine
complex. Such a structure is not possible for the trans-
VPP complex as already observed above but the 2 P NMR
data in this case is still consistent with the dimeric
structure proposed for this complex above. The 3/l.‘P NMR
spectrum (CHOlB) of the closely related complex (DPPPe)-’
Cu(BH4).O.SCH2C12 displays, however, two broad overlapping.
peaks (see Figure 15)'in a ratio of approximately 1:1. The
signal with the lower chemical shift (-15.5ppm) is at the
pdsition of the free ligand. The spectrum also contains
a pair of weak unsymmetrical doublets one centered at +32
ppm (J=%1.5H&) and the other at +23.8ppm (J=9H&). This
result strongly suggests that partial neutral ligand
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dissociation occurs in solution in this case and that -
possibly, the phosphines show a tendency to becomé mono-
dentate in solutioh.

The compound (DPPM)Cu(BH4).H20 (apparently analogous
to the CH,Cl, solvate discussed above) is obtained after the
first recrystallization of the crude reaction product from
methylene chloride/n-hexane [see section 2.6.1 (ii)]. That
the compound is a hydrate is confirmed by the IR spectrum of
the compound which exhibits a weak broad absorption at 3550
cn™ with the second weak peak at 1670 cm~'. While the IR
spectrum is similar to that of the CH,Cl, solvate dis-
cussed above (see later discussion), the 5/IP NMR spectrum
of the compound in CH2012 (which has been reproduced several
times) is entirely different and displays two sharp peaks
(-16.6 ppm, -4.3 ppm) of almost equal area and inténSity.
This surprising result suggests that the two phosphorus
atoms are not equiValent and the sharpness of the signals
suggest'that they are also not coupled to any significant
extent. This means probably that the water molecule
would have to be occupying a coordination site on the
copper so that the metal ion in this case would be five co-
ordinate, unless the compound is polynuclear in which case
a more complex structure would apply - that is, if the
system is five coordinate the two P atoms would have to
occupy an apical-equatorial arrangement in either a trigonal

bipyramid or a tetragonal pyramid.
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When (DPPM)Cu(BHq).HEO is repeatedly recrystallized
from_Cchlg/n—hexane, the water molecule is eventually_re-
moved and (DPPM)CQ(BH4).O.5CH2012 is produced. - The IR
spectrum in the BH4 region is essentially unchanged from
that of the hydrate. However, the 571p MR spéctrum now
exhibits a single peak at -5.5 ppm. Clearly the phosphorus
atoms are now equivalent and presumably the copper is again
tetrahedrally coordinated. This particular compound has
a molecular weight which confirms the monomeric nature of
the complex (as mentioned earlier).
1H NMR spectra for many of these complexes have been
recorded but they are in general poorly resélved and fre-
quently contain many overlapping multiplets. They provide 
very little useful information and wiil not.be'disduSSed
further here. However, low temperature studieé where dis-
sociation and fluxional processes would be slowed and
where correlation time decoupling (see the introduction tqf

1

this thesiS) of B from T8 could occur would be a useful. .

extension of this work.

3.4.2 [(DPPM),Cus(BH,)1C10,

This insoluble complex, prepared by treating the
coldurless mixtufe'obfained from the reaction of Gu(Cloq)Z-
*6H,0 and DPPM (see sectiam 2.6.2) with NaBH, has been
reproduced three times.

The perchlorate group is seen to be ionic as the

compound displays in its IR spectrum s broad absorption. at
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1100 cu” | and a strong sbsorption at 627 cm™ (156). No
absorption at about 930 cn” assignable to the V, freguency
characteristic of a monodentate ClOZ group is seen. 'Thel
difference between the BHt and BHb absorptions is seen to
be smaller (see Table XIV) in comparison with other (I-L)=
Cu(BHq) complexes, and no BH deformation band was detect-
able. However, this might be due to the strong and broad.
absorption of the CIOZ group at 1100 cm;q. The BHb absorp-
tion in this complex is seen to be much stronger than_BHt
absorption (see Figure 14).

