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Abstract

The affinity for the binding of carbon monoxide as a fifth ligand
to several formally-nickel(I) complexes of tetraazamacrocyclic ligands
has been studied; CO binding constants measured in DMF range from
zero to 105, Reduced nickel complexes, which may occur either as
four-coordinate nickel(I) species or, for those ligands having conju-
gated o -diimine moieties, as four-coordinate nickel(Il)-stabilized
ligand radicals, have been found to bind carbon monoxide as a fifth
ligand, forming paramagnetic, presumably five-coordinate nickel(I)
carbonyl complexes. Intramolecular electron transfer appears to
occur upon the binding of CO to several of the four-coordinate nickel(I)-
stabilized ligand radicals to give five-coordinate nickel(I) carbonyl com-
plexes. Intramolecular electron transfer within a four-coordinate
framework appears to occur for one complex, [1,1,-difluoro-4,5,12,13-
tetramethyl-1-bora-3, 6,11, 14-tetraaz a-2, 15-dioxacyclopentadeca-3, 5, 11,-
13, -tetraenato]nickel(I), for which the nickel(I) form appears to lie
0. 75+0. 15 kcal/mole higher in energy than the nickel(II) ligand radical
form.

These nickel complexes have been characterized by elemental
analysis, bulk magnetic susceptibility, carbon monoxide binding con-

stants, electron paramagnetic resonance spectroscopy, electronic
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absorption spectroscopy, infrared spectroscopy, and electrochemical
analysis. These nickel complexes appear to be quite analogous to
their copper counterparts. On the basis of chemical and physical
similarities to the nickel complexes, particularly with respect to
their infrared spectra, four-coordinate copper complexes may be for-
mally described as either copper(I) or copper(ll)-stabilized ligand
dianion species, depending on the ligand system, although both copper
species have very similar chemical properties.

A discussion of EHMO calculations on the system is included.
In the four-coordinate Ni(II) ligand radical the HOMO is a ligand w*
orbital having some metal character; in the five-coordinate Ni(I)
carbonyl complexes, the HOMO is the dxz-y?- orbital.

An approach to the synthesis of cofacial dimethylglyoxime dimer
complexes using 1,4-bié(difluoroboro)butane is included in Appendix

II.
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Introduction

Among the myriad of areas of research in inorganic chem-
istry, the chemistry of copper complexes as exploited_ in biological
systems is certainly one of the more active. Attempts to model
active sites of copper-containing proteins, for which there is little
information, have led to a rapid proliferation of copper complexes.
Because of the kinetic lability of both copper(Il) and copper(I) com-
plexes, polydentate ligands and macrocyclic ligands have been em-
ployed by many to provide a more static environment for the metal
ion. As much of the usage of copper in biochemical systems relies
either directly or indirectly on the redox properties of the metal
center, the ligand must provide the metal surroundings conducive
to complexes stable iﬁ either the reduced copper(I) state or the oxi-
dized copper () state. Approaches to this problem are progres-
sively becoming more complex, employing more diverse varieties
of synthetic ligands.

One of the simplest approaches to the study of copper com-
plexes involves the coordination compounds of tetraazamacrocyclic
ligands. 'Early work by Endicott and covvorkers1 and by Olson and
Vasilevskisz have demonstrated that trivalent, divalent, and univa-

lent copper complexes may be formed in such complexes. The



copper(I) species are highly air sensitive and, as such, provide a
starting point for the investigation of basic research into the chem-
istry between dioxygen and copper(I). In the course of these pre-
liminary investigations, a most unusual copper complex was syn-
thesized.

Gagné and coworkers>’ * have shown that Cu(II)(DOBF,)-C10,
(Figure 1) undergoes one-electron reduction in non-aqueous media.
The isolated, deep blue, neutral product is diamagnetic and, by
crystallographic analysis, 2 appears to be a tetrahedrally-distorted
square-planar copper(l) complex — an unusual geometry for copper(I).
The complex is also unusual in that it forms a novel, five-coordin-
ate, twenty electron copper-carbonyl complex upon exposure to car-
bon monoxide in solution. This complex, Cu(I)(DOBF,)CO (Figure 1),
has been shown by crystallography4 to be a square-pyramidal spe-
cies. A combination of physical techniques strongly suggests that
the complex be regarded as a twenty electron, copper(I)-carbonyl
complex. At the point of discovery of Cu(IYDOBF,)CO, the only other
carbonyl complex known to violate the ' 18 electron rule'" was
W(CO)(C,H,C=CCgH,),, for which there is a simple expla.nation.6
Those factors that determine the ability of Cu(DOBF,) to form
Cu(I)(DOBF,)CO are a central topic of this thesis.

The four-coordinate and five -coordinate copper(I) complexes



Figure 1

Skeletal Representations of Cu(II)(DOBF,)- Cl0,

and Cu(I)(DOBF,)CO
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had already been made and characterized when this present work
described within this thesis was begun. One approach to the problem
of five-coordinate, twenty electron, copper-carbonyls was to establish
the generality of this class of compounds, and to determine a hier-
archy of ligands, L, capable of binding as a fifth ligand in Cu(I)(DOBF,)L;
the results, ’ obtained in collaboration with J. L. Allison, are the basis
of Appendix I. An electrochemical technique was used to monitor li-
gand binding; although some problems were encountered with this meth-
od, the approach permitted convenient, facile determinations of ligand
binding constants using the relatively available copper(II) complexes.
’The results indicated that many four-coordinate complexes of poly-
dentate and macrocyclic ligands can accommodate carbon monoxide as

a fifth ligand. Ligands other than CO can bind as fifth ligands to
Cu(DOBF,); typically, 7 -acid ligands, i.e., isonitriles, phosphites,
and phosphines, are seen to bind stronger than o-bases, i.e., N-
methylimidazole and pyridine. These results are consistent with an
electron-rich copper center in Cu(I)(DOBF,)L, as expected.

Successful comparisons of iron and cobalt porphyrin-dioxygen
complexes have led to a better understanding of the nature of the
iron-dioxygen interactions in hemoglobin.8 Through comparisons of
nickel complexes to the copper complexes previously studied, much

insight into the nature of the copper complexes may be gained. This



is the fundamental premise of the body of this thesis, which details
the synthesis and reactivity of certain reduced nickel complexes
analogous to copper complexes studied in Appendix I. The nickel
analogues, being d® and therefore paramagnetic, provide the added
bonus of investigation by EPR spectroscopy. Several nickel(II) mono-
nuclear macrocyclic complexes have previously been studied electro-
chemically by Busch and coworkers9 and have been shown by EPR
methods to belong to two types: complexes which undergo one-electron
metal reduction to give four-coordinate nickel(I) species and complexes
which undergo one-electron reduction to give four-coordinate nickel(II) -
stabilized ligand radicals. During the course of the work described
in Chapters 1 and 2 of this thesis, both types of complexes were found
to react cleanly with carbon monoxide to give paramagnetic, presum-
ably five-coordinate nickel(I)-carbonyl complexes. Analysis of the
EPR spectra indicates the nature of the reduced species. Nickel(I)
complexes are characterized by their anisotropic g-values, with g>2.
Ligand reduced complexes are indicated by their isotropic g-values
near the free-electron value (g = 2.00). All of the nickel-carbonyl
complexes studied here indicate that the nickel is in the +1 oxidation
state. As a consequence of these investigations, it was found that,
for those complexes which exist as nickel-stabilized ligand radicals,

intramolecular electron transfer, ligand-to-metal, apparently occurs



upon binding of the carbon monoxide.

Moreover, this intramolecular electron transfer, which occurs
upon going from four-coordinate to five-coordinate nickel, also ap-
pears, as is described in Chapter 1 and 2, to take place at the am-
bient temperature within a four-coordinate framework in Ni(DOBF,)Bn
(Figure 2). Reasoning that since complexes exist in either the nickel(I)
or nickel(I) ligand-radical form depending on the nature of the li-
gand, it might be possible by varying certain parameters to design a
complex exhibiting a borderline nature., Ni(DOBF,) exists as a ligand
radical stabilized by interaction with the metal center; reducing this
interaction, it was thought, should lead to a relative destabilization
of the ligand radical in favor of the nickel(I) form. Increasing the
macrocycle's hole size is one way of accomplishing this. Thus,
Ni(DOBF,)Bn, possessing a slightly larger ligand than Ni(DOBF,),
does appear to favor the nickel{I) form sufficiently to cause the two
reduced forms to exist in thermal equilibrium at ambient tempera-
tures. The solution EPR spectrum shows two isotropic g-values
(g=2.113 and g=2.048), whose ratio changes as a function of tempera-
ture. As the temperature is lowered, the radical signal increases
and the high g-value signal decreases in intensity. This allows for
a calculation of the energy separation between these two species; the

nickel(I) species is found to be about 0.75 = 0.15 kcal per mole higher



Figure 2

Skeletal Representation of Ni(DOBF,)Bn
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in energy than the nickel(II) ligand radical.

Chapter 2, which describes the synthesis and reactivity of the
reduced four-coordinate nickel species, shows that the binding con-
stants of carbon monoxide to a number of four-coordinate nickel(I)
complexes are very similar. Nickel(II)-stabilized ligand radical
complexes show a much wider variation in binding constants, possibly
due to the much larger variation in the ligand environment for these
complexes, i.e., hole size, and charge, or perhaps the degree of
stabilization of the nickel-ligand radical.

Infrared spectra, described in Chapter 3, also show indications
of this electron transfer from ligand-to-metal upon change of coor-
dination number. The four-coordinate nickel(I) complexes show C=N
imine stretching frequencies in the 1600-1650 cm"1 range that change
only slightly as a function of oxidation state or CO binding. Nickel(I)-
stabilized ligand radical complexes show disappearance of the imine
stretch (or very large displacement to lower energy due to partial
reduction of the imine bond); these complexes with CO have normal
region imine bands — consistent with the intramolecular electron
transfer. Further support of this notion was provided by !5N-labelled
Ni(DMGBF,), ; the imine IR bands involved show dependence on the
nitrogen isotope.

Finally, in Chapter 3, comparisons of these nickel complexes
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to the analogous copper complexes has led to the formulation of
Cu(DOBF,) as a '"'copper(Ill)-stabilized ligand dianion, ' which, upon
coordination of carbon monoxide, undergoes a formal two-electron intra-
molecular electron transfer to give a five-coordinate copper(I)-car-
bonyl. The extended Hiickel molecular orbital calculations of Bur-
dett and Williamslo also discussed in Chapter 3 suggest this descrip-
tion of Cu(DOBF,) and Cu(DOBF,)CO that has been proposed on the
basis of experimental evidence. The designation of these complexes
as copper(lIl)-stabilized ligand dianions must be tempered by the
reminder that these complexes are actually covalent in nature —

that copper(Ill) is probably one extreme, just as the copper(l) assign-
ment for Cu(DOBF,) might represent another extreme.

Described in Appendix II is a short summary of an earlier pro-
ject, which was terminated in order to pursue the work described in
Chapters 1, 2 and 3. The project was a synthetic approach to the
problem of cofacial dimers in the dimethylglyoxime system; prelim-

inary results were included.
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Intramolecular Electron Transfer in Mononuclear Nickel-Macrocyclic

Ligand Complexes: Formation of Paramagnetic Nickel(I)-Carbonyl
Complexes

Robert R. Gagné and D. Michael Ingle

Abstract: Mononuclear nickel(II) complexes of tetraaza-macrocyclic

ligands undergo one electron reduction to give either nickel(I) species
or complexes containing nickel(II) complexed to a ligand radical anion.
Both reduced species react with CO to give paramagnetic, five-
coordinate, nickel(I)-carbonyl adducts.

A new complex was designed to promote equilibrium between
both forms of the reduced nickel species. Condensation of 2, 3-butane-
dionemonoxime and 1, 4-diaminobutane followed by treatment with
nickel(II) and then BF, gave the oxidized species. Reduction with cobalto-
cene gave the reduced cdmplex, which, in propylene carbonate
solution at 295 K gives two EPR signals. One signal at g = 2.113 is
attributable to a Ni(I) complex while the second, at g = 2. 048, is likely
due to a Ni(II)-ligand radical anion species. The relative intensities
of the two signals acetemperature dependent with the signal at g = 2.113
disappearing at lower temperatures with concomitant increase in the
g = 2. 048 signal, It is proposed that the two signals are due to two
conformational forms of a single reduced nickel species, which are

interconverting slowly on the EPR timescale. Double integration of
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the first derivative signals gives an equilibrium constant, K = 0.27 =
0.05, with the Ni(I) form 0.75 = 0.15 kcal/mole higher in energy than

the Ni(O)-radical anion form.
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Intramolecular Electron Transfer in Mononuclear Nickel-Macrocyclic

Ligand Complexes: Formation of Paramagnetic Nickel(I)-Carbonyl
Complexes

Nickel(II) complexes of tetraaza macrocyclic ligands readily
undergo one-electron reduction but various products are possible.l'4
Ligands with at least one a@-diimine moiety lead to formation of
nickel(II)-ligand radical anion species, as indicated by EPR studies. :
In contrast, non-conjugated systems are amenable to formation of
nickel(I) complexes. We report here the design of a complex which
exhibits an equilibrium between both extreme forms of the reduced
species. In addition, we report that both classes of reduced complexes
react with carbon monoxide to give paramagnetic, presumably five-
coordinate, nickel(I) adducts.

Nickel(O) trans-diene, 1,5 as the perchlorate salt, was reduced

electrochemically (-1.24 V vs. nhe in DMF solution) to give the

presumably four-coordinate complex, 2,6
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which was confirmed to be a nickel(I) complex by its EPR spectrum

(gH = 2. 190, g, = 2.056). 1 Complex 2 binds carbon monoxide at

ambient temperatures in DMF solution (K = 4.7 x10* M'l)'7 to give a

bright green, air sensitive complex, 3, which was isolated under a

CO atmosphere (VCO = 1961 cm™ (KBr)).6 Complex 3, was found

to be paramagnetic by magnetic susceptibility (2.27 B.M. at 293 K) and

by its EPR spectrum (g, = 2.238, g, = 2.159, g, = 2.066), which is

distinct from that of complex 2. Complex 3 is, apparently, a five-

coordinate, Ni(I) adduct similar to five-coordinate Cu(I)-macrocyclic

ligand adducts recently repoxted.g'11
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Electrochemical reduction of bis(difluoroboroglyoximato)-

nickel(II), 4,2
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(-0.79 V vs. nhe in DMF solution) apparently leads to a Ni(II) complex
containing a one-electron-reduced ligand, 5, as demonstrated previously
for analogous species. 1 Reduction with cobaltocenel3 permitted
convenient isolation of the forest green complex, 5. 8 The EPR spectrum
of 5 in propylene carbonate glass (100 K) shows a single isotropic line

(g = 2.002), Figure 1, suggesting a metal-stabilized ligand radical. 1

-1, 7 e 2
*» "CO "~
2029 cm™' (KBr)). The magnetic susceptibility of the carbonyl adduct,

At ambient temperatures 5 also binds CO (K = 2.8 X 10° M

6, (1.96 B.M. at 293 K) and its EPR spectrum in propylene carbonate

glass (g = 2.225, g, = 2.065 at 100 K) (Figure 1) indicate that the
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Figure 1

Frozen Solution EPR Spectra in Propylene Carbonate

at 100 K: a) 5 under He atmosphere;

)

b) 6 under CO atmosphere.
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adduct 6 is a paramagnetic, five-coordinate, Ni(I) complex, analogous
to 3. The conversion of the four-coordinate, nickel(II)-ligand radical
anion, 5, to a nickel(I)-CO adduct appears to be an example of ligand-
to-metal intramolecular electron transfer. The electron transfer
process may be promoted by geometrical changes upon binding CO.14

That complexes 2 and 5 represent two extreme forms of reduced
nickel specieé suggested the challenge of designing a single Ni(I)-
macrocyclic ligand complex which upon reduction would exhibit both
forms in equilibrium. Complex 7 was prepared as the perchlorate salt
by condensing 2, 3-butanedionemonoxime with 1, 4-diaminobutane

followed by reaction with Ni(II)(C10O,), * nH,O, then BF,. Reduction with

coba.ltocene13 gave the one-electron reduction product, NiL, § 17

F F i
/B\

II

7, n=1, Ni(l)

8, n= 0, Ni(II) and Ni(I)

-~
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Solutions of 8 in propylene carbonate (295 K) give EPR

spectra (Figure 2) having two signals, one attributable to Ni(I) at
g = 2.113 and a second at g = 2. 048 assignable to a Ni(II)-ligand-
radical anion species. We propose that complex 8 exists as two

conformational forms in solution, equation 1,

- K =0.27
Ni(I(L ) == == Ni(I)L (1)

That the two EPR signals are indeed due to two interconvertible species
is supported by two observations. Firstly, several preparations of
complex 8 give identical EPR spectra with a constant peak height ratio.
Double integration of the first derivative EPR signals gave K = 0.27 =
0.05, (AG = 0.75 + 0.15 kcal/mole) eq 1.18 Secondly, the relative
intensities of the two EPR signals vary as a function of temperature.
On cooling propylene ca;bonate solutions of 8 the EPR signal at

g = 2,113 decreases in intensity with concomitant increase in the signal
at lower g-values until, at ~ 233 K, only the lower g-value signal
remains.19 The g = 2.113 signal reappears on warming.