From the data given above it is not possible to

assign a structure to this most interesting complex which

clearly merits further study in any extension of this work;
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Figure 15. The ° P{HYNMR spectra of (a) (DPPM)Cu(BH,).H.0,
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3.5 Formation of a probable copper(I) hydride complex:

It is clear from the earlier discussion (section
1.%.4.3) that only a few copper(I) hydride complexes are
known and those recorded in the literature have little or
no conventional spectroscopic characterization. Transition
metal hydride complexes are frequently obtained from react-
ions of hydroborate ions with metal salts in the presence
of suitable ligands (see the introduction to this thesis).
Thus the possibility in the present work that copper»hydride
complexes could be formed in such reactions required investi-
gation Indeed, one of the.main reasons why the present
w(rk was undertaken was to establish whether, in addition
to copper(I)-BH4 complexes, copper(I) hydride complexes
could be prepared using bidentate phosphine ligands in
these metal ion - BH4-reactions. It would be especially
interesting, to study the spectroscopic properties of such
systems.

In this connection, it was found that the reaction
of NaBH, with (DPPE)Cu2012 in benzene and ethanol under a
nitrogen atmosphere (i.e. under slightly different conditions
from those outlined in the previous section) produced a
yellow-red solution from which a yeliow solid could be pre-
cipitated by the addition of n-hexane. The crude product
is soluble in benzene and produces a red solution, from
which it can be recrystallized by addition of n-hexane.

In one instance the complex was recrystallized three times
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in this manner without any change. Although the product
forms red solution in benzene, the precipitated product is
obtained as a yellow solid. This synthesis has been re-
produced several times, and always the same product is‘ob—.
tained.

This complex is,.in factythe only coloured compound
obtained in all of the new reactions described in this
thesis. It is unstable in air and decomposes to give a
green solid after a few hours. In a CH,Cl, solution (red),
decomposition to give a green solution.occurs after about
14 hours even under nitrogen. In the solidistate; the
colour of the compound also fades after a prolonged time
(even under nitrogen atmosphere).

| The 5/1P NMR spectrum of the crude reaction solution
(red) displays a fairly sharp signal with, possibly, some
poorly resolved fine structure centered at +33.7 ppm
(J=~3%5 Hs) and another broader signal showing unmistakable
fine structure centered at -7.9 ppm. The two major lines
(poorly resolved) of this signal are of equal intensity and
are separated by 53.6 Hs while a third peak of lower inten-~
sity on the lowfield site of the signal is separated from
the nearest main peak by 168 Hz (see Figure 15A). However,
the isolated and apparently pure yellow compound displays
a broadened doublet type of resonance centered at -7.7 ppm
(J=116 Hz) in its >1p NMR spectrum (Figure 15A) in CH,Cl,
and probably all of the P atoms present are magnetically:

very similar. Considering briefly 1H spectra, no resonance
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is seen upfield of TMS for the compound in benzene
and ethanol mixture or in CH,Cl,. However, the crude
reaction solution (red, benzene and ethanol) exhibits a
single peak at -20.7 ppm in the o nMR spectrum.

Solid-state IR spectrum of the recrystallized com-
pound shows no peak'in the BH4 aﬁéorption region but a very
interesting strong peak at 1685,cm_q. Howéver, no absorp-
tion in the 3550-3200 ca” region is seen, assignable
to the OH stretching frequency of water or ethanol (although
a very broad absorpfion might not be easily seen) and the
peak ét 1685 Cm"ﬁis therefore probabiy not due»tq the co-
ordinated OH group of EYOH or water. The peak at 1685cm'1
is retained even after recrystallization several times from
benzene and n-hexane.

The absence of BH, absorptions or an OH stretching
frequenéy in the IR spectrum, the yellow colour of the
compound, and itsvdecomposition to give a green solid suggest
that the 1685cm™ | peak is probably due to some type of Cu(I)-E
absorption even though the 1H NMR spectra show no hydride
peak above TMS. To test this hypothesis, the deuterated
analogue has beén prepared under identical reactionAcondi-
tions:using‘NaBD4. The reaction with NéBD4 proceeds in
exactly same way as with NaBH4 and the product is again ob-
tained as a yellow solid, apparently identical with that
obtained with NaBH,, by the addition of n-hexane to the
resulting red solution. The IR spectrum of the compound

obtained from the NaBD, reaction does not exhibit the peak
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at 1685 cm-q, but a new peak occurs at 1190 co~'. The IR

spectra of the two complexes are otherwise identical. The

1 %0 1190 en™! upon intro-

shift of frequency frbm 1685 cm
duction of deuterium is in good agreement with theoretical
calculation of the isotopic shift.