Although apparent intramolecular electron transfer in a mono-
nuclear complex has been reported previousl:,z,1 5,16 the present complex,
8, appears to be the first example of an observed equilibrium between
two conformationally distinct electronic forms. Further studies of the

intramolecular electron transfer rate and the ligand conformational



Figure 2

EPR Spectrum of 8 in Propylene Carbonate at 295 K
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considerations which influence such rates may prove generally useful
in understanding electron transfer processes.
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§Xnthesis and Proger’des of Unusual Paramaggeﬁc Four-Coordinate
and Five-Coordinate Macrocyclic Ligand Nickel(I) Complexes

*
ROBERT R. GAGNE and D. MICHAEL INGLE

Abstract: Mononuclear nickel(Il) complexes of tetraaza-
macrocyclic ligands undergo one-electron reduction to give
either nickel(I) species or species containing nickel(II)
complexed to a ligand radical anion. Both reduced species
react with carbon monoxide to give paramagnetic, five-
coordinate, nickel(I)-carbonyl adducts.

Eleven reduced nickel complexes were studied.
Reduction potentials and carbon monoxide binding constants
measured electrochemically are reported. EPR parameters
obtained in propylene carbonate glass at 100 K are given.
Carbonyl stretching frequencies for seven five-coordinate
complexes measured in pyridine solution are also tabulated.
Two reduced four-coordinate complexes and their corresponding
five-coordinate carbonyl adducts have been isolated; solution
electronic absorption spectra are reported for the four

isolated complexes.
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One reduced four-coordinate complex appears to be
in thermal equilibrium between two forms: a nickel(II)-
stabilized ligand radical and a nickel(I) complex. The variable
temperature EPR solution spectrum and electronic absorption
spectra of this complex are discussed.

Similarities between the behavior of these nickel
complexes and the analogous copper complexes are pointed out.
Suggestions for the mode of carbon monoxide binding to the

metal are offered.
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Introduction

Metal complexes of synthetic tetraaza-macrocycles have
received a great deal of attention. The kinetic stability towards
dissociation that they impose on their complexes apparently contributes

to their unusual chemical and electrochemical properties. 1,2

In
addition to kinetic stability, certain macrocycles, such as some of
those employed here, lend thermodynamic stability to their metal
complexes. Often these macrocyclic ligands stabilize metals in
formal oxidation states that normally are not subject to isolation or
study in other types of coordination compounds. This affords the
opportunity to study the chemical reactivity of uncommon oxidation
states in a homeostructural ligand environment and to study the effect
of ligand modifications on these chemical properties.

In the 14-membered cyclic tetraaza-ligands, there is an
excellent opportunity to study the effect of the degree of ligand
unsaturation on the chemical reactivity of the metal complexes. %4
Recently, reduced copper complexes, considered as copper(I) species,
have been isolated in macrocyclic ligand environments. a4 These
complexes show varying affinities for binding 7-acids as fifth ligands,
creating what are best described as 20 electron Cu(I) complexes. 6,1
These diamagnetic complexes have been regarded as copper(I)
compounds for both the four-coordinate and the five-coordinate
species. 6-9 11 an effort to understand more about the bonding at work
behind these unusual complexes, we have set out to study the para-

magnetic d° nickel analogues to the d*® copper complexes previously
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studied, -8

We report here the synthesis and some of the chemical
properties of a new class of paramagnetic, presumably five-coordinate,

nickel(I)-carbonyl complexes.

Results and Discussion

Electrochemistry: Reduction Potentials and Carbon Monoxide
Binding Constants. Reduction of cyclic tetraaza-nickel(Il) complexes
has been shown to give either nickel(I) complexes or metal-stabilized
ligand radicals, depending on the nature of the ligand. 4 Nickel
complexes with conjugated a-diimine moieties, used here, undergo
one-electron reduction to give nickel-stabilized ligand radicals,
Ni(II) mac"'. Upon exposure to carbon monoxide in solution, these
complexes form presumably five-coordinate nickel(I)-carbonyl

complexes (eq 1). Ni(I) complexes without

gCO

Ni(I) mac (CO) (1)

Ni(II) mac~ + CO

the conjugated diimines undergo one-electron reduction to give Ni(I)
complexes, Ni(I) mac, which also coordinate CO to give presumably

five-coordinate nickel(I)-carbonyl complexes (eq 2).

gCO

Ni(I) mac + CO Ni(I) mac (CO) 2)

Binding constants for the formation of carbonyl adducts to

eleven reduced nickel complexes (shown in Figures 1 and 2) have been
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Figure 1

Skeletal Representations for Complexes 1-6
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Figure 2

Skeletal Representations for Complexes 7-11
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measured. The binding constants for these complexes measured in

N, N-dimethylformamide (DMF) are given in Table I. The techniques

for measuring these binding constants have been described elsewhere. #
This electrochemical technique allows for the measuring of

the binding constants of CO to the‘ reduced nickel complex by using

the readily available nickel(II) compounds as starting materials.

Assuming that coordination of CO to the reduced nickel complex is the

only equilibrium occurring in solution, application of the Nernst

equation yields the electrochemical relationship (eq 3) between the
CO

1

binding constant, K

KO - [exp(AE(nF/RT))-1]/[CO] (3)

the concentration of carbon monoxide, {CO], and the observed
difference in the experimentally obtained reduction potentials under

argon and CO, AE. I

These reduction potentials were obtained by dc
polarography. All nickel complexes reported here undergo reversible
or quasi-reversible reductions in DMF. Slopes obtained from the dc
polarography indicated one-electron reduction in all cases except for
2 and 4, which show evidence for dimerization as the reduced complex. 11
Constant potential electrolyses indicated that all reductions were one-
electron reductions.

Binding constants for CO vary substantially from complex to
complex. Compounds 2, 1, §, and 9, which do not contain conjugated
a-diimine moieties, form four-coordinate nickel(I) complexes upon

reduction. These four complexes have similar CO binding constants.
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Table I. Binding Constants of Various Reduced Nickel Complexes

with Carbon Monoxide in DMF.

Nickel Complex

Jorg =
= )OO YO YO )=I YD YU )b Y )N H

a

=vs. nhe

E_x_[A.l‘], \'ax
e

-0. 456
-0.478
-0. 527
-0. 617
-1.295
-0.798
-1.081
-1.249
-1,241
-0.979
-0.786

d

[ C IS ; N SR = SN S e T s

.T(4) X 10°
.7(3) x 10°
: 8x104d

.3(1) x 10*
.5(5) X 10*
.8(2) x 10*
.1(5) x 10
.1(5) x 10°
.8(3) X 10°

2Errors are based on AE error of £+ 0. 0025 V.

EKfI < 10 are reported as zero.

d

—Estimated by cyclic voltammetry.
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Variations in binding constants may reflect differences in the flexibility
of the macrocycle as the complexes are expected to be square-
pyramidal with the metal atom displaced some distance out of the
plane of the four nitrogen ligands. Crystal structures for the copper(I)
complexes 397 andgvl\15 (Figure 3) show the metals are displaced out
of the plane of the four nitrogens by 0.96 & and 1.02 4, respectively;
as a result, the macrocycle must distort to accommodate the large
out of plane displacement. While it is not likely that the nickel atoms
are as far out of the ligand plane as the coppers are, some metal
displacement accompanied by ligand distortion is anticipated. For
example, complexes 5, 7, and 9 differ only by the degree of
unsaturation in the macrocycle; although the three compounds exhibit
a marked change in their reduction potentials, the CO binding constants
are similar, with the saturated complex, 5, having the lowest K°©,
With all four nitrogens of 5 being saturated, it can be expected that the
ligand may be slightly zhore rigid than the others, possibly accounting
for the lowered K°O. In addition, the similarity of CO binding
constants suggest that the o-basicity of the macrocyclic ligand may not
make a large contribution to the stability of the five-coordinate
complex, although they do affect the stability of the four-coordinate
Ni(I) complex.

Complexes which do possess conjugated a-diimine functions

show a much wider variation in CO binding constants. Compounds 1
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Figure 3

Skeletal Representations for Complexes 19-21






42

and g show no carbonyl adduct formation measurable by the electro-
chemical method; EPR spectra, vide infra, suggest, however, that
there is a small extent of carbonyl formation at low temperatures for
those two complexes.

Complexes g, 4, and 6 represent a series in which the ring
size becomes larger, permitting both longer Ni-N bonds and a greater
deviation from rigid planarity in the four-coordinate complex. The
smallest macrocyclic compound, ?\, has the least negative reduction
potential of the three compounds. As the macrocyclic size is increased,
the reduction potential becomes more negative; the smaller ligand
apparently encourages greater stabilization of the ligand-radical by
increasing the metal-ligand interaction. Complex a also has the
smallest CO binding constant of the three complexes. The larger the

macrocycle, the greater is its KCO.

The smaller macrocycle should
be more difficult to distort to give the square-pyramidal nickel(I)-
carbonyl complex. An é.dditional factor that may cause the CO binding
to vary in these complexes is the extent to which the ligand-radical
orbital is stabilized, viz. how far the ligand 7* orbital lies beneath
the metal dxz_yz. 13 The magnitude of this separation between the 7*
orbital of the ligand and the metal dxz_yz orbital may account for much
of the observed trends in carbon monoxide binding constants. This
energy separation is of interest particularly for compound 6, which
exhibits an equilibrium between the nickel(Il) ligand-radical form

and the nickel(I) form, where the estimated difference in the two

reduced species is 0. 75 kcal/mole. 14
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Complexes g, 4, and H show a series in which the trimethylene
groups bridging the two a-diimines are replaced successively with
difluoroborate groups. Again the reduction potentials, as well as their
affinity for CO, varies monotonically over the short series; the least
negative reduction potential also corresponds to the smallest KCO.

For the analogous copper(I)-carbonyl complexes, where X-ray
crystallographic results show possible copper-fluorine interactions for
compound §Q7 and compound 3115 (Figure 3), the suggestion was offered
that the higher CO binding constants also observed for copper(I)
complexes containing difluoroborate groups were due to a favorable

metal-fluorine interaction in the five-coordinate complex. 9

Compound
10, in which the fluorines have been replaced with phenyl groups,
exhibits a CO binding constant not significantly smaller than that of

11; this indicates the probable lack of strong metal-fluorine inter-
actions. Another possibility indicated here by the trend of reduction
potentials is that the borate bridging groups may raise energy of the
ground state of the four-coordinate complex facilitating CO binding;
raising the energy of the #* orbital of the four-coordinate complex
would favor the five-coordinate carbonyl adduct if the energy levels of

the carbonyl adduct were not altered. Geometrical differences between

the alkyl group and borate groups cannot be ignored. Other secondary
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forces such as the ligand's ability to distort and solvation effects may
also play a role in the binding constant changes.

EPR Spectroscopy. Electron paramagnetic spectra were
obtained of the reduced nickel complexes in propylene carbonate glass
at 100 K. The results are shown in Table II. Complexes possessing
conjugated a-diimine moieties show an isotropic value, indicative of a
ligand-radical signal. 4 Upon addition of carbon monoxide (Figure 4),
these signals disappear and give rise to the anisotropic spectra of a
d’ -metal with axial symmetry. 16 The EPR spectra strongly support
the contention for square-pyramidal geometries for the carbonyl-adduct.
This process, by which the odd electron is induced to migrate to a
largely metal orbital from a predominantly ligand orbital, may be
considered an intramolecular electron transfer. 12, 16

Those complexes lacking conjugated a-diimines (5, 7, 8, and 9)
give anisotropic axial EPR spectra as the four-coordinate complex.
Upon exposure to carbon monoxide, these complexes give rhombic
spectra (Figure 5). Both the four-coordinate and five-coordinate
complexes of 5, 7, 8, and 9 appear to be nickel(I) complexes.

All of the five-coordinate carbonyl complexes contain the
nickel in the +1 oxidation state. The EPR spectra, as expected,

support the dxz_yz orbital as the highest energy metal orbital. 16

Infrared Carbonyl Stretching Frequencies. Infrared stretching
frequencies of the carbonyl group for several of these reduced nickel

complexes measured in CO-gaturated pyridine solution are found in
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Figure 4
EPR Spectra in Propylene Carbonate Glass

at 100 X of 4 and Q(CO)
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Figure 5
EPR Spectra in Propylene Carbonate Glass

at 100 K of 9 and 9(CO)
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Figure 6
Electronic Absorption Spectra of Compounds
10 (solid line) and LQ(CO) (broken line)

in Propylene Carbonate Solution
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Figure 7
Electronic Absorption Spectra of Compounds
9 (solid line) and 9(CO) (broken line)

in Propylene Carbonate Solution
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Figure 8

EPR Spectrum of 6 in Acetonitrile at 298 K
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Figure 8
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Table OI. These complexes fall into three groups. Complexes with

four imine nitrogens (conjugated or not) have v~ near 2020 cm™

complexes with two imines are near 1960 cm™'; complex 5(CO),

which has a totally saturated ligand, i.e., no imine nitrogens, has

the lowest carbon monoxide stretching frequency, 1949 cm™!. These
carbonyl stretching frequencies show no correlation to binding constant.

The lack of dependence of carbonyl stretching frequency on KCO

suggests
that the major contribution to the metal-carbon bond does not involve

the metal d-orbitals. This is consistent with the expectation that the
binding of late transition series metals to #-acids like CO is primarily
through their 4s and 4p orbitals, rather than their d-orbitals.13
However, minor contributions from the de and Cgrz orbitals to m-back
donation is expected to have some contribution in the nickel-carbon
bond and thus influence the carbonyl stretching frequencies. In the
expected square-pyramidal environment, the metal dxz and dyz orbitals
should interact directly with the ligand nitrogen lone pair as well as

the carbon monoxide 7-antibonding orbitals. Through a symbiotic
effect, the harder saturated nitrogens appear to cause a greater
delocalization of electron density into the CO 7* orbital by way of the
metal d-orbitals than unsaturated nitrogen donors, thus leading to

lower carbonyl stretching frequencies for the saturated complex.
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Table III. Carbonyl Stretching Frequencies of Nickel(I) Carbonyl

Complexes Measured in Pyridine Solution

Nickel Complex SO,
3(co)? 2020
4(co)? 2015
5(co)® 1949
7(Co)? 2020
8(co)? 1957
9(co)P 1962 (1961)°
11(co)P 2020 (2029)°

g‘-Ca.rbonyl complexes were generated in situ. pCarbonyl

complexes were both generated in situ and isolated as crystalline

products. R taken in the solid state (KBr pellet).
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Electronic Absosgtion Spectra. The reduced nickel species

are all deeply colored and their electronic absorption spectra consist
of moderately intense charge-transfer bands. Nickel(II) ligand-
radical complexes are all green and exhibit qualitatively similar
spectra; upon formation of the carbonyl adduct, browish-red solutions
are formed. Representative spectra taken in propylene carbonate
solution are shown in Figure 6. While these charge-transfer bands are
not assigned, they are felt to arise from the low energy transition
between the ligand 7* orbitals and the dxz-yz nickel orbital.

The nickel(I) complexes are all deep brown. Their carbonyl
complexes are bright green. Sample solution spectra obtained in
propylene carbonate solution are shown in Figure 7.

Temperature-Dependent Behavior of Complex 6. As reported
earlier, 14 complex 6 was synthesized and found to exist in two
reduced forms: nickel(II) ligand-radical and nickel(I). Those two
forms, which are believed to consist of two conformations in equilibrium,
give a solution EPR spectrum in acetonitrile and other aprotic solvents
showing two g-values (g = 2. 113 and g = 2. 048) at 25°C (Figure 8),
whose relative ratio is temperature dependent. The estimated
difference between the nickel(I) and nickel(II)-stabilized ligand-
radical forms is 0.75 kcal/mole.

In addition to these observations, temperature-dependent

electronic absorption spectra in acetonitrile or propylene carbonate
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undergo changes which are ascribed to the same equilibrium process
(Figure 9). At 26°C, the two bands centered at 560 and 860 nm are
assigned to the nickel(II)-stabilized ligand-radical form; the less
intense bands at 790 and 1080 nm are assigned to the nickel(I) form.
At reduced temperature (-40°C), the bands associated with the
nickel(I) form decrease in intensity. Upon rewarming to 26°C, the

original spectrum is obtained.

Summagz

Although five-coordinate Ni(I) species are known, 17

carbonyl
complexes of metals with a valence electron count greater than

eighteen are rare, While the four-coordinate complexes exhibit
unusual redox properties, undergoing either metal or ligand reduction--
depending on the macrocyclic ligands structure, the five-coordinate
carbonyl adducts are all found to be paramagnetic, 19 electron
nickel(I) complexes. It is felt that the metal d-orbitals play a minor
role in CO binding and that the predominant interaction is through
o-interactions with the metal 4s and 4p orbitals.

Comparisons of compound 6, which appears to be in equilibrium
between two reduced forms, and compounds 2 and 4, which appear to
be relatively trapped into the nickel(II) ligand-radical form, show that
the macrocycle size is an important factor in the stability of the ligand-

radical.

These nickel complexes were studied to aid in the understanding

of the bonding behind the diamagnetic copper(I) complexes studied
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Figure 9
Variable Temperature Electronic Absorption Spectra
in Propylene Carbonate of 6 at (A) 26°C,

(B) -40°, (C) upon rewarming to 26°C
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earlier. 6-9

These paramagnetic nickel analogues to the reduced
copper systems have given complementary data to help formulate
bonding schemes for the carbonyl adducts. In light of a number of
similarities between those copper compounds and the nickel(II)
ligand-radical and nickel(I )-carbonyl compounds, we are presently
reexamining the copper(I) designation for the metal in the reduced

four-coordinate copper complexes.

Eggerimental Section

Materials.  All chemicals were reagent grade and were used
as received unless otherwise noted. Reagent grade N, N-dimethyl-
formamide (DMF) was dried first over MgSO,, followed by distillation
from 4A molecular sieves. Argon, for electrochemical measurements,
was purified by passing over hot copper turnings and then through 4A
molecular sieves. Carbon monoxide was passed over activated
Ridox@ and then 4A molecular sieves. Tetrabutylammonium
perchlorate TBAP (Southwestern Analytical Chemicals) was dried
exhaustively in vacuo before use. Nickel(II) compounds, precursors

20 5, 20 1,2], 22 §,21,22 2’23 _—. ,1\,1\214 N

to complexes 1, 18 3,
prepared by the methods given in the references listed. All nickel(IT)
salts were used as the perchlorate salt, except for the precursor

to complex 5, which was used as the tetrafluoroborate salt. CAUTION:
PERCHLORATE SALTS MAY BE EXPLOSIVE. All compounds gave

acceptable elemental analysis.



63

Physical Measurements. Samples of air-sensitive materials

for physical studies were manipulated in a Vacuum Atmospheres
Dri-lab glove box with a helium atmosphere. Solvents were thoroughly
deaerated prior to use.

X-Band EPR spectra were recorded on a Varian E-line
spectrometer. Temperatures of 100 K were maintained using an
Air Products Heli-Tran liquid helium transfer refrigerator.
Temperatures near the ambient temperature were maintained using a
Varian V-4540 Variable Temperature Controller. Samples were
contained in cylindrical quartz tubes (2-mm diameter) equipped with
2-mm oblique-bore vacuum stopcocks and "5 14/20 joints. Solutions of
the carbonyl adducts were made by evacuating the helium atmosphere
in the tube on a vacuum line and then introducing carbon monoxide gas.

Infrared spectra were obtained on a Beckman IR-4240 infrared
spectrometer. Solution spectra were obtained using sodium chloride
cells (1 mm). Carbon monoxide was introduced into the cell by the
insertion of a syringe needle, attached to a tygon tube with a flow of
CO passing into serum caps on the solution IR cells until the carbonyl
adduct was generated.

Electronic absorption spectra were recorded on a Cary-14
spectrometer. Solution spectra were recorded using quartz cells
(0.1 cm or 1 cm) equipped with Kontes teﬂon® stopcocks to allow for
addition of carbon monoxide as described above under the EPR
procedure. Temperature control was maintained using a quartz

vacuum Dewar and a regulated flow of liquid nitrogen-cooled nitrogen
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gas; temperatures were recorded using an iron-constantan thermocouple.
NMR spectra were obtained on a Varian EM-390. Chemical shifts are
reported relative to internal TMS.

Electrochemistry. The methods and equipment used for

polarographic analysis have been described earlier elsewhere. 9

§znthesis of (32 6; 10, 13-tetraaza-1pbora-1x 1-dif1uoro-4! 5,11,
12-tetramethzl-22 14-dioxagzclotetradeca-3; 5,10, 12-tetraenato)-

nickel(II) perchlorate, }E (Precursor to 4). Excess boron trifluoride

etherate ( 7 ml) was added to a slurry of [(3, 3’-trimethylenedinitrilo)-

bis(2-butanone oximato)] nickel(II) perchlora,te24 (5¢g) in dioxane

(30 ml). The reaction was heated at reflux for 1 hr. After cooling to
the ambient temperature, the reaction mixture was filtered. The
yellow-orange solid was washed successively with ethanol and ether.
Recrystallization from aqueous acetone gave the yellow-orange
microcrystalline solid. Anal. Caled. for C,,C,BC1F,N,NiOg:

C, 20.67; H, 4.07; N, 12.58. Found: C, 30.0; H, 4.3; N, 12.6.

Synthesis of ( 3, 6, 10; 13-tetraaza-1-bora-1, 1-difluoro-

4,5,11, 12-tetramethyl-2, 14-dioxacyclotetradeca-3, 5, 10, 12-
tetraenato)nickel, 4. 26 In a He atmosphere chamber, 15 (2. 3 g) was

slurried in acetone (35 ml). Cobaltocene25 (0.97 g) was added. The
reaction was stirred 8 m. The product was then isolated by vacuum
filtration. The forest-green crystals were then washed with acetone
and dried under a stream of He. Anal. Calcd. for C,,H,;BF,N,NiO,:
C, 38.21; H, 5.25; N, 16.20. Found: C, 38.3; H, 5.1; N, 16.2.
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gnthesis of cobaltocinium bisgdifluoroboroglzoximatoZm'ckelz

H. Under a He atmosphere, nickel(II) bis(diﬂuoroboroglyoximate)22
(0.40 g) was slurried in acetone (20 ml). Cobaltocene (0. 24 g) was |
added. The reaction was stirred vigorously for 8 min. The product
was then isolated by vacuum filtration. The dark green micro-
crystalline product was then washed with acetone and dried in vacuo.
Anal, Caled. for C,H,,B,CoF,N,NiO,: C, 37.68; H, 3.87; N, 9.7T;
Ni, 10.23. Found: C, 38.1; H, 3.9; N, 10.0; Ni, 10. 3.

Synthesis of carbonyl cobaltocinium bis(difluoroboroglzo:dmate)-

nickel, 12.  Under a carbon monoxide atmosphere in a Schlenk

apparatus, cobaltocene (0.20 g) was dissolved in CO-saturated acetone
(5 ml). Nickel(IT) bis(difluoroboroglyoxime)(0.33¢g) was dissolved in
CO-saturated acetone (35 ml). The two solutions were combined with
stirring under a stream of CO. After 10 min., the reaction was
filtered and the brown microcrystalline product was dried under a
stream of CO. Anal. Caled. for CyH,,B,CoF,N,NiO,: C, 37.93;
H, 3.69; N, 9.31; Ni, 9.76. Found: C, 37.8; H, 3.5; N, 9.5; Ni,9.17.
Synthesis of carbonyl (5,7, 7, 12, 14, 14-hexamethyl-1,4,8, 11~

tetraazacyclotetradeca-4, 11-diene)nickel(I) perchlorate, 13. To sodium

amalgam (0.25%, 100 g) under an inert nitrogen atmosphere in a
Schlenk apparatus, was added a degassed solution of (5,17, 7, 12, 14, 14-
hexamethyl-1, 4, 8, 11-tetraazacyclotetradeca-4, 11-diene)nickel(II)
diperchlorate (1.0 g) in a acetonitrile (50 ml). The reaction mixture
was stirred for 6 hr. The dark brown solution was filtered under a

nitrogen atmosphere. 1 The filtrate was then stirred under a carbon
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monoxide atmosphere. The solution became bright green. The
solvent was slowly evaporated off under a stream of carbon monoxide.
The remaining solid was washed under a nitrogen atmosphere with
oxygen-free water (50 ml). The mixture was rapidly filtered. The
dark green solid was dried in vacuo. Anal. Calcd. for C,;H,,CIN,NiO,:
C, 43.75; H, 6.91; N, 12,01; Ni, 12.58. Found: C, 43.6; H, 6.6;

N, 11.9; Ni, 12, 5.

Synthesis of (3, 6,9, 12-tetraaza-1-boro-1, 1-difluoro-4, 5, 10,
11-tetramethyl-2, 13-dioxacyclopentadeca-3, 5, 9, 11-tetraenato)nickel(II)

perchlorate . ethanol, 14 (Precurser to 2). Excess boron trifluoride
WWVW\M\MM

etherate (7 ml) was added to a slurry of [ (3, 3’-ethylenedinitrilo)-
bis(2-butanone oximato)]nickel(II) perchlor:a.te24 (5 g) in dioxane

(30 ml). The reaction was heated at reflux for 1 hr. After cooling to
the ambient temperature, the reaction mixture was filtered. The
yellow solid was washed successively with ethanol and ether.
Recrystallization from aqueous ethanol gave a red-orange micro-
crystalline solid. Anal. Calcd. for (4 (14)-ethanol)
C,;HpoN,0,,CL B, FeNi;: C, 28.98; H, 4.15; N, 13.19. Found:

C, 28.9; H, 4.1; 13.2.

Synthesis of | (3, 3'-tetramegglenedinitrilo)bis-(2-butanone
oximato)]nickel(Il) perchlorate, 16. 4, 9-Diaza-3, 10-dimethyldodeca-
3,9-diene-2, 11-dione dioximeg(lo. 0 g) was dissolved in hot ethanol
(75 ml). A solution of Ni(Cl10,),+ 6H,0 (7.6 g) in ethanol (20 ml) was
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added to the hot solution of ligand. The reaction was refluxed 1 hr
with stirring. Upon cooling to 2°C, the mixture was filtered. The
orange solid was vacuum dried. Anal. Caled. for C,,H,,CIN,NiO:

C, 35.20; H, 5.17, N, 13.68. Found: C, 35.0; H, 5.1; N, 13.7.

Synthesis of (3, 6,11, 14-tetraaza-1-boro-1, 1-difluoro-4, 5, 12,

13-tetramethyl-2, 15-dioxacyclotri deca-3, 5, 11-13-tetraenato)-
nickel(II) perchlorate monohydrate, 17 (Precursor to 6). A slurry of

16 (1.0 g) in dioxane (15 ml) was treated with boron trifluoride
etherate (5 ml) and refluxed 4 hr. The reaction mixture was cooled

to the ambient temperature. A white crystalline solid was separated
off by filtration. The filtrate was taken to dryness on a rotary
evaporator. The residue was recrystallized from water with
concentrated sodium perchlorate. The bright green crystalline
product was collected by filtration. Upon drying in vacuo, the green
crystals gave an orange powder. Anal. Calcd. for C,,H,,BC1F,N,NiO;:
C, 30.19; H, 4.65; N, 11.74. Found: C, 30.4; H, 4.5; N, 11.8.

Synthesis of (3, 6, 10, 13-tetraaza-1, 8-dibora-4, 5, 11, 12-

tetramethyl-1,7, 9, 14-tetraoxa-12 1,8, 8-tetra2heny1cyclotetradeca-B, 5
10, 12-tetraenato)nickel(II), 18 (Precursor to 10). Nickel(II) dimethyl-
glyoxime (2.0 g) was refluxed with aminoethoxydiphenylborane (2.5 g)
in dioxane (25 ml) for two days under a nitrogen atmosphere. The

hot reaction mixture was filtered. Upon cooling to the ambient
temperature, yellow crystals formed. The product was collected by
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vacuum filtration. NMR (d,-Me,SO) 62.07 (s, 3), 7.00 (s, 5). Anal.
Caled. for C,H,B,N,NiO,: C, 62.29; H, 5.23; N, 9.08. Found:

C, 61.,8; B, 5.0; N, 8.1.

Synthesis of (3, 6, 11, 14-tetraaza-l-bora-1,1-difluoro-4,5,12,
13-tetramethy1-22 15-dioxaczc10pentadeca-32 b, 1L, 13-tetraenato)nicke1(1)z

6. Under an inert atmosphere, a solution of cobaltocene (0.060 g)

in acetonitrile (2 ml) was combined with 17 (0.200 g). The reaction
mixture was stirred 8 m. The product was isolated by vacuum fil-
tration. The blue-green microcrystalline product was dried in vacuo.
Anal. Caled. for C,,H,,BF,NNiO,: C, 40.05; H, 5.6; N, 15.57. Found:

C, 39.9; H, 5.3; N, 15.1.
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Intramolecular Electron Transfer in Some Tetraazamacrogzclic
Complexes of Cogger and Nickel

R. R. GAGNE, J. K. BURDETT, D. M. INGLE, and
P. D. WILLIAMS

Abstract
Infrared spectral studies of four nickel(II) and copper(II)

tetraazamacrocyclic complexes, their four-coordinate, one-
electron reduction products, and the corresponding five-
coordinate nickel(I) and copper(I) carbonyl adducts have been
studied. Overall similarities between the nickel and copper
complexes cause formulation of the four-coordinate one-
electron reduction products of copper(Il) complexes containing
conjugated a-diimine moieties as copper(IIl)-ligand dianion
species.

 Extended Hiickel molecular orbital calculations confirms
the experimentally-based conclusions. In square-planar

complexes M(DOBF,), where M = Cu(I), Ni(I), the 0;2_y2
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metal orbital lies above the normally unoccupied ligand
7* orbital. For M = Cu(Il), Ni(II) or for ligands without
conjugated imine groups, the G;z_yz orbital lies below the
ligand 7* orbital. The presence of a small HOMO-LUMO
gap in the reduced species favors a tetrahedral distortion
(experimentally observed in the crystal structure of Cu(DOBF,)).
Upon coordination of CO with the reduced species, the 0;2_ 72
orbital always lies below the ligand #* orbitals. This intra-
molecular electron transfer coincident with geometry change
has been experimentally observed.