it appears likely then that the yellow species dis-
cussed above is a copper(I) hydride of some type. Four
elemental analyses on four samples of the compound showed
it to contain carbon in the range of 52-53% and hydrogen at
about 43 %. ‘The percentage of copper has been found to be
27% (157) (only one sample has been analyzéd). With these
elemental analyses it is not possible to arrive at any
reasonably simple empirical formula but it is noﬁewofthy
that the C:H ratio is almost exactly that present in the
starting ligand DPPE with a slight excess of hydrogén. This
would appear to rule out solvent type'impurities. Moreover,
on the basis of these énalyses, the Cu:ligand ratio is
about 2.6 to 1.

It would therefore appear that this compound is a
copper cluster complex of DPPE related to the known tetra-
meric (117) and probably closely related to the (PhBP)6cu6H6
hexameric system characterized by S.A. Bezman et.al. (99)

in which the hydrogen atoms bridge Cu atoms along edges of

an octahedron.
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Time considerations forced the investigation of
this structure to be suspended while the other, more con-
ventional, systems described in this thesis were investi-
gated more fully. However, it is recognized that this
complex 1s probably the most important isolated during
this study of bidentate phosphine-Cu(I)-hydroborate systems
and it is imperative that molecular weight and X-ray cry-
stallographic data should be obtained at the earliest

opportunity.

The above paragraph has been written in response to criti-

cisms made by an examiner of this thesis.
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Figure 15A. The BqP{H} NMR spectra of
(x) reaction solution and

(y) isolated product
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3.6 Cyanotrihydroborate complexes of copper(I):

3.6.1 (L-LzzngQBHsgﬁ)g complexes:

The complexes of this type obtained in the present
work with L-L=DPPE, trans VPP,cis VPP, DPPP, DPPB are listed
in Table XI. They can be prepared from reactions where
complexes of the type (L-L)30ﬁ2012, [(1-1),0u] 010, and (I-L);~
Cu2(ClO4)2 are used as starting materials as well as by
tfeating mixtures of Cu012.2H20 and DPPE with NaBHBCN.
Molecular weight, conductivity, 5/]P NMR and assigned infra--
red spectral data for the BHBCN" groups of these complexes
are presented in Table XV. Some actual IR spectra in the re-
gion of the BHBCN absorptions are shown in Figure 16.

The stoichiometries of these complexes, (L—L)éCug-
(BHBCN)Q, are related to the composition of the (L-L)§Cu2012
complexes (section 3.2.2) and LBCu(BHBCN) complexes where
L in these cases is a monodentate phosphine (91). Slight
shifting G~4—1§cm‘q) of the CN frequencies to higher energy
compared to the CN stretching frequency in anionic BHBCN—
(see Table VI) in the LBCu(BHBCN) complexes have been inter-
preted in terms of Cu-—NCBH3 bonding (91). From the stoi-
chiometric similarities with LBCu(BHBCN) and with (DPPE)E“
Cu,Cl, (122) for which the structure is known, it is rea-
sonable to assume that the complexes (L—L)5Cu2(BHBCN)2
have the same structure as displayed by (DPPE)BCuQClg(see
Figure 7d,p.34) with the BHBCN groups coordinated to the

copper(I) through its nitrogen atom.
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~ However, it appears that of the five complexes of
this type listed in Table XV, three are closely related
/DPPE, DPPP and DPPB) and two are not only different from
these, but significantly different from each other. Con-
sidering first the complexes with DPPE, DPPP and DPPB, small
shifts (5—8cm'q) to higher energy (see Table XV) of the CN
stretching frequencies with respect to ionic NaBHBCN (2179cqu)
(91) are observed in their IR spectré. These are small shifts
and may possibly be attributed to weak Cu(I)—NQBH5 interactions.
In all these complexes the CN absorptions are seen to be a
sharp band with no splitting (see Figure 16). No other éb—
sorptions in the 2180-2000 cn™ region are seen which could
be assigned to a Cu-Hb-B frequency. It is interesting to
mention here that the complex (DPPE)BCug(BHBCN)2 prepared
earlier in these Laboratories (55) shows a peak ati 2106 cm°/1
tentatively assigned to Cu-Hb—B vibration in addition to the
CN peak at 2188 cm“q. The earlier complex (55) was prepared
in EGOH only.
Coordination through BH5NC_, due to possible iso-