The CO is attached to the metal mainly through o-interactions
between ligand ¢ orbitals and metal 4s and 4p orbitals,
augmented by stabilization, via unoccupied CO 7* orbitals, of
two metal d orbitals (7 back-donation). The ¢ contribution of
the metal d orbitals to the metal-carbonyl bond is zero.
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Introduction

During the past decade, several investigations into the
chemistry of polydentate and macrocyclic complexes have presented
the opportunity to observe certain metals in less common oxidation
states. Of interest for possible models for copper-containing proteins
is the chemistry of copper(I) macrocyclic complexes. Endicott and
co-workersl have studied the aqueous electrochemistry of copper(Il)
tetraazamacrocyclic complexes; a highly-reactive, yellow species,
which although isolation was not possible, was shown to be a copper(I)
complex, was produced. Olson and Vasilevskis, 2 working in aceto-
nitrile solution, were able to electrochemically generate and isolate
both copper(I) and copper(III) complexes of tetraazamacrocyclic

3, 4

ligands. Busch and co-workers have investigated a highly

conjugated tetraazamacrocyclic copper(Il) complex (Cu(TAAB)2+),
which was proposed to

2+

CuCTAARYZY
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yield a blue copper(II) ligand-dianion comple x upon reduction.

5, 6

Gagné reported the one-electron reduction of the complex

Cu(ll) (DOBF,)" to give a deep blue, diamagnetic complex, Cu(DOBF,).

g:B,F + F,B ’ 3

LS I—%INC\SI
@

CuCIXDOBF ) Cu(DOBF'

The reduced complex exhibits the novel ability to bind a fifth ligand,

i. e., carbon monoxide, to yield a yellow, five-coordinate, 20-electron

copper(I) complex, Cu(I) (DOBF,)CO. 6

Foo F
O’B‘O

By c«f

CuCI)(DOBFz)CO



7

Crystallographic analysis of Cu(l) (DOBF,)CO® and tetraethy1-
ammonium carbonyl [ (1, 8-dibora-3, 6, 10, 13-tetraaza-1, 1, 8, 8-tetra-
fluoro-4, 5, 11, 12-tetramethyl-2, 7, 9, 14-tetraoxatetradeca-3, 5,10, 12-
tetraenato) copper(I)]?TEA"’[ Cu(I)(DMGBF,),CO] ", reveals that the
copper atoms are displaced out of the best-plane of the four nitrogen
ligands by 0.96 and 1.02 A, respectively. Furthermore, the ligand

F\ ,F =
0" 0 co
T Ny /i
NN
0..,.0
FOF
[CuCI)(DMGBF2), CO] -

assumes an interesting '"dome' shape (Figure 1). All available data
suggest that Cu(I)(DOBF,)CO is a five-coordinate, 20-electron,
copper(I)-carbonyl complex. There are no other carbonyl complexes
which violate the eighteen electron rule except for W(¢C=C¢),CO, for
which there is a simple explanation, and the nickel complexess’ 9

analogous to these copper carbonyl complexes.
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Figure 1

ORTEP Drawing of the Structure
of Cu(I)(DOBF,)CO °
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Figure 1
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The 18-electron, four-coordinate complex, Cu(DOBF,), has
also been studied crystallogr:a.phica.lly;9 the complex is e ssentially
square-planar, but with a tetrahedral distortion towards a local
D,4 geometry about the CuN, unit, which is consistent with the
inherent inclination of Cu(I) to assume a tetrahedral geometry. The
infrared spectrum of Cu(DOBF,) demonstrated an unusual feature;
the typical imine stretches in the 1600-1650 cm™ region observed for
Cu(l) (DOBF,) * Cl10, were not observed. Three additional bands were,
however, observed in the 1250-1500 cm™* region. The usual 1650 cm™*
area bands were observed for Cu(I)(DOBF,)CO. This behavior was
ascribed to possible 7-delocalization from the metal into the ligand 7*
orbital. The oxidation state for copper in Cu(DOBF,) was tentatively
regarded as Cu(I)..

Analogous nickel complexes have since been synthesizedlo’ 1
in a continued effort to elucidate the nature of the four- and five-
coordinate copper complexes. We report here an analysis of the
infrared spectra of both copper and nickel systems to link the
similarities of the two more fully and to establish assignments for the
oxidation states of the copper species. Also, the results of molecular
orbital calculations using the Extended Hicke 1 method are especially
enlightening, There results, which are consistent with e xperimental
observations, suggest that the 20-electron Cu(DOBF,)CO complex be

described as a copper(I) species, while the tetrahedrally-distorted,



81

18-electron Cu(DOBF,) should best be described as a copper(III)
complexed to a doubly reduced ligand.

Results and Discussion

Infrared Spectroscopy. Infrared spectra of isolated,
analytically-pure complexes have been studied. The structures of the
ligands involved are shown in Figure 2.

The copper(I) complexes studied by Endicott and co-workers1
and isolated by Olson and Vasilevskis® were of the trans-diene
ligand. The IR spectra of Cu(Il) (trans-diene) * 2 C10, and Cu(I) (trans-
diene)* ClO, have previously been reported. 2 The Cu(I) (trans-diene)-
CO- ClO, has not been isolated due to a low carbon monoxide affinity. 12
Imine stretching frequencies for Cu(II) (trans-diene) - 2 C10, and
Cu(I) (trans-diene)+ ClO, are located in the normal imine region
(1665 cm™ and 1630 cm™, respectively).

The analogous nickel complex, Ni(II) (trans-diene)* 2 ClO,
undergoes a one-electron reduction to give the d° complex,
Ni(I) (trans-diene)* CI1O,, 13
give the five-coordinate, 19-electron Ni(I) (trans-diene)CO- ClO,.

which in turn binds carbon monoxide to
10,11

The designation of both of these reduced comple xes as nickel(I) species
has been demonstrated by EPR spectroscopy. 10,11,14 The IR
frequencies are listed in Table I. Upon reduction from Ni(II) to Ni(I),

the imine band moves only a small amount (from 1665 cm™" to 1640 cm™?).
Formation of the nickel(I) carbonyl adduct causes little change (VC=N =

1645 cm™'). Comparisons of the behavior of the IR imine band of the
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Figure 2

Skeletal Representations of the Ligands

trans-diene and (DMGBF2)22-
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[(DMGBF)5]%"

Figure 2
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Table I.  Infrared Spectra (from 2500 to 1200 cm™!)23
Cu(trans- Cu(trans- Ni(trans- Ni(trans- Ni(trans-
diene s diene) diene)- diene) - diene .
(C10,), (C10,)P (C10,),¢ (c1o4;° (c1o‘,;S
1962 s
1665 s 1630 1665 s 1640 m 1645 s
1615 m 1810 s
1485 w 1480 m 1460 s 1570 m 1495 w
1445 m 1470 s 1450 s 1460 s 1470 m
1420 m 1445 s 1430 s 1430 s 1460 m
1410 m 1400 s 1405 s 1380 s 1445 s
1395 s 1385 m 1390 s 1365 s 1425 s
1360 m 1370 s 1370 s 1340 s 1390 s
1305 m 1360 m 1360 s 1285 m 1375 s
1280 w 1330 s 1355 s 1255 m 1295 m
1260 m 1265 s 1305 m 1235 m 1280 m
1240 w 1255 w 1275 m 1220 m 1245 w
1210 w 1245 w 1255 w 1200 w 1235 w
1230 s 1235 w 1220 m
1210 w

2 Abbreviations: s, strong; m, medium; w, weak. p-Ref. 2.

SRef. 13. %This work.
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nickel complexes to the copper complexes of trans-diene is unremark-
able. No profound changes occur in the imine stretching frequencies;
both metals appear to be univalent.

The IR spectra obtained for Cu(ll)(DMGBF,),,

CoCp,  [Cu(DMGBF,),]", and CoCp,*[ Cu(DMGBF,),C0]", 15 5re shown
in Figure 3. The IR spectrum obtained for Cu(Il)(DMGBF,)- dioxane
exhibits an imine stretch at 1635 cm™. The copper(I) carbonyl-
adduct, CoCp,"[Cu(DMGBF,),CO]”, gives an imine band at 1630 cm™>.
The four-coordinate reduced complex, CoCp,*[Cu(DMGBF,),]",
however, shows no imine band in the normal region, but instead has
new bands at 1330 and 1470 cm™. This result is similar to that of
Cu(DOBF,), vide supra. The infrared spectral bands are given in
Table II.

The IR spectra associated with the Ni(DMGBF,), undergo a
reversible one-electron reduction; the product is not the corresponding
Ni(I) species, but rather a nickel(II)-stabilized ligand-radical (as
shown by EPR). 1011 This nickel ligand radical binds carbon
monoxide, accompanied by intramolecular electron transfer (ligand to
metal), to give a paramagnetic, five-coordinate, 19-electron nickel(I)
carbony! complex, CoCp,*[Ni(I)(DMGBF,),c0]~. 1% 11 Tpe
spectrum of Ni(II)(DMGBF,), has an imine stretch at 1635 cm™?;

CoCp," [ Ni(I)(DMGBF,),CO]" has its imine stretch at 1610 cm™. The
ni ckel(IT)- stabilized ligand-radical, CoCp,*[Ni(DMGBF,),]", has no
1

normal region imine stretching frequency; new bands at1325and 1450 cm™
appear instead. Figure 4 shows the IR spectra of these three
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Figure 3

Infrared Spectra of Cu(II)(DMGBF,)," dioxane (upper),
CoCp*[Cu(DMGBF,),]” (middle), and

CoCp*[Cu(DMGBF,),C0]” (lower)
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Figure 4

Infrared Spectra of Ni(DMGBF,), (upper),
CoCp, [Ni(DMGBF,), ]~ (middle), and

CoCp,  [Ni(DMGBF,),CO]~ (lower)
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complexes; Table II compiles the infrared spectral bands.

To confirm that the bands discussed here are actually related
to the imine group, °N-substituted Ni(DMGBF,), was synthesized.
The IR spectrum of this compound shows an isotopic dependence of
the 1635 cm™' absorbance (uczst = 1615 cm™'). Similarly,
(**N) CoCp, [ Ni(DMGBF,),]”, the nickel(Il) ligand-radical, shows a
change in the new low energy bands (V(15N) = 1310 and 1440 cm™}).
Although the bands of interest are affected by the isotopic change,
the shift is not as large as for the unreduced nickel(II) species. The
ligand-radical bonds are expected to show higher vibronic coupling
due to the occupation of the ligand 7* orbital (vide infra). The deviation
from a simple harmonic oscillator model is not surprising. Table III
gives *N-substituted IR results.

The similarity between the copper and nickel IR data compels
us to formulate the four-coordinate, reduced copper complex as a
copper(III)-stabilized ligand-dianion. A formal two-electron intra-
molecular electron transfer occurs upon binding of carbon monoxide.
By analogy to the related nickel chemistry, 10,11 we suggest that
reduced complexes of copper with square-planar tetraazamacrocyclic
ligands containing at least one a-diimine moiety should also be viewed
as a copper(III)-stabilized ligand-dianion.

Molecular Orbital Calculations. Molecular orbital calculations
were done on the species shown in Figure 5, using the Extended

Hiickel method with the parameters given in the Appendix.Results will
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Table III. Infrared Spectra for *°N-Substituted Ni(DMGBF,),
(from 2500 to 1100 cm™). 2

(**N) Ni(DMGBF,), (*5N) CoCp, Ni(DMGBF,),”

1615 m

1430 w 1440 m
1385 m 1415 m
1240 m 1375 m
1215 m 1310 s
1190 s 1195 w
1110 m 1145 m
1100 s 1110 m

2 Abbreviations: s, strong, m, medium, w, weak.
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Figure 5

Skeletal Representations for Metal Complexes

Used in EHMO Calculations



94

FgF Fa-f
~0 00 ¢o

0
=S T
SO

McDOBF)"
M=MCID; n=0
M=M(D);n=1

N\ /N
(\| N+ EHN’M\N]

%N\ /N\ '
o AN
N° N N+
M(trans-diene)
ne+ M=M(I);n=]
M(TIMD M=M(ID) ;n=2

M=M(I);n=1

M=M(I);n=2" Q
N+

MCTAABRY™
M=MCD) ;n-1
M=M(ID) ;n=2

Figure 5



95

be discussed for Cu(DOBF,); individual attention will be given to the
other complexes when relevant to the discussion.

Interactions of metal 3d, 4s, and 4p orbitals with the low-lying
nitrogen ¢ orbitals, which point toward the center of the macrocycle,
and four pairs of 7 orbitals, belonging to the two conjugated a-diimine
moieties, are shown in Figure 6 The nitrogen 0's are stabilized by
16 Most notable

is the strong destabilization of the dxz_yz orbital caused by metal-ligand
17
0*

interaction with the metal orbitals in the usual manner.
interactions forming the b,g (Figure 7). Stabilization of the

b2g o* is not possible, in the square-planar geometry, by mixing with
higher energy metal (4s, 4p) orbitals, because it is of the wrong
symmetry. The traditional sort of m-donation (metal-to-ligand)

proposed for these complexes9

is probably not very important as the
ligand 7* orbitals show no such stabilization. One of the 7* orbitals,
a,, T,, is actually stabilized by an admixture with the metal 4p orbital
in a binding fashion (Figﬁre 8); the associated a,, 7,* (Figure 9) is of
the wrong symmetry to interact with any metal orbital and remains
unchanged in energy with respect to the free ligand. The relative
ordering of the b,g o*, the a,, 7,*, and the a,, 7, (hereafter, referred
to as U;:e-yz’ m,* andm,* resp.ectively) causes many of the unusual
properties possessed by the four-coordinate complexes.

Figure 6 shows a triad of energetically close orbitals—cr;z_yz
(consisting of metal 3dy, o, and ligand 0, _.,), 18 7 * (consisting of
mostly ligand 7* and a small amount of metal 4p), and 7,* (which is

nearly unaltered ligand 7*). For Ni(II) (d®), Ni(I) and Cu(I) (d®), and



Figure 6

Molecular orbital diagram for Cu(DOBF,) (center)
showing its assembly from the diagram for
the free ligand (right) and the metal (left).
The ligand has an idealized planar skeleton
for the complex and the ligand. Only the
orbifals which change in energy significantly
on complexation have been included. The
ligand ¢ orbitals are labelled with subscripts
to indicate with which central atom orbitals
they predominantly interact. The orbital
occupancies are for the neutral ligand and Cu(I).
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Figure 7

Schematic Representation of the b2g o* Orbital
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Figure 7
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Figure 8

Schematic Representation of the a,,; 7 ,* Orbital
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Figure 9

Schematic Representation of the a,, m,* Orbital
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Cu(I) (d'°) complexes, these three orbitals contain 0, 1 and 2 electrons,
respectively. From the molecular orbital calculations, two different
energy level orderings were found (Figure 10). Because the d-orbitals
of the divalent metals are more contracted than the corresponding
univalent metals, the antibonding interaction between the dxe-yz

orbital with the nitrogen ¢ orbitals is less for the divalent ion than for
the univalent ion. These calculations s how that for Ni(I) and Cu(I) the
HOMO for M(DOBF,) is the ligand orbital #,*. This is consistent with
the experimental assertion that these are metal-stabilized ligand-
radicals and ligand-dianions, respectively. A population analysis of
the C=N bond (Table IV) indicates a decrease of about ten percent

in the four-coordinate complex, responsible for lowered imine
infrared stretching frequencies. For divalent metals, the 7,* orbital
remains essentially unchanged, but the 0;2_y2 becomes lower in energy.
Thus for Cu(II), the HOMO is the metal dxz-yz'c ontaining orbital.
Population analysis of the Cu(I)(DOBF,)CO shows the ordering of these
three levels is qualitatively similar to theCu(II) species. The question
'is mute for Ni(II) as all three of these orbitals are empty. For ligands
where there are no conjugated a-diimines, trans-diene for example,
the m-orbital picture is very different; the #* orbital is considerably
higher in energy (Figure 11), thus the o;2_y2 is always the HOMO. A
similar reduction has been proposeds’ 4 to occur for Cu(TAAB)*
containing Cu(I) (or rather [Cu(II)(TAAB'")]™). The vibrational
frequency changes upon reduction associated with the imine bonds are
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Figure 10

Energy Level Orderings for M(DOBF2)+ and M(DOBF,)
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Table IV. @ C-N Population Analysis

DOBF,

square planar Cu(DOBF,)
pyramidal Cu(I)(DOBF,)CO
domed Cu(I)(DOBF,)CO

total

L. 13
1.01
1.11
1.12

0. 80
0. 82
0. 82
0.81

0.31
0.19
0.29
0.31
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1

very much smaller for Cu(TAAB)™ (Cu(lI)(TAAB)**, 1562 cm™’;
Cu(TAAB)*, 1536 cm™")* than observed with the Cu(DMGBF,), and
Ni(DMGBF,), systems. Molecular orbital calculations on the free
ligand, TAAB, show that its m-orbital system forms a group of occupied
ligands straddling the energy of the U;Z-yz (Figure 11). Thus for
Cu(TAAB)*, no electron transfer to the ligand should occur, i.e., no
formation of the Cu(IIl) ligand-dianion is expected to occur. 19

The square-planar reduced complexes (formally ¢ Ni(I) and
d*® Cu(I)) of M(DOBF,) have a small HOMO-LUMO gap. Perturbation
theory arguments (or application of the second order Jahn-Teller
theorem) lead to the prediction of a b,, distortion of the square-planar
geometry to a local D, point group for the MN, unit, i.e., a tetrahedral

9

distortion. The calculations show an overall stabilization for the

complex occurs (Figure 12). Stabilization is dominated by relieving

20 Upon distortion,

the metal dxz_yz-ligand antibonding interactions.
the HOMO (7,* orbital) begins mixing in a contribution from the dxz-yz
metal orbital. During this process, some of the ligand-located
electron density is returned to the metal center. A correlation
between the imine stretching frequency and the extent of tetrahedral
distortion would be predicted.

Coordination of carbon monoxide to the square-planar complex
Cu(DOBF,) results in a d orbital pattern corresponding to the square-
pyramidal geometry. Figure 13 shows the relationship between the

energies of the orbitals of the four-coordinate and five-coordinate

species, for which the metal has been constrained to remain in the
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Figure 11

Molecular Orbital Diagram for the Ligands
DOBF, and TIM (left),
trans-diene (center), and
TAAB (right).
For reference, the O*y2_y2 energy for

Cu(DOBF,) is included.
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Figure 12

Molecular Orbital Diagram forthe o*,2_ .2 and 7 *

¥
of Cu(DOBF,), showing the effect of a

b,; distortion
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Figure 12
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Figure 13

Molecular Orbital Diagram for Cu(I)(DOBF,)CO (center)
arising from the interaction of the
Cu(DOBF,) orbitals (left) and
the free CO orbitals (right).
The ligand hés an idealized planar skeleton
for Cu(DOBF,) and Cu(I)(DOBF,)CO in which

the metal atom lies in the plane.
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Figure 14

Moleuclar Orbital Diagram for Cu(I)(DOBF,)CO
showing the idealized square-planar (left)

and the observed geometry (right).
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Table V. Cu-X Population Analysis in the Five-Coordinate
Cu(I)(DOBF,)X

Total o(s,p) o(d) nw(d) =(p)

square-planar Cu-CO 0.55 0.45 0.02 0.07 0.01
observed geometry Cu-CO 0.66 0.54 0 0.08 0.02
square-planar Cu-Cl1~ 0.34 0.41 0.01 -0.08 O
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plane of the square-planar ligand. Two major c hanges have occurred:
(1) the reduced symmetry has allowed the metal to mix 3d, 4s, and 4p
orbitals, (2) the metal d,. has been highly destabilized due to anti-
bonding interactions with the carbonyl ¢ orbital. As the metal ion is
moved out of the plane of the ligand, while holding the macrocycle

in a fixed planar position, the system is strongly stabilized; the

metal dXz » and dzz are considerably stabilized upon moving the

-y
metal out of the ligand plane, due to the relief of metal-ligand anti-

21

bonding forces. An additional, but smaller stabilization is found as

the ligand assumes the "domed'" geometry observed crystallographically
(Figure 14). 8,1 Other distortions, including bending the difluoroborate

and alkyl bridges away from the metal side of the complex are highly

disfavored. 22

Since the metal dza-carbonyl o-interaction is an antibonding

interactionilong apical bond might be expected. =

6,7

This is not the
case, as shown by crystéllography. A population analysis of the
Cu(I)(DOBF,)CO complex (Table V) indicates that the carbon monoxide
is primarily attached to the metal by strong o-interactions with the
metal 4s and 4p orbitals. Interaction of ligand ¢ and metal d orbitals
leads to negligible stabilization. A small stabilization is seen by
interaction of the carbon monoxide 7* orbitals with the filled metal
dxz and dy 7 orbitals--M-CO 7 back-donation. A similfir mechanism
for CO attachment is formed with all the ligands mentioned above

25

(Figure 5). The o-interactions of importance for the formation of

these metal carbonyls are similar to those between CO and the main
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group species BH,. The ability of the metal d-orbitals to 7 back-donate
to CO gives a Y0 (2068 cm™"), which is less than that of free CO

(2143 cm'l) and much less than for BH,CO (2164 cm™'). Certain
Cu(I)-carbonyl complexes have been reported to be higher (ranging
from 2160 to 2185) than free CO. 26 Copper 4s and 4p orbitals o-
interactions are also shown by population to be the major contributors

27-28 1. noted the

to the Cu-N linkages. Hoffmann and co-workers
importance of (n+1)s and p orbitals in the bonding interactions between
closed-shell species Cu(I)/Cu(I) and Pt(0)/Pt(0). The importance
of the s and p orbitals suggests comparison to a square-pyramidal
main group species, SbPhg; inclusion of Sb 4d electrons reveals this
is a 20-electron complex. The general importance of higher orbitals
on determining the properties of transition metal complexes is an
unanswered question. Although parameter dependent, the results
reported here suggest that for these copper-carbonyl complexes
they are quite important.

| Calculations were also done for the Cu(I)(DOBF,)C1™ species to
investigate the effect of the coordination of a 0-donor as a fifth ligand.
From the population analysis (Table V), the attachment of chloride is
also by ¢ orbitals and the copper 4s and 4p orbitals. In contrast to the
stabilizing m-interactions for the copper-carbonyl complex, the 7-
interactions are actually destabilizing for the chloride complex. This
7-bonding, resulting from occupation of both Cu-Cl bonding and anti-
bonding orbitals, has been noted for other macrocyclic complexes by

Okawa and Busch. 29 These results for chloride attachment are
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consistent with the observationss’ 12

KL, for binding a m-acceptor ligand as fifth ligand than for a o-donor

of larger equilibrium constants,

ligand.
kL
Cu(DOBF,) + L === Cu(DOBF,)L
L=CO, K=1.2x10° M}
L = 1-methylimidazole, K= 1.6 X 10! M™*
Summag

EHMO calculations as well as experimental infrared results
indicate that reduced tetraazamacrocyclic copper complexes containing
conjugated a-diimine moieties may best be described as copper(III)
complexed to a ligand diz:mion.32 Corresponding reduced nickel species
have been shown to be nickel(Il)-stabilized radical anions. Although
this formalism might seem to suggest a very electropositive metal,
the tetrahedral distortion observed serves to mix the HOMO- LUMO
pair, returning some electron density, and thus copper(I) "'character, "
back to the metal center. One might speculate that this intramolecular
electron transfer process, which may be suitably altered by adjustment

of molecular parameters, 10,11, 12

plays an important role in the
mechanism for electron transport in copper containing proteins, for
which there are presently no detailed descriptions of the role of the

copper site,
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E&perimental

Infrared spectra were obtained on a Beckman IR-4240 infrared
spectrometer. Samples, contained in KBr pellets, were prepared
under an inert atmosphere as much as possible. Spectra of KBr
pellet samples were comparable to the spectra of nujol mull samples
prepared under a helium atmosphere in a Vacuum Atmospheres Dri-

10,13 , 4 copper?: 5 T 12

Lab glove box. All nickel complexes gave
satisfactory analytical analyses.

Isotopically substituted *N-Ni(DMG), was prepared by stirring
2, 3-butanedione (56 mg), '*N)-hydroxylamine hydfochloride (70 mg),
and m‘ckel(II) acetate * dihydrate (240 mg) in 4 ml ethanol at the ambient
temperature overnight. Subsequent syntheses were as described

elsewhere. 10,11

Aggendix

The calculations were carried out on the parent molecule

Cu(LBF,) with dimensions given. It

FugF
0”50

H /N\ N\ H
(¥
HIN’ \h‘jl H
|
HZC\C/CHZ

H “H
CuCLBF2)
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differs from the ligand used in the experimental work by replacement

of some terminal methyl groups by hydrogen atoms. The parameters

30

of the Extended Hiickel calculations™ are given in Table VI. For the

M(I) and M(II) species (M = Cu, Ni) the double { Slater functions of

31 were used for the metal 3d orbitals.

Richardson and co-workers
The explanation of the experimental results above derive from a
particular level ordering in the complexes obtained using these radical
functions. Calculations are parameter dependent as alternate choices
of d-orbital.functions, for example single §, do not give the same
results. Values of the metal 4s and 4p orbital exponents and s, p, and

d VSIP's are those used by Hoffmann and Mehrota, 2*
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Table VI. Extended Hiickel Parameters

Atom Orbital Exponent H. (eV)
H 1s 1,300 -13. 60
B 2s 1. 300 -15.20
B 2p 1. 300 -8.50
C 2s 1. 625 -21.40
C 2p 1. 625 -11.40
N 2s 1. 950 -26.00
N 2p 1. 950 -13.40
o 2s 2.275 -32. 30
o 2p 2.275 -14.80
F 2s 2,475 -40. 00
F 2p 2.475 -18.10
Cl 3s 2.033 -30. 00
Cl 3p 2.033 -15.00
M 4s 2.200 -11.40
M 4p 2. 200 -6. 06
Cugl) 3d 5.95(0. 59 33% 2.30 go. 5744) -14.00
Cu(I) 3d 5. 95 (0. 6062 2.50(0.5371) -14.00
Nigl) 3d 9. 75 (0. 5817; 2.20 §0. 5890) -14.00
Ni (1) 3d 5. 75 (0. 5959 2. 40 (0. 5497) -14.00

2The 3d orbitals are in double £ form with expansion coefficients

in parentheses.
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Summary
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Summary

These investigations of nickel macrocyclic ligand complexes
have revealed certain facts. To enumerate, they are:

(1) Four-coordinate nickel(I) complexes of certain tetraaza-
macrocyclic ligands can bind carbon monoxide to form nineteen elec-
tron, paramagnetic, presumably five-coordinate nickel(I) carbonyl
complexes.

(2) Four-coordinate nickel(II)-stabilized ligand radical com-
plexes of several tetraazamacrocyclic ligands containing conjugated
a-diimine moieties can also bind carbon monoxide to form nineteen
electron, paramagnetic, presumably five-coordinate nickel(I) carbonyl
complexes. Intramolecular electron transfer apparently occurs upon
the complex going from four-coordinate to five-coordinate as seen
by EPR and IR spectroscopy.

(3) One complex, Ni(DOBF,)Bn, displays both the nickel(I) and
the nickel(II)-stabilized ligand radical at ambient temperatures. From
variable temperature EPR, the nickel(I) form is estimated to be 0. 75«
0.15 kcal/mole higher in energy than the nickel(II) ligand radical.

(4) Carbon monoxide binding constants, EPR parameters, elec-
tronic absorption spectra, and infrared spectra of the four-coordinate

and five-coordinate reduced nickel complexes have been reported.
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(5) On the basis of similarities in the infrared spectra between
the reduced nickel and analogous reduced copper complexes, the pre-
viously known four-coordinate reduced copper complexes having con-
jugated « -diimines can be regarded as copper(IIl)-stabilized ligand
dianion complexes, having a large amount of 'copper(I)-character."

EHMO calculations are related that are consistent with this view.
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Copper(I): Equilibrium Constants for the Binding
of Monodentate Ligands to Several Four-

Coordinate Copper(I) Complexes
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Unusual Structural and Reactivity nges for Cogger (I):
Eguilibrium Constants For the Binding of Monodentate
Ligands to Several Four-Coordinate Cogger(l) Complexes

ROBERT R. GAGNE* JUDITH L. ALLISON, and D. MICHAEL INGLE

Abstract: Equilibrium binding constants, KI, were measured for the

R = Cu(I)rnac(L)+n, in which Cu(I)mac+nis

reaction: Cu(I)mac+
a four-coordinate Cu(I) complex of a polydentate ligand, L is a mono-
dentate ligand, and Cu(I)maLc(L)+n is a five-coordinate Cu(I) complex.
Equilibrium constants have been obtained for reactions between
isonitriles, phosphites, CO, phosphines and amines with a single,
four-coordinate, copper(I) macrocyclic ligand complex. Reactions
between CO and twelve different four-coordinate copper(I) complexes
were also studied. In all cases equilibrium constants were obtained
using a simple electrochemical fechnique. Sampled dc polarography

)+n

was used to obtain E, for the Cu(mac)(II/I)" redox couple in the
2

absence and in the presence of a monodentate ligand, L. The
observed shift in E, was then used to calculate equilibrium con-

2

stants. In general, five-coordination for Cu(I) was found to be
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favored for macid ligands, such as isonitriles, phosphites, CO and
phosphines. Five-coordinate adducts are apparently accessible from
a variety of four-coordinate Cu(I) complexes. Tetradentate ligands
which enforce a near square-planar, yet flexible, ligand geometry

for Cu(I), seem to promote five-coordination.



133

Introduction

The four-coordinate copper(I)-macrocyclic ligand complex, 1,
has been shown to have tetrahedrally distorted, square-planar coor-
dination.1 Besides an uncommon copper(I) geometry, the complex
also exhibits unusual reactivity, binding monodentate ligands to give

2-4

five-coordinate adducts, 2, equation 1. The first fully character-

ized five-coordinate copper(I) complex, a carbonyl adduct, 3 (2 with

F:B:F +n F\B/F
i 8
|

AN /N L(n=0) N\Zf(

/Cu\ /Cu I

N N U (1)
I, Cu(I),n=0 2
4,Cu(),n=|

L = CO) was shown by X-ray structural analysis to exist in a distort-

ed square-pyramidal configuration.3 The carbonyl complex, 3, has a
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copper-carbon bond length of 1.78 A, but long copper-nitrogen
bonds (2.14-2.16 ) accompanied by an extraordinary 0.96 A) dis-
placement of copper(I) from the mean plane of the four coordi-
nated nitrogen atoms. .

Initial spectroscopic, structural and reactivity studies (L = CO,
1-MeIm, CH,CN) have suggested that these species, 1 and 2, be
regarded as copper(l) complexes, but have not explained the unusual

reactivity or structures. k=g

Equilibrium binding constant studies,
reported here, help to define the nature of copper binding to both
axial (L) and macrocyclic ligands. This paper presents experimen-
tally determined equilibrium constants obtained with a wide range of

monodentate ligands reacting with several copper-macrocyclic ligand

complexes.

Determination of Eguilibrium Constants

Equilibrium constants, KI, equation 2, were measured for a

I
Cu(l)mac + L 5 Cu()mac (L) (2)

variety of copper(I)-macrocyclic complexes, Cu(I)mac, and mono-
dentate ligands, L, in acetone or N, N-dimethylformamide (DMF).
All determinations were made using electrochemical methods. Since

this technique has not been widely applied for monitoring ligand
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binding a detailed description of the procedure is given here.