merization of BH,CN to BHBNC_, in these complexes seems

5
very unlikely since the NC absorption in BHBNC— occurs at
2070 cm"/l (159). No absorptions in this region have been

seen for the (L--L)BCug(BHBCN)2 complexes. The BH deformation
frequencies in these complexes are only slightly shifted to
lower energy (71300 cn™ | in free BH50N—, see Table VI). This
probably means that the BHBCN group in these complexes re-

tains approximately the same symmetry as in ionic BHBCN_.
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The 3/]P NMR spectra of these complexes exhibit two
signals (see Table XV, Figure 17). The observation of two
signals, as described previously, is consistent with the
presence of both chelating bidentate and bridging monodentate
phosphines in these complexes. The integration of these peék
areas, once again, give values which vary considerably from
the expected 2:1 ratio , assuming that the~comp1exes have
structures similar to (DPPE)BCu2Cl2 (Figure 74,p.34). This
would be consistent with the IR evidenée which suggests that
only Cu—NCBH5 arrangement is present. VThus, once again the
copper(I) ions are probably tetrahedrally coordinated.

Molecular weight measurements of these complexes
indicate that dissociation occurs in solution (see Table
XV). 6 Values are approximately half the formula weights and
suggest the presence of two species in solution. These re-
sults are consistent with electrical conductivities which
are found to be close to values expected for 1:1 electrolytes.
Thus, there is no doubt that some dissociation of these com-
plexes is taking place in solution, though it is difficult
to understand why the conductivities are so low. It would
be more reasonable, considéring the weak Cu~-N bonding, for
conductivities closer to 1:2 electrolytes to occur.

The IR spectrum of (cis VPP)BCug(BHBCN)2.CH2Cl2
(Table XV, Figure 16e) in the 2500-2200 ca” region is un-
like most other spectra of BHBCN complexes prepared with
Co, Ni, and Cu in these laboratories and in the literature.

Thus, the CN stretching frequency (Figure 17) is seen to be
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66 cm” higher in energy than for the free BHBCN' ( 2179
cm™1). Further, the BH deformation is also shifted to lower
energy (1105cm—1, see Table XV) with respect to the position
in the three complexes discussed above. There is no absorp-
tion in the 2200-2000 cm™ region which could be assigned

to a Cu—Hb-B frequency. Such a very large frequency shift
for CN may be attributed to strong bonding between the nit-
rogen and Cu(I). A similar large shift in the CN stretching
frequency has been observed for the complex (PhBP)BCu(NCBPh4)
(91) and also attributed to a strong Cu-NCBFh, intéraction.

Apart from the major IR difference, the solution pro-
perties of this cis VPP complex appear to be similar to those
already discussed for the DPPE, DPPP and DPPB complexes.
Thus, the 5/]P NMR spectrum of this compound displays, like
the others, a very broad resonance centered at +7/.5ppm and
a weak.sharp signal at +20.7 ppm. The molecular weight of
the compound (see Table XV) is close to half the formula
weight and the conductivity is in the 1:71 electrolyte range
(for reference see Table XIII). Thus, if the complex has
the same structure as (DPPE)50u2012, like the other complexes,
it is not clear why there is such a radical difference in
the strength 6f the Cu—NCBH3 bond.