From the Nernst equation, equation 3, an expression can be

E = E°+ BT gy [Culd)] (3)
nF [Cu®)]
derived that relates reduction potentials and copper(Il) and copper(I)
equilibrium binding constants. If the equilibria given in equations 4

and 6 are the only equilibria in solution, the derived electrochemical

Cu(@)mac + L = Cu(I)mac (L) 4)

I . [Cu(I)mac (L)] 5)

[Cu(I)mac|[L]

Cu(I)mac + L = Cu()mac (L) (6)

I_ [Cu@)mac (L)]
[Cu(@mac][L]

K (7

relationship in equation 8 results, where E, (L) is the half-wave
’ 2

4+ BT g [ L+KAL], (8)

E%(L) = E
BF 1+k[L]

(M

potential measured with some mondentate ligand L present and E;
2

is the corresponding potential in the absence of ligand. Derivation
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of this relationship has been described elsewhere.‘}-'7
Experimentally, half-wave potentials were determined for a
copper(II) solution under argon and with various concentrations of
I I

monodentate ligand, L. The binding constants, K~ and K°, were

calculated using a form of equation 8, given in equation 9

II
1 _ 1 1), _xT ©)

AEMF/RT)_;  gI_g I\ [L] k. kI

where

AE = Ey(L) - Ey . (10)

[N

AE(nF/RT)_

A plot of the reciprocal of the exponential term, e 1,

vs. the reciprocal of | L] has a slope equal to 1/(KI-KH) and an

II I

ordinate intercept equal to K1/(KL-K

and KH, can be determined from the slope and intercept by solving

). The binding constants, K

simultaneous equations.
A simpler expression can be used when either KH[L] or KI[L]
I
approaches zero. As K [L]approaches zero, equation 8 becomes

equation 11

AEMF/RT) .y _ gy, \ (11)
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One potential shift measurement due to a single L concentration thus
allows calculation of KI.8

Half-wave potentials for the reduction of copper(II) to copper(I)
were evaluated from sampled dc polarogr:atms.8 Figure 1 shows
polarograms for the copper(II) compound, 4, in N, N-dimethylform-
amide (DMF) with argon and carbon monoxide atmospheres. The half-
wave potential of a cathodic wave was evaluated using the relationship

given in equation 12, where i is the mean current and i, is the mean

d

E=E, - BL gn[1 ] (12)
2 nfF ld-l

diffusion current, measured as indicated in Figure 1. Diffusion

current constants, I,, characteristic of a compound in a particular

d’

solvent, were calculated using the measured mean diffusion current,

i g4’ and the relationship given in equation 13
i
_ d
= ——7 - .
[Cuglm?ate

In equation 13, [CuB] is the bulk concentration of electroactive

species in mM, m is the mercury flow rate in mg/s, and t is the

drop time in seconds. Half-wave potentials, E,, were determined
2

as the intercepts of E vs. ln[i/(id-i)] plots. Theoretically, such



Figure 1

Sampled dc polarograms with curves smoothed
of complex 4, (0.5 mM), in DMF with carbon

monoxide, E% = -0.296 V, and argon, E%=-0.456 V.
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plots should have a slope -RT/nF for a reversible electrochemical
process. In practice the measured slopes of E vs. In[ i/(id-i)] plots
were used as one indication of electrochemical reversibility. Loga-
rithmic analysis of polarograms of 4, with added ligands at initial

concentration, [L]i, resulted in values for I, slope, and E,(L),
2

q’
presented in Tables I (DMF as solvent) and II (acetone as solvent).
For some ligands other than P(E'C6H4CD3 and pyridine a series of
different ligand concentrations were examined, but the data presented
are representative.

The negative slope should be 58.6 mV at 22 °C for n=1. For
the reduction of copper(Il) to copper(I) in the presence of ligand, L,
negative slopes varying from 54.8 to 81.5 mV were found, Table I.
The majority of slopes are close to 58.6 mV consistent with electro-
chemically reversible reduction processes. The glaring exceptions
(in DMF) are P(O-Bu), (-79.2 mV), P(O-C.H,,), (-81.5 mV), and
P(p-CeH,Cl), at low [L} (-67.2 to -72.1 mV). At low [L], or at
very high KI a problem exists which is mirrored by the slope value.
If the reduction process is reversible without L, on addition of L, a
reversible process will occur only if there is a sufficient excess of L
to effectively maintain the electrode surface concentration, [L}S, at

the initial level, [L]i’ throughout the polarographic run. For ligands

which bind especially strongly to Cu(I) a high concentration of L was



Table I. Representative Sampled dc Polarographic Results for 4 and

Fifth Ligands in DMF.?

Ligand, L [L]i x10° (M) Idb -slope® r2° E%(L) ©
No ligand® 0.0 1,70  56.8  0.9993  -0.456
p-NC(CH,NC 5. 03 1.61  58.5  0.9992 -0.166
p-NO,(C,H,)NC 5. 08 1.69 64.5  0.9996 -0.168
P(0-CH,,), 1.99 1.64 81.5  0.9995 -0.251
P(0-Bu), 2.06 1.65 79.2  0.9995  -0.270
P (0-p-C4H,Cl), 2.00 1.67 59.6  0.9995  -0.304
co 4.64 1.70  57.3  0.9997  -0.296
P(O-p-C.H,CH,), 1.03 1.60 67.0  0.9999  -0.349
P(0-0-C,H,CH,), 2.41 1.53  58.7  0.9998  -0.337
P(p- C4H,Cl), 5. 00 1,56  56.9  0.9998  -0.327

2.00 1.71  62.9  0.9998  -0.352

0.960 1.69  67.2  0.9998  -0.375

0. 800 1.64  68.2  0.9993  -0.380

0.640 1,70 72.1  0.9997  -0.389
P(p-C,H,CH,), 2.00 1.56  64.0  0.9989  -0.360
P(C.H,), 2. 00 1.71  62.6  0.9999  -0.363
P(o- C,H,0CH,), 2. 00 1.67 58.7  0.999%4  -0.458
P(0-C,H,CH,), 2. 00 1.68 57.1  0.9995  -0.459

a[C‘u(II)]=5.00>< 10"*M. Temperature, average value, 22°C. Drop

time, t, 5 s.
b 1

I3, pA sz mM)™ (mg)

-3

N

CFrom linear regression fit of plot of E vs. In[i/ (ig-i)] : -slope, mV;
r’, coefficient of determination; E, (L), ordinate intercept, in volts

vS. nhe, assuming E

dAvera.ge values,

f
ferrocene ~

0°400 V.
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Table TI. Representative Sampled dc Polarographic Results for 4 and

Fifth Ligands in Acetone. -

. 3 b c 2 c
Ligand, L [L]ix 10° M) I -slope r E%(L)
no ligand? 0.0 2.93  59.0  0.9991  -0.400
P(O-Bu), 2.05 2.70 59.9 0.9987 -0.168
P(O-p-C¢H,C), 2,13 2.65  60.3  0.9925 0.205
P(C.H,), 3.18 2.57 57.6  0.9999 -0.270
pyridine 100.4 2.78 57.3 0.9994 -0.462

50. 8 2.83  58.3  0.9990 -0.450

33.5 2.81  58.0  0.9995 -0.440

25.4 2.81  58.7  0.9995 -0.435

20.3 2.80 58.0  0.9993  -0.431

. 16,7 2.78  57.3  0.9991  -0.427

4-(CH,) ,Npyridine  100.0 2.62 59.9  0.9994 -0.532
(CH,),N(CH,) 50.5 2.64 54.8  0.9995 -0.401
4-CH,O,Cpyridine 116.9 2.60 56.9 0.9997  -0.434

A cu(m)] = 4.99 x 10™* M.

time, t, 5 s.

Temperature, average value, 22° C. Drop

Br,, uA st @)™ (me)".

CFrom linear regression fit of plot of E vs. In[i/ (id-i)] : -slope, mV,;

r?, coefficient of determination; E; (L), ordinate intercept, in volts
2

vs. nhe, assuming Ef

dAverza.,c.;:e values.

ferrocene

= +0.400 V.
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necessary to maintain [L]S effectively constant throughout the re-
duction. Unfortunately, measuring the current, i, from plots of E
vs. ln[i/(id-i)]was difficult for higher concentrations due to back-
ground current problems (discussed below) so that polarograms at
higher concentrations could not be quantitatively analyzed. This may
account for the large negative slopes of certain logarithmic plots,
viz. those of the strongly binding phosphites P(O-Bu), and P(O-CH,),.
The data for P(P-CSHQCI)S, Table I, illustrate the gradual approach of
the negative slope to 58.6 mV with increasing ligand concentration.
Low concentrations of phosphine 1igands were used due to back-
ground currents that increase with increasing ligand concentrations.
Even with only 2 mM ligand, the polarogram of P(p-C.H,CH,), had
nonparallel background and diffusion currents. The background cur-
rent had a greater slope (i/E) initially due to the current from an
oxidation wave of the ligand, L1 which did not affect the more nega-
tive diffusion current of the copper(Il) reduction. With increased
ligand concentration, the very rapidly growing background current
began to overwhelm the slope of the copper(Il) reduction, and accurate
determination of the half-wave potential became difficult. Low con-
centrations of L were used to minimize the background current slope.

Problematically, however, low ligand L concentrations led to

variation in the slopes of the E E._ln[i/(id-i)]plots from -58.6 mV,
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and also inaccuracy in E; determinations, Table I. The value of
2
[L]S at equilibrium is not equal to the bulk or initial concentration

of L, [L]i, but is lowered by x, the concentration of Cu(I)L formed

(equations 6 and 14). With [ L]. and AE, an initial equilibrium

i

Cu(@mac + L = Cu(l)mac (L) (6)

K! = X (14)
([Cum]; - X)([L] - X)

constant, Kli, was calculated (equation 11). This constant, Ki, and
[L]i were used to initiate an iterative calculation of x. The equi-
librium or final concentration of L within the diffusion layer, |[L] £

is equal to [L]. minus the converged value of x. This value was

i
used to determine K%, the final equilibrium constant.

The calculated [L], values for five concentrations of P(p-C H,Cl),

f
are given in Table II. Figure 2 graphically illustrates the differ-

AE(F/RT)_; oo 1]

ence between [L]i and [L], in a plot of e

f
(see equation 11). The calculated ordinate intercepts of the two

plots are -8.29, [L]i, and -0.42, [L]f. For any ligand at [ L] = 0,
AE is zero and the plot should pass through the origin. The use of

[L]f adjusted the ordinate-intercept closer to zero, with minimal

4 4 _1
change in slope (3.33 X10 to 3.34 X10 M ).
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Figure 2

AE(nF/RT)_l vs. [L]

Graph of e for five

concentrations of P(p-C,H,Cl), in DMF with

0.5 mM complex 4. AE = E%[P(p_—CSH4C1)3]-E

N

The top line is the plot using [L];, the cor-
rected ligand concentration. The slope is

3.34 x 10* M ', the ordinate-intercept is -0.42,
and r? is 0.9999. The lower line is the plot
using[ L];, the initial ligand concentration.

The slope is 3.33 X10* M, the ordinate-

’

intercept is -8.29, and r? is 0.9999.
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The other difficulty encountered with low concentrations of
ligand was ambiguity in the position of the half-wave potential. The

E. values determined from E vs. ln[i/(id-i)} plots and [ L], values

2

f

calculated iteratively were used to find Kg (equation 11). When
several initial concentrations of L were examined, a plot of
eAE(nF/RT)-l vs. {L]f (as in Figure 2) was constructed and the
slope, equal to K%, was determined. The coefficient of determina-
tion, r?, is an indication of the linearity of the data pairs. Table
IV condenses the results of both simple calculations of KI from a
single AE, [L]f pair and the linear regression calculations of slopes,
intercepts and coefficients of determination for a series of AE, [L]f
pairs. With the assumption that KII is zero, KI values were calcu-
lated and the r? values indicate a good data fit, Table IV. Because
of the correlation of high and low ligand concentration data, the er-

ror in determination of E. appears to be smaller than the theoret-
2

ically predicted error, AE’ (equation 15).'7 The error, AE/ is

A ~ RT[Culm] (15)
2nF[L]

+0.0015 V with [Cu()] = 5%X107¢ Mand [L] = 2x10™3 M. An er-
ror of #0.0025 V in E; (L) has been estimated, corresponding to
2

[L]=1.25X10"% M or, as intended, large enough to include instru-
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Table IV. Determination of Equilibrium Binding Constants, K", with
RN Assumption, kI - 0.2
Ligand, L Solvent Points® r2c p¢ KI(M-l)a,c,d
p-NC(CH,)NC DMF 3 0.99942 -2500. 1.9x107
;—NOZ(CGI*I4)NC DMFE 3 0.9996  -620. 1.7x107
P(0O-CH,,), DMF 2 1.8x10°
P (O-Bu), DMF 2 8.3x10°
acetone 2 5.1x10°
P(O-p-C,H,Cl), DMF 5 0. 99970 8.6  2.2x10°
- ' acetone 2 8.6x10°
co DMF 2 1.2x10°
P(0-CH,), DMF 5 0. 9960 2,6 1,.1x10°
P(0-p-C.H,CH,); DMF 4 0. 9946 0.74 8.7x10°
P(0-0-C.H,CH,), DMF 2 4.9x10*
P(p-C,H,Cl), DMF 6 0. 9999 -0.60 3.3x10°
P(;-CGH,,CHs)s DMF 5 0.9986 -0.66 2.4x10°
P(Eeﬂs)a DMF 5 0. 9984 0.59 2.1x10°
acetone 2 5.6x10"
P(0-CH,0CH,);,  DMF 2 0
P(0-C.H,CH,), DMF 2 0

2 For the Ixiea.ctions: Cu(I)mac, 1+ L Iél Cu(I)mac(L) and Cu(Il)mac”,
K
4+L = Cu(Mmac(L)".

PPoints = number of AE, [L] points used to determine K!. This
number includes (0,0) which was used in each K1 calculation.

®plot of e AEMF/RT) 1 s [L]; AE = E,[L]-E;. Coefficient of
e 2 2
determination = rz, ordinate intercept = b, slope = K.

dKI = 0 indicates an equilibrium constant of < 10,
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mental and technique errors at alll L concentrations.

With an estimation of error in E_;:(L) the question of equilib-
rium binding constant values can be addressed. Equilibrium con-
stants were evaluated using the assumptions KII = 0 (Table IV) and

I

K" =0 (Table V). Equation 16 was used, with AE = [E, (L) - E%],

2

¢AE(M /RT)_y _ LT

Ky [L]g (16)
to calculate either KI or KH. Each calculation included the point
(0,0) and the linearity of all the points is indicated by the coeffi-
cient of determination, r?, and the closeness of the ordinate inter-
cept to zero. The fit was good in most cases. In only two cases
were the data better fit by removal of the assumption that KI or
KII is equal to zero. These cases are given in Table VI with the
binding constant values, calculated using equation 9. Finally, Table
VI summarizes the best fit KI and KII values with errors (error in
E%(L) = +0.0025 V).

Four-coordinate copper(I)-macrocyclic ligand complexes other
than 1 were found to also bind monodentate ligands, L, to form five-
coordinate adducts. Electrochemical measurements were used to

study the binding of carbon monoxide and of p-NO,(C,H,)NC with

various copper complexes. Collection and analysis of electrochemi-
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Table V. Determination of Equilibrium Binding Constants, KH,'for
4, with Assumption, ‘K! = 0.?
Ligand, L Solvent Points” e b KM H)Sd
P(o-C.H,OCH,), DMF 2 4.1x10"
P(0-C,H,CH,), DMF 2 6.4x 10"
pyridine acetone 7 0.9929 0.24 1,0x10°
4- (CH,),Npyridine acetone ;. 0.9901 28.00 1.6x10°
(CH,),N(CgH,) acetone 2 0
4-CH,0,Cpyridine acetone 6 0.9926 -0.09 2.7x10"
4For the reactions: Cu(l)mac, 1 + L Iéz Cu(I)mac(L) and
Cu(@)mac™, 4 + L 5.—-{1 Cu(ll) mac(L)".
P boints = number of AE, [L] points used to determine K*. This

number includes (0, 0) which was used in each KU calculation.

®plot of AEMF/RT)_ 1 4 [L]; AE = E, - E,(L). Coefficient of
’ - 2
determination = r?, ordinate-intercept = b, slope = K.}

K™Y - 0 indicates an equilibrium constant < 10.
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Table VI. Determination of Equilibrium Constants, K! and KJ, for 42
\ - - :

Ligand, L Solvent Points® £ Klm)© KX h)©
P(0-p-C,H,Cl), DMF 4 0.9977 2.5x10° 2.2x 10
4- (CH,),Npyridine acetone 6 0.9815 1.5x10" 4.3x10°

o
4For the reactions: Cu(I) mac,1 + L = Cu(l)mac(L) and

11
K

Cu(l)mac;4 + L = Cu(I)mac(L)"

Ppoints = number of AE, [L] points used to determine K, The

point (0, 0) was not used in these calculations.

°plot of 1/(eAEMF/RT)_1) vs. 1/[L]; AE = L (@)-Ey|. For
k! > k!, ordinate-intercept = K1/ (K! - k1Y), slope = 1/&! -k,
For K > KI, ordinate-intercept = KI/('KII -KI), slope = 1/(KII - KI).

Coefficient of determination = r’.
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Table VII. Final Equilibrium Constants of Ligands with 4.

Ligand, L Solvent k206t gllgy-1yb.e,d,f
p-NC(CH,)NC® DMF 1.94)x 10’ 0
P-NO, (C,H,)NC DMF 1.72) x 107 0
P(O-C,H,,), DMF 1.8(2) x 10° 0
P(O-Bu), DMF 8.3(8) x 10° 0
acetone 5.1(5) x 10° 0
P(O-p-C,H,Cl), DMF 2.5(3) x 10° 2.2(3) x 10’
acetone 8.6(9) x 10° 0
co DMF 1.2@2) x 10° 0
P(O-CH,), DMF 1.12) x 10° 0
P(0-p-C,H,CH,), DMF 8.7(10) x 10° 0
P(O-0-C¢H,CH,), DMF 4.95)x 10" 0
P(p-C4H,Cl), DMF 3.3(4) x 10 0
P(p-CH,CH,), DMF 2.4(3)x 10 0
P(CHy), DMF 2.1(3)x 10 0
acetone 5.6(6) x 10* 0
P(o-C,H,0CH,), DMF 0 4(6) x 10'
P(o-C.H,CH,), DMF 0 6(6) x 10
(CH,),N(C.Hy) - acetone 0 0
pyridine acetone 0 1.03) x 10°
4- (CH,),Npyridine acetone 1.5@2)x 10' 4.3(4)x 10°
4- CH,0,Cpyridine acetone 0 2.7(8) x 10’

1
2For the reaction: Cu(l)mac, 1+ L §= Cu(l)mac(L).

bKI,Kn = 0 indicates an equilibrium constant < 10.

®Bonding is assumed to have been through carbon since NC(C.H,) at
3 x 107*M did not shift the copper redyction wave in DMF.

dFor the reaction: Cu(Mmac?, 4 + L & cu(mmac(v)*.

€values in parentheses represent estimated standard deviations.

fxL O _ ¢ indicates an equilibrium constant < 10.



154

cal data was performed as described in detail for 4. Table VI
presents the resulting equilibrium constants for the binding of car-
bon monoxide to various copper(I) complexes in DMF, along with
data from other sources. Table IX presents equilibrium constants
found for the reaction of p-NO,(C,H,)NC with five copper(I) complexes
in DMF. The copper (II) complexes are depicted in Figures 3 and
4,

Discussion

Methods. Previous investigations demonstrated the ability of
the distorted square-planar copper(I) complex, 1, to bind monodentate
ligands (CO, 1-methylimidazole, CH,CN, pyridine, CN") forming five-
coordinate adducts, 2, equation 1,1* For carbon monogide in sce-
tone comparable equilibrium binding constants, KI, equation 2, were
obtained using both electrochemical (I<.'I = 6.’7><104M-1) and spectral

4 1
L 4.7X10 M ) techniques. . Spectral measurements required the

(K
isolation of pure copper(I) complex, 1, whereas the electrochemical
technique utilized the copper(Il) species, 4. The electrochemical
method entailed, simply, measurement of the copper(II/I) reduction
potential first in the absence of coordinating monodentate ligands (E 21_)

then with varying concentrations of ligands, (E.i(L)).
2

The present study has relied on electrochemical measurements
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Table VII. Equilibrium Binding Constants of Various Copper Com-
plexes in DMF, for the Reaction:

Cu(I)mac+n + CO K Cu(Imac(CO)*™.

Complex E%a KI(M'I)b Reference

5 -1,303 2.6(3) x 10° 10

6 -1.1901 4.7(30) x 10" 10

7 -1.099 2.1(3) x 10° 10

8 -0.656 4.7(30)x 10' c

9 -0.614 5.8(30) x 10! c

10 -0. 517¢ 3.1(3) x 10° 12,13
4 -0,.456 1.2(2) x 10° c

11 -0, 438 8.8(9) x 10° c
LzA -0.404 4,2(30) x 10 c

13 -0.2170 1.2(2) x 10’ c
14 -0.169 5.3(5) x 102 c

15 -0.010 0 c

Z

4potentials are given in volts vs. nhe, assuming Eﬁerrocene =+0.400 V.
bErrnrs are based on an E%(L) error of £+2.5 mV.

®This work.

dE% is for the process: Cu(II)Cu(H)mac+2 +e” = Cu(Il)Cu(I)mac”™;

KI is for the process: Cu(I)Cu()mac’ + CO = Cu(Il)Cu(I)mac(CO)™.
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to measure equilibrium binding .constants, equation 2, for a variety
of complexes and monodentate ligands. The binding of eighteen dif-
ferent monodentate ligands, L, to the copper(II/I) redox pair, 4 and 1,
has been studied, Table VII. Equilibrium constants have also been
determined for CO and p-NO,(C,H,)NC binding to several other cop-
per{I)-macrocyclic ligand complexes, Tables VIII and IX.

These extensive studies manifest several advantages of electro-
chemically auditing metal-ligand interactions. Many copper(I) com-
plexes are sensitive to dioxygen and many are not solution stable,
disproportionating rapidly. The electrochemical technique permitted
facile use of copper(ll) complexes requiring only quasi-reversible
redox processes and that copper(I) be stable as a transient species
in the absence of dioxygen.8 Indeed, we have been unable to isolate
several copper(I) deriv;eltives, including those of complexes 5, 6 and
Z, due to disproportionation complications, yet electrochemical mea-
surements have resulted in estimated copper(I) equilibrium constants.
The electrochemical technique was also useful, of course, when cop-
per(Il) complexes were more readily available than the copper(I)
analogues. Finally, equilibrium constants for both copper(Il) and
copper(I) could be extracted from a single set of measurements.

The electrochemical technique also has its shortcomings. Pre-

cision was found to be limited, as indicated in Tables VII, VII
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Table IX. Equilibrium Binding Constants of Three Copper Complexes

in DMF, for the Reaction:

n

K
Cu()mac™ + p-NO,(C,H,)NC = Cu(I)mac(p-NO,(CH,) NC*"

Complex E%a KI(M")b’ e
8 -0.656 1.3(2) x10°
9 -0.614 8.2(8) x 10°
4 -0.456 1.7(2) x 107
12 -0.404 7.6(7) x 10°
15 -0.010 0
f

3 potentials are given in volts vs. nhe, assuming E

bErrors are based on an E%(L) error of £+2.5 mV.

CKI

ferrocene = 0-400 V.

= 0 indicates an equilibrium constant < 10.
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and IX, especially with small equilibrium constants (K<102 M.
Large equilibrium constants (K>‘105 M™) also presented problems.
The mathematical analysis utilized assumed that the concentration of
ligand L did not change as copper(I) was produced and reacted with
L. For large equilibrium constants a more complex, iterative com-
putation was necessary. Presumably, larger equilibrium constants
would prove even more troublesome. Finally, but perhaps most
limiting, the redox species involved had to exhibit at least quasi-
reversible electrochemical redox processes. The electrochemical
technique has probably proved adequate for these studies since only
a single bond, the copper to axial ligand bond, is involved. More-
over the rate of bond making and breaking was, apparently, suffi-
ciently rapid that equilibrium could be approached during the course
of the electrochemical tneasurement.s The entire electrochemical
approach to measuring equilibrium constants, as described herein,

is based on the assumption that the only two equilibria occurring in
solution are represented by equations 4 and 6. This assumption
would probably be invalid for substitution labile copper(I) and cop-
per(I) if non-polydentate ligand complexes were involved. Converse-
ly, monitoring reactions which achieve equilibrium only slowly would
be difficult.

Eguilibrium Constants. Two salient conclusions can be drawn
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from the equilibrium constants given in Tables VII, VIOI, and IX.
Firstly, the four-coordinate copper(I) complex, 1, can bind various
monodentate ligands other than CO, forming five-coordinate adducts.
Secondly, five-coordination for copper(I) appears to be not limited
to adducts of complex 1 but rather is accessible from a variety of
four-coordinate copper(I) species.

A more detailed inspection of the measured equilibrium con-
stants may afford some insight into the nature of bonding in five-
coordinate copper(I). It should be noted, however, that although
equilibrium constants may reflect changes in the copper-ligand (L)
bond strength,’ they are also a function of other geometrical and
solvation changes which occur on adduct formation, equation 2. Di-
rect comparison of two equilibrium constants is not invalid but the
analysis of observed trénds may be more meaningful.

Reactions with Complex 1. The equilibrium constants listed in

Table VI suggest that the prime requirement for strong ligand bind-
ing by L to complex 1, equation 1, appears to be that L be a good
m-acid. The strongest 7 -acids studied, substituted phenyl isonitriles,
exhibit the highest equilibrium constants, ~10° M~'. Amines, in-
cluding 1-methylimidazole (1-MeIm) are regarded as poor 7 -acids
and they have been found to bind only weakly (K~16 M’ for 1-MelIm).

Pyridine and methyl isonicotinate may bind but the equilibrium con-
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stants are smaller than the expe‘rimental error of the electrochem-
ical technique (K< 10 M™'). Carbon monoxide and phosphites, re-
garded as good 7 -acids, have been found to exhibit equilibrium con-
stants in the medium range, 10* - 105 M~ ', with phosphines binding
more weakly (~10* M 1).

The overall order of equilibrium constants suggests that com-
plex 1 binds better to n-acceptors than to 0-bases. In addition, it
may be possible to discriminate between certain steric and electronic
effects in binding phosphines or phosphites to the four-coordinate
complex 1.

Crystallographic z:malysis3 of the carbonyl adduct of complex 1
shows the copper displaced 0.96 A out of the mean plane of the four
coordinated nitrogen atoms. The macrocyclic ligand assumes a
boat conformation with fhe BF, bridge and a methylene of the propyl
bridge extending upwards towards copper and CO. Bulky ligands
such as P(o-C,H,OCH,), and P(0-C,H,CH,), may not bind due to steric
interactions with the macrocyclic ligand. By the same token, steric
hindrance may account for the poorer binding of P(O-0-C,H,CH,), vs.
P(0-p-C.H,CH,), and P(0-C¢H,CH,), vs. P(p-C;H,CH,),. In contrast,
steric concerns are probably minor for para-substituted phenyl phos-
phite and phosphine ligands. For such ligands substituent effects may

be primarily electronic in nature. Thus substituents which either
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increase the m-acidity or decrease the o-basicity of a ligand appar-
ently promote. larger equilibrium constants, KI, for binding to com-
plex 1. K

The copper(I) binding constants (Table VII) follow the expected
o-base order: 4-(CH,),N-pyridine > pyridine > 4-CH,0,C-pyridine.
The binding of 4-(CH,),N-pyridine to copper(II) appears to be strict-
ly through the pyridine nitrogen since the potential ligand, (CH,),N(C,H,),
did not shift the copper(II) reduction potential in acetone. The equi-
librium constants correlate with para-Hammett constants, Gp+’ -, for

-N(CH,),, -H, and -COZCH3.16 The plot of longII vs. op+’- has a

p factor of -0.932 and an r? = 0.9991. The negative p f;ctor indi-
cates a reaction in which electron-donating substituents increase the
equilibrium constant. Weak binding to copper(Il) was found for
P(0-p-C,H,Cl),, KX = 2.2(3) X 10 M™, which is insignificant relative
to KL [2.5x10M" ].

The overall ligand binding trends indicate that copper(II) binds
better to o-bases and copper(I) binds better to m-acceptors. Further-
more, the copper(I) binding constants measured indicate that other
ligands bind to complex 1, as well as carbon monoxide. If the cop-
per-carbon bond is a covalent bond with w-character, as suggested

1-3

earlier, the copper-L bonds may have similar covalent character.

Reactions with other copper(l) complexes. The most significant



163

conclusion to be drawn from the measured equilibrium constants KI
for the copper(I) forms of compiexes 5 to 15, Tables VII and IX, is
that a host of copper(I)-polydentate ligand complexes apparently form
five-coordinate adducts. There appears to be no basis for the notion
that there is some unique feature of complex 1 which promotes five-
coordination for copper(I).

The complexes examined exhibit a range of reduction potentials,
E%, from -0.01V to -1.3V vs. nhe, Table VII. For the most part
the range and order of these reduction potentials can be explained.
Patterson and Holm have shown that rigidly planar structures and
oxygen ligands tend to favor c:opper(II).lf7 Busch has demonstrated
that increased ligand unsaturation favors lower oxidation states.18
The salicylaldehyde derivatives, 5, 6 and 7, are the most difficult to
reduce, presumably due to the presence of oxygen ligands and the
resulting negative charge for copper(I). Complexes 8 and 10 also
have relatively hard ligands but an overall positive charge, resulting
in more facile reduction. Complexes 13, 14, and 15 are the easiest
to reduce, probably due to the flexibility of the first two, promoting
tetrahedrality, and the highly delocalized nature of the TAAB ligand
in 15. The reduction potentials of complexes 4, 11 and 12 are curious.
Despite a changing overall charge (from +1, to 0, to -1 on the copper(I)

derivative) the observed values for E, are rather similar. Sterically,
2
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complexes 4, 11 and ,1\,-2\ are probably comparable, all three ligands
being fairly rigid, planar moieties. The invariance in E% for 4, 11
and Lg may be attributable to the macrocyclic ligand charge in 4 and
11 being somewhat localized on the BF, bridges. Complexes 4, as
Cu(I), and 11, as Cu(H), are neutral overall but they may be better
viewed as being zwitterionic in character. The net result is that the
four nitrogen ligands in 4, 11 and 12 probably present electronically
similar coordination environments.

Comparing CO equilibrium binding constants for complexes 4,
11 and 12 is especially enlightening. Having sterically and electron-
ically comparable coordination environments, as suggested above, all
three complexes might be expected to exhibit similar affinities for
CO. In fact, complexes 4 and 11 gave values of KI of the same order
of magnitude (1.2x10°M~ vs. 8.8 x10° M™, Table VII). In contrast,
complex 13 gave a much smaller value of KI (4.2 X10' M™"). These
differences in KI may arise from the presence of BF, bridges in
complexes 4 and 11. The molecular structures of the carbonyl ad-
ducts of ﬁs and of 1;\23 both consist of both square-pyramidyl coor-
dination geometries with copper(I) displaced far out of the four-nitro-
gen plane (0.96 X and 1.02 A for the CO adducts of 4 and 11, respec-
tively). In addition, both have a fluorine of the BF, bridges extended

toward copper, approximately 3A distant. That complex 12 exhibits
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only poor affinity for CO suggegts that the BF, bridges in 4 and 11
may help to stabilize five-coordinate adducts by copper-fluorine
interactions. Complexes 8 and 9 were examined to further test this
hypothesis. As shown in Table VII the Cu(I) forms of complexes 8
and 9 bind CO only weakly (KI = 4.7 ><101M-l for 8, 5.8 X 101 M-1 for
2) despite a coordination environment and overall charge type for 9
comparable to that of complex 4. Similar trends are seen on examin-
ing para-nitrophenylisonitrile equilibrium constants, Table IX. The
Cu(I) form of complex 4, with a BF, bridge, binds B-NOZ(C6H4)NC
quite strongly (K'=1.7 x10 M™) but Cu(l) derivatives of 8, 9 and 12,
with no BF, bridges, exhibit significantly smaller values for KI
(8.2 X 10" to 7.6 X 10 M'l). Further structural studies, presently
in progress, should help to further clarify the role of the BF, bridge
in these complexes. |

It is difficult to further account for variations in the measured
equilibrium constants, XK', for CO or p-NO,(C,H,NC binding to the
copper(l) forms of 4-15. Carbon monoxide equilibrium constants are
10" to 10° M~ for most of the complexes studied. For these com-
plexes variations probably reflect several factors including: a) elec-
tron density on copper(I), with high electron density promoting coor-
dination of a m - acid ligand; b) the geometry of the four-coordinate

precursor, with square-planar structures favoring five-coordination;
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c) the ability of the five-coordinate complex to assume a square
pyramidal configuration;and d) solvation effects as they relate to

the change in coordination geometry.