In the remaining complex of this type with trans VPP,
the IR spectrum is quite similar to those of the DPPE, DPPP
and DFPB complexes discussed earlier except that in this
case the CN stretching fre quency is slightly shifted to lower

/E

energy ( 4cm_1) than for the free BHBCN( 2179 em ). There
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are no absorptions in the 2200-1900 cm“qregion assignable -

to a Cu-H, -B frequency. This lowering of the CN stretching

b
frequency has been attributed to back-donation from a w-donor
metal ion to the BH3CN group on complexation. TFor example,
the observed CN frequency at 2170cm—q in [_(NHB)BRu(BHBCN)]+
has been attributed to w-bonding between ruthenium (II) and
the BHBCN group (161), What is difficult to rationalize is
that this type of bonding is apparently sufficiently strong
that no ionic dissociation occurs in solution, as seen by

the fact thét the complex is a non-electrolyte. On the other
hand the cis VPP complex with a very strong N-Cu bond appears
to dissociate readily. The - P NMR of this complex displays

a broad single resonance. This observation of singleAbroaa
resonance might indicate the equivalence of phosphines and

also some rapid exchange process.

3.6.2 (L—L)Cu(BHBCN) complexes:

Complexes of this type with L-L=DPPM,DPPE ,DPPPe and
DPPH obtained in the present work are listed in Table XI.
These complexes can be prepared from reactions where (L—L)g'
Cus(C10,)5, [(I-L),Cu}C10,, (I-L)CuCl type complexes are
used as starting materials, as well as by treating mixtures
obtained from reactions of CuCl,.2H,O0 with DPPM or DPPE with

NaBH_.CN.

3
Infrared spectral bands associated with the BHBCN

group, 3"P NMR data, and because of wvery low solubilities

of most of these complexes, only limited conductivity and

molecular weight data are presented in Table XV. Some actual

IR spectra and 3/]]? NMR spectra are shown in Figure 16 and
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Figure 17 respectively.

The DPPM cqmplex obtained from the reaction of NaBHBCN
with (DPPM)BCu2(0104)2 is quite different from the complex
having the same empirical formula obtained from the direct
reaction of NaBHBCN with a CuClg/DPPM mixture. For example
the product from the last mentioned reaction is very sparing-
ly soluble in methylene chloride, while the product from the
(DPPM)30u2(0104)2 complex is highly soluble in the same sol-
vent. Because of this high solubility, it was possible to |
measure the molecular weight of this particular complex
which from the value of 1111 clearly indicates that the
molecule shquld be written as [KDPPM)Cu(BHBCN)]E. The IR
spectra of this compound and the other complex formuiated
as (DPPM)Cu(BHBCN) (in the absence of molecular weight
data) are alsé significantly different (Figure 16). However,
the IR spectrum of the latter is simiiar to that of the
corresponding DPPE complex but all the above spectra are
quite different from those of the complexes with DPPPe and
DPPH (Pigure 16). In the absence of firm structural data
on these cémplexes the complicated pattern of absorptions
in the 2100-2500 cm-q region are extremely difficult to in-
terprete.

Thus, the IR spectrum (Figure 16f) of [(DPPM)(:u(13}1501\1)]2
displays a sharp doublet at 2182 cm” ! and 2160 cm_q, a peak |
at 2250 cm” | and the strong broad absorption at about 2350
cn~'. The latter is certainly due to the terminal BH_ ab-
sorption, but the origin of the 2250 cm‘“ is not so obvious.

It may be part of the usually broad BHt absorption, or it
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may be due to a very strongly bonded Cu-NCBH5 link with a
shift of 71 cm_/I from ionic BHBCN. That would represent an
even larger shift than seen for (gig_VPP)BCug(BHBCN)2.0H2012
discussed earlier. The complex has basically the same
stoichiometry as [KPhaP)gcu(BH5CN)]2, of known structure
(see Figure 7¢, p.34), in which two types of CN absorptions
have been observed (91) due to slight distortions of the
structure (121). In addition a broad peak at 2000 cm_q
has beén assigned to the Cu-Hb—B frequency. However, in the
DPPM complex the only peak that could be due to such an ab-
sorption would be the one at 2160 cm™ ! on the side of.the
YCN. The 3,].‘P NMR spectrum of the compound displays a sharp
peak, probably indicating equivalence of the phosphorus
atoms. On the basis of the.above data, it is very difficult
to draWLdefinite conclusions about the structure of this
molecule or to assess how closely it may be related to
[(¥n 3P)écu(BHBcI\I)'_l e

The IR spectra of (DPPM)Cu(BHBCN) and (DPPE)Cu(BHBCN)
are quite similar in appearance (Figure 16g and 16h), although
there are slight differences in the positiomns of the peaks
(Table XV). The sharp absorptions at 2182 and 2185 cm—j have
been assigned to CN stretching frequencies of weakly nitrogen
coordinated BHBCN groups, showing shifts only 4 and 6'cm_1
respectively from ionic BHBCN. The peaks at 2105 (DPPM) and
2425’cm-1

(DPPE) are possibly due to a Cu-H,-B frequency.
The 3/]P NMR spectrum of the DPPM complex displays a

split resonance (J=74.4 Hg) centered at -16.2 ppm, indicating
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the nonequivalence of phosphorus atoms. The spectrum is also
accompanied by two other very weak peaks at +26.7 ppm and
-5.4 ppm probably due to impurities. The 5,]P NMR spectrum
of the DPPE complex exhibit a broad type peak centered at
-4.82 ppm. Thus, the complexes are tentatively formulated

as structures as shown below (Figure 18) with a bidentate

N \BH
//// \\\N——C :

Figure 18

BHBCN group, coordinated to the meFal through both nitrogen
and hydrogen. It is unfortunate that low solubilities pre-
vented molecular weight determinations on these compounds.

The complex (DPPH)Cu(BH;CN) is formed from reactions
of both (DPPH)CuCl.O.50H2012 and [KDPPH)ECut101O4.CH2012
with NaBHBCN and was purified by repeated washings. The IR
spectra of samples prepared from both the chloride and the
perchlorate are identical and quite similar to that of
f(PhBP)gcu(BHBCN)] » (Figure 7c,p.34). There is a sharp
strong absorption at 2193 cm_q which has been assigned to
the coordinated CN stretching frequency. A broad absorption
at 2172 cm—q overlapping the CN band has been assigned to .
the Cu—Hb—B bridging frequency. The terminél BHt-stretching
frequency is split and the BH deformation frequency has
shifted to much lower energy (1100 cm“q), in comparison
with other monodentate N« bonded BHBCN complexes of the type
(L—L)50u2(BH30N)2 as seen in Table XV. The only sigﬁificant
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difference between this spectrum and that of the dimeric
copper triphenylphosphine complex is that the latter has two
sharp VCN absorptions at 2207 and 2190 cm-q compared to oniy
one in the DPPH complex at 2193 cm . Thus, the complexes |
are clearly very closely related structurally and appear to
differ only in the site symmetries of the CN groups. This
may be connected with the flexible chelating phosphines as
compared with the PhBP groups.

The infrared spectrum of the complex (DPPPe)Cu(BHBCN)
is shown in Figure 16i. It seems reasonable that the strong
peak at 2252 cn™ should be assigned to the coordinated CN
frequency of the BHBCN group which means that, with a shift
of 55 e to higher energy from ionic BHBCN-, there is a
strong Cu-N bond. The broad absorption at 2’12O-cm.-/I has been
assigned to the bridging Cu-H, ~-B frequency. The lerminal
BHt absorption has clearly been split, with one component
being shifted to higher energy (2438 cm-q). It appears to
be quite unusual for the’BHt vibration to occur above 2400
em™'. The BH deformation frequency has shifted to 1101 en™
as was the case with the DPPH complex.

Conductivity studies shows that the complex has a
slope which is considerably less than expected for a 1:1
electrolyte, so that the conductance of the compound is
quite low (see Table'XV). The 51P NMR spectrum of the com-
bound displays a fairly sharp signal which seems to be a

poorly defined multiplet type of resonance centered at
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-7.9 ppm. If the splittings are genuine, and are not due
to noise, it is difficult to see how such splittings could
arise, bearing in mind the stoichiometry of the complex.
However, if they are genuine it is clear that they probably
arise from couplings between ﬁonequivalent P atoms separated
by not more than three bonds. It is useless to speculate
further but in any extension of this work low temperature.
sﬁudies might be useful since, at lower temperatures, dis-
sociation equilibria will be suppressed and more easily in-

terpretable signals might be obtained.