Summary

The four-coordinate copper(I) complex, 1, reacts with a variety
of monodentate ligands to form five-coordinate adducts. Equilibrium
constants for the reaction suggest that the copper(I)-fifth ligand bond
strength correlates with ligand wm-acidity in the order: isonitriles >
phosphites ~CO > phosphines > amines. It thus appears that metal to
ligand m-backbonding may be a significant component of the copper(I)-
fifth ligand bond.

In fact, a variety of four-coordinate copper(l) complexes appar-
ently react with CO or p-NO,(C,H,)NC to form five-coordinate adducts.
Five-coordination for copper(I) appears to be promoted bynear square-
planarity for the four-coordinate precursor yet sufficient ligand flex-
ibility to permit distortion to a square-pyramidal coordination geom-
etry. The presence of difluoroboron bridges on the periphery of
certain macrocyclic ligands may further promote five-coordination

via copper-fluorine interactions.
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Exge rimental

Materials. Tetrabutylammonium perchlorate, TBAP (South-
western Analytical Chemicals) was dried exhaustively in vacuo be-
fore use. Ferrocene was recrystallized from benzene. For electro-
chemical measurements DMF was dried first over MgSO,/CaSO,
then over 4A molecular sieves and vacuum distilled. Spectroquality
acetone was used for electrochemical measurements without further
purification. Argon was purified by passing it first over hot copper
turnings then over 4A molecular sieves. Carbon monoxide was passed
over activated R.idox® and molecular sieves. Complexes 2,3 §,18

6, 20 1, 2l 8, = 10,12’ 43 1123 and li24 were prepared by the methods

~ ~ A~

given in the references listed. Compounds 4, 8 and 9 were used as

the perchlorate salts. CAUTION: PERCHLORATE SALTS MAY BE

EXPLOSIVE. Complex 15 was used as the nitrate salt. All complexes

gave satisfactory elemental analyses.

Synthesis of (2,3,9,10-tetramethyl-1,4,8,11-tetraazacyclotetra-
deca-1, 3, 8, 10-tetraene)copper(Il) diperchlorate (12). To a solution of
1, 3-propanediamine (9.0 g) in methanol (300 ml) was added perchloric
acid (16.7¢g, 60%), followed by 2,3-butanedione (8.6 g). After stirring
for 30 m at the ambient temperature, Cu(II) (CH,CO,),- H,0(10.0 g)

was added. The reaction was stirred for 6 hours. Perchloric acid
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(21.5 ml, 60%) was added. The red-brown reaction mixture was
then concentrated on a rotary ev;porator to a red oil containing a light
precipitate. The mixture was filtered. The filtrate was diluted with
H,O (50 ml). A saturated aqueous sodium perchlorate solution (25 ml)
was added. Upon cooling to 2° C, a red microcrystalline solid was
obtained. Recrystallization from acetone-ethanol gave wine red nee-

dles, which was dried in vacuo. Anal. Caled. for C, H,,CLCuN,O

C, 32.92; H, 4.74; N, 10.97, Cu, 12.44. Found: C, 33.0; H, 5.0;
N, 11.0; Cu 12.5.

4, 9-Diaza-3, 10-dimethyldodeca-3, 9-diene-2,11-dione dioxime,
16, the free ligand of complex 13. 1,4-Diaminobutane (8.82¢g, 0.10

mole) was added to a refluxing solution of 2, 3-butanedionemonoxime
(20.2 g, 0.20 mole) in ethanol (75 ml). After boiling for two hours
the solution was reduced in volume to about 50 ml. When the solu-
tion was allowed to cool to the ambient temperature a solid precip-
itated. The product was isolated by vacuum filtration, washed with
ethanol and diethyl ether, and air dried. Yield of white product:
6.7g, 26%. H NMR (d,-DMSO) 6 1.67 (m, 2), 1.98 (s, 3), 2.08 (s, 3),
3.35 (m, 2), 11.28 (s, 1).

Complex 13. A hot solution of Cu(ClO,),- 6H,0 (3.7¢g, 0.01
mole) in ethanol (20 ml) was slowly added to a hot solution of the

free ligand, 16 (5.1¢g, 0.02 mole), in ethanol (50 ml). The resul-
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ting red-brown solution was heated at reflux for five minutes, then
cooled to the ambient temperatu‘re. The resulting dark solid was iso-
lated by vacuum filtration, washed with ethanol and diethyl ether, and
recrystallized from a minimum volume of acetone. A boiling dioxane
solution (50 ml) of the product (1.5 g, 3.6 mmole) was then treated
with boron trifluoride etherate (5 ml, 0.04 mole) and kept at reflux
for one hour. After cooling a light-purple solid was isolated by vac-
uum filtration and washed with dioxane and diethel ether. The com-
plex was recrystallized by slowly adding dioxane to a saturated ace-
tone solution. Anal. Caled. for C, ,H,,BCICuF,N,O;: C, 33.09: H, 4.76:

N, 11.03. Found: C, 33. 2 H, 4.9; N, 11.0.

Synthesis of 4,9-Diaza-5,5, 8, 8, -tetramethyldodeca-3, 9-diene-
2, 11-dionedioxine (17), the free ligand of complex 14. 2-Oximino-

propanal (0.65g), made from 2-oximinopropanal dimethyl acetal, was
dissolved in ethanol (4 ml). To this was added 2, 5-dimethyl-2, 5=
hexanediamine (0. 50 g). The mixture wa‘s heated to reflux for 15 min-
utes. Upon cooling to 2° C, white crystals were formed. The pro-
duct was isolated by filtration and washed with ether (3 ml). NMR
(dg-DMSO) 5 1.10 (s, 6), 1.38 (s, 2), 1.89 (s, 3), 7.76 (s, 1), 11.50
(br, 1).

Synthesis of 14. To a warm solution of 17 (0.47 g) in ethanol

(4 ml) was added a warm solution of Cu(II) (ClO,),- 6H,O (0.4l g) in
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ethanol (4 ml). The reaction was heated gently for 15 minutes. Up-
on cooling to the ambient temperature, a green solid was obtained.
The product was recrystallized from acetone. Anal. Caled. for
C,H,,CICuN,O,: C, 37.84; H, 5.67; N, 12.61; Cu, 14.30. Found:

C, 38.1; H, 5.6; N, 12.5; Cu, 14.4.

In dioxane (10 ml), the complex above (0.31 g) was stirred
with BF,- Et,O (1.5 ml). The mixture was then heated to reflux for
30 minutes. The reaction was cooled to the ambient temperature.
The product was isolated by filtration and washed with dioxane and
ether. Recrystallization was performed in acetone-ethanol to give

a blue microcrystalline solid, which was dried in vacuo. Anal.

Caled, for C, H, BCICuF.NO. C, 34.16; H, 4.91; N, 11.38; Cu, 12,91,
Found: C, 34.4: H, 4.9; N, 11.4; Cu, 13.4.

ElectrochemiwA A Princeton Applied Research Model 174
polarographic analyzer was used for sampled dc polarography and
for cyclic voltammetry. Data were recorded on a Hewlett-Packard
Model 7004B X-Y recorder. A simple H-type electrochemical cell
was used. The two compartments of the cell were separated by a
medium porosity sintered glass frit. The main working compartment
had a three-way stopcock arrangement on a gas inlet tube, permitting
gas to be bubbled up through the solution or to simply flow above the

working solution. A second stopcock at the base of the working com-
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partment allowed the working sqlution to be easily changed. A drop-
ping mercury electrode (PAR Model 9346) served as the working
electrode and a platinum wire coiled around the mercury capillary
served as the counter electrode. A Ag/Ag+ reference electrode was
placed in the second compartment of the cell. The reference elec-
trode consisted of a silver wire immersed in an acetonitrile solu-
tion of AgNO, (0.01 M) and TBAP (0.1 M), all contained in an 8 mm
glass tube fitted on the bottom with a fine porosity sintered glass
frit. The silver wire was threaded through a serum cap fitted snug-
ly over the top of the 8 mm tube.

Polarographic analyses were performed with acetone or DMF
solutions containing TBAP (0.1 M) as supporting electrolyte. The
working compartment also contained a copper(Il) sample (0.5 mM),
ferrocene (1.0 mM) and some monodentate ligand, L (zero to several
mM). In practice, working solutions were prepared in an inert at-
mosphere chamber (Vacuum Atmospheres, Inc.; filled with helium)
from stock solutions of copper(II) and ferrocene. Volumetric addi-
tions of ligand were then made.

The procedure for obtaining sampled dc polarograms began and
ended with a mercury flow rate measurement. Mercury flowing from
the capillary into a solvent was collected with the drop knocker set

at drop time of 5 s. (All polarograms were run with t = 5 s.) The
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time over which mercury was collected was recorded. The flow

. =1
rate, m, was calculated in mg s . The copper(II) sample was then
purged with argon for twenty minutes. The cyclic voltammogram
of ferrocene was measured with a platinum disc electrode with the
platinum counter electrode coiled around it. The sampled dc polaro-

gram was run at 0.5 mV s~

and the ambient temperature recorded
(22° + 1° C).

The half-wave potential of the sample, E%, was determined
from an E vs. In[ i/(id-i)] plot. The linear regression of the plot
was calculated by use of a program written for a Hewlett-Packard
Model 25 programmable calculator. The intercept of the plots gave
E'g vS. Ag/Ag+, with the slope being theoretically equal to -RT/nF.

Instead of attempting to correct potentials measured against
the Ag/Ag+ reference électrode, ferrocene served as an internal
reference redox couple. It has been proposed that the oxidation of

ferrocene to ferrocenium ion occurs naer the same potential in

most solvents.25 In water the process occurs at +0.400 V vs.

f

26 .
nhe. Measuring both Eq . 00ne

and E, [Cu(II/I)] under the same
2

conditions permitted a better estimate of potentials vs. nhe because

unknown junction potentials associated with the Ag/Ag+ could be ig-

nored. Half-wave potentials for samples, E,, were determined
2

vs. Ag/Ag+ as described above then corrected using the measured
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f
ferrocene

E (nhe) = E (Ag/Ag”) - [E
2 2

and a value of 0.400 V vs. nhe for ferrocene, i.e.,

f

ferrocene + 0-400 V]. All potentials are

reported vs. the nhe, using this correction.

Measurements of carbon monoxide binding were performed with
DMF solutions saturated with CO at one atmosphere pressure. At
this pressure the concentration of CO in solution was taken to be
4.64 mM. 27
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Appendix II

An Approach to the Synthesis of

Binuclear Metal Complexes

Interest in binuclear metal complexes and metal clusters has
led to the synthesis of "face-to-face" rnetalloporphyrins.1'4 Coll-
man and co-workers have recently reported an apparent example of
four-electron reduction of dioxygen to water catalyzed by a cobalt
"face-to-face' porphyrin. Studies of other "face-to-face' complexes
containing transition metals built around macrocyclic ligands are a
viable path for future research. The synthetic routes to "face-to-
face'" porphyrins are long, tedious, and low in overall yields——
inviting alternatives which are synthetically simpler, but with similar
structures and reactivities. Our interest in macrocyclic Schiff-base
complexes containing bridging difluoroborate groups suggested such
an alternative. The reactivity similarities between these Schiff-
base complexes and metalloporphyrins are well established.e"9 Here
we present a general scheme for the synthesis and use of a moiety

to bridge two macrocyclic complexes together.

The ultimate goal here is to form '"face-to-face' complexes
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analogous to those porphyrin complexes made by Collman.1 To

test the feasibility of the method, binuclear complexes of the type
shown in Figure I were made. While complexes of this type are
expected to exhibit a variety of conformations, they will serve to
demonstrate the effectiveness of the bridging moiety. Any reactiv-
ity substantially different in these dimer complexes than the reactiv-
ity of their mononuclear analogues is expected to arise from the
entropic "high concentration' effect of having two metal centers al-
ways in close proximity.

The bridging moiety used here is 1, 4-bis(difluoroboryl)butane;
this was chosen because models of the "face-to-face' complexes
indicated a ''substrate cavity' between the two metals should accomo-
date diatomic molecules, whose chemical activation is sought. Bridg-
ing moieties containing from one to six carbons may be synthesized
by analogous methods. 19712 The route by which 1, 4-bis(difluoro-
boryl)butane was synthesized is shown in Figure II.

Experimentally, these reactions are routine with the exception
that all are air sensitive and pyrophoric. However, 1,4-bis(difluo-
roboryl)butane is quite volatile, allowing for convenient manipulation
by conventional high vacuum techniques.

Complex 1 was synthesized by a method analogous to the syn-

thesis of its monomeric counterpart, complex 2 (see Figure III).
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Flgure I

Synthesis of Singly-bridged Dimer Complexes
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~

Figure I
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Figure I

Synthetic Route to 1, 4-Bis(difluoroboryl)butane
a) Synthesis of 1,4-Di-1-borolanylbutane
b) Synthesis of Tetrabutyldiborane
c) Synthesis of 1,4-Bis(dichloroboryl)butane

d) Synthesis of 1,4-Bis(difluoroboryl)butane



184

C)
BC,
V
Cl2B~—" BCI>
d) SbF,
v

Figure II




185

Figure I

Skeletal Representation for Dimer Complex 1

and Monomer Complex 2
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As to the synthetic ease, complex l was formed in near-quantitative
yield. It is interesting to compare complexes 1 and 2 in the solid
state. The magnetic susceptibility for 1 is 1.50 B.M. per copper
and 1.85 B.M. per copper for 2 at 295 K. The EPR spectrum of
1 at 20 K exhibits a triplet Cu(Il) dimer spectrum with a weak
"half-field" transition (Figure IV). On the basis of a dipolar mech-

anism, a Cu-Cu distance of near 61 is estimated, 13 14

Complex

2 shows a normal Cu(II) monomer EPR spectrum. It is, of course,
not known whether this interaction in 1 is intermolecular or intra-
molecular, but 6.5 Ais the distance measured for the metal-metal
separation from CPK Molecular Models for the 'face-to-face' con-
formation shown in Figure II.

In solution, however, 1 and 2 are nearly indistinguishable as
to their EPR spectra and electrochemical properties (as is expected
for the highly non-rigid complex 1).

Another complex, 3 (shown in Figure V), was synthesized to
confirm the identity of the 1, 4-bis(difluoroboryl)butane, which eluded
analysis due to its extreme reactivity and pyrophoric nature. The
NMR spectrum was used to confirm the integrity of the bridging tet-
ramethylene group (in addition to elemental analysis). Complex 3

exhibited the expected NMR spectrum(see Experimental). All other

physical and chemical properties were also as expected.
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Figure v

Powder EPR Spectrum of 1 at 20 K
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Figure V

Skeletal Representation for Complex 3
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The goal of synthesizing 'face-to-face' complexes relies on
the ability to bring all of the reagents together with the appropriate
relative orientations (Figure VI). One short-coming of this approach
is the low yield of '"face-to-face' product expected on a statistical
basis. However, since the reagents are easily made in a small
number of steps, low yields are offset by the potentially large scale
on which these reactions may be done. The rigidity of these '"face-
to-face" complexes affords an attractive space between metal centers
for "substrate binding."

Attempts to synthesize a 'face-to-face' complex were made
under high dilution conditions (see Experimental). A small fraction