3.6.3 [(cis VPP)2cu](BH3cN)

This is the only complex of this type obtained with
Bﬁ3CN in this work. It is surprising that this complex is
forméd not from the reaction of [(cis VPP),Cu ] €10, and
NaBHBCN but only from the reaction of NaBHBCN with a mixture
of CuCl,.2H,0 and cis VPP. Infrared spectral assignments
of the BH,CN group, conductivity, and 3p NMR data of this
complex appear in Table XV.  Part of the IR spectrum is
shown in'Figure 16k.

In this complex the CN stretching frequency is seen
to remain unshifted with respect to NaBHBCN and looks:weaker
in intensity in comparison with other CN coordinated BHBCN
complexes. The terminal BH3 absorption has not been split.
Furthermore, the BH deformation (1130 om-q) remains un-

shifted with respect to'NaBHBCN. All the IR data point to

an ionic BHBCN group in this molecule. This is further
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supported by conductivity studies from which it is clear
that the complex is a uni-univalent electrolyte (see Table

XV). The 31p NMR spectrum displays a very broad absorption
(half width 1500H&) centered at +11 ppm, essentially thé
same as shown by [(cis VPP),CulCl10,. Thus, from the avail-

able data the complex can be formulated as [(cisVPP),Cu]™-
(BHBCN)‘.
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5.7 Conclusions and suggestions for further'work:

As proposed for this project (section 1.7), reactions
of a series of bidentate phosphines (DPPM, DPPE,'Egggg VPP,
cis VPP, DPPP, DPPB, DPPE, DPPH) with copper(II) perchlorate
and chloride have been investigated and a variety of stable
copper(I) complexes (Table XI) have been obtained with all
of the phosphines used. As Cu(I) is less positive than
Cu(II), the stability conferred upon d‘Cu(I) by phosphines
cannot be wholly accounted for by ew bonding and must there-
fore involve, perhaps to a major extent,y bonding. In this
connection, it is well known that phosphines are suitable
3Y acceptor ligands.

The rate of reduction of Cu(II) to Cu(I) (there
appear to be no reports about the formation of stable Cu(II)
phosphine complexes in the literature) and product type are
seen to be dependent upon the type of phosphine and also
the nature of the counter anion. Thus, complexes of the
type (L—L)ECuX are obtained with X= the noncoordinating
Cl0, ion but not with X =C1~, since C1~ is able to compete
effectively with phosphines for coordination sites on the
Cu(I). Complexes of the above type are obtained with
neither L-L =DPPM nor trans VPP and X=C10,, probably be-
cause of the bridging tendencies of these phosphines. In-
stead, with these phosphines, complexes of the type (L-L)g*
Cu,X, (X=C17,Cl0}) are obtained (Table XI).

Considering rates of Cu(II) to Cu(I) reduction,
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reduction of Cu(II) perchlorate to Cu(I) perchlarate,
for example, is seen to occur faster with DPPM than with
#zrans VPP (Table VII). Similarly, Cu(II) chloride is seen
to be reduced faster than Cu(II) perchlorate by trans VPP.

Reactions of NaBH4 with all of the phosphine -
copper(I) complexes isolated in this study and also with
crude Qu(II)-pbasphine reaction mixtures have been investi-
gated. Stable tetrahydroborate complexes have been obtain-
ed with all of the phosphine complex systems except for |
L-L=cis VPP.

Tetrahydroborate complexes (L—L)Cu(BHa), from react-
ions of [(L-L)ECu]Cqu_ or (L-L)sCuyX, (X=C17,C10;) are
formed with the loss of neutral phosphine. The rate at
which NaBH, reacts with a given type copper(I) complex
system e.g. [(L4L)2Cu]0104 was found to vary depending on
the particular bidentate phosphine in the complex. For
example, (DPPE)Cu(BH4)Vis formed from [:(DPPE)gcti]ClO4 by
stirring with NaBH, for four days, whereas (DPPH)Cu(BH4)
is formed from [(DPPH)gCu]ClO4’CH2012 after only four
hours. ©Since these reactions result in the elimination of
a mole of phosphine, the rate differences could be a rTe-
flection of different Cu-P bond strengths - the main diff-
erence arising due to different ring sizes, and perhaps
steric crowding with longer chain phosphines, on chelation.
Thus, considering that the phosphines are behaving as nor-
mal chelating ligands (discussed earlier) in [KDPPE)gcd]ClOA,

the five-membered chelate rings are therefore considerably
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more stable than the nine-membered ring in the DPPH complex.
However, the same DPPE-BH4 complex was formed from (DPPE)g‘
Ju,Cl, more easily than from [(DPPE)gou]m%. In this
chloride complex, one of the DPPE bridges two copper atoms
and the remaining two DPPE molecules act as normal chelat-
ing ligands to each copper, the fourth site of Cu(I) being
occupied by a chloride ion (see Figure 7d, P. 34). The
first step in formation of (DPPE)Cu(BH4) from (DPPE)BCué012
is probably the simple substitution of Cl by BH; (which
is of almost same size as Cl7 ), with the BH, acting as a
monodentate ligand. A second Cu—Hb—B bond would then be
formed at the expense of neutral phosphine to give a final
bidentate BH4 group.

Thus, the formation of stable hydroborate comvlexes
of Cu(I) might also be expected to depend on the availability
of coordination sites on the copper(I) system. It should
also be noted that no hydroborate complex could be isolated
from reaétions of (DPPE)Cu2012 even with very small amounts
of NaBH,. This result possibly indicates that the steric
arrangements of the neutral ligands about the Cu(I) ion
also play an important role in the formation of stable
tetrahydroborate complexes.

| It is also apparent that what might be Cu(I)-
hydride cluster complexes may be obtained under certain
circumstances in reactions of this type. Again, X-ray

crystallographic studies would be particularly useful here.
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Reactions of NaBH3CN with all of the phosphine com-
pPlexes have been investigated and stable cyanotrihydroborate
complexes have been obtained with all of the systems in- |
vestigated. As outlined in the previous section IR spectra
of Cu(I)-cyanotrihydroborate complexes of different phos-—
phines differ considerably from each other. Even DPPM com-
plexes with the same empirical formulae have substantially
‘different IR spectra. One might expect the ° 'P and IR
spectra to throw some light on the structures but, as al-
ready outlined, these spectra must be interpreted with
caution. Definite structure assignments will probably
have to await X-ray studies.

In summary, considerable effort has been made to
follow the course of the reactions involving NaBH, and
NaBHBCN to isolate intermediates and final products. Tent-
ative structures of the compounds have been proposed from
various physical measurements, but it is clear that some
éf fhe complexes obtained in this work no doubt have guite
complicated structures, possibly involving polymers and
or Cu atoms with different coordination numbers and geo-
metries in the same molecule (as discussed in section 1.4).
Detailed crystallographic studies would be required to
verify the proposed structures. This would be particularly
interesting in the case of the proposed copper(I) hydride
complex and would give conclusive information sbout the
molecular formula and the arrangement of the atoms in the

molecule.
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Infrared spectral studies of the deuterated analogues
of the cyanotrihydroborate complexes might give valuable in-
formation concerning the tentative IR assignments made in
this thesis. NMR studies at low temperatures, at which
dissociations or exchange processes are generally slow,
might give fine structural information, particularly on
the BH4 and BHBCN complexes.

it has been found in other work in these laboratqries,
that one of the important factors which determines the pro-
ducts from reactions involving NaBH4 and NaBH5CN is the
solvent used as the reaction medium. No attempt has been
made in this thesis to vary the solvent, and it may very
well be that quite different reactions would be observed
if the medium were changed.

Preparation of a possible Cu(I)-hydride complex from
reaction of NaBH, with (DPPE)Cu2012 might be indicative of
the fact that hydride complexes could be prepared from
reactions of NaBH, with complexes of such stoichiometry,
especially with ligands having bridging tendencies. A
mixture of benzene and ethanol might be a good reaction

medium to follow such reactions.

It is clear then that Cu(II)-bidentate phosphines-
BH4 or BHacN reactions constitute an area of study which
is rich in potential for the formation of novel and un-
expeéted structural types and extensions of the work des-

cribed in this thesis would contribute greatly to our as
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"yet very incomplete understanding of metal ion-hydroborate

reactions in general.
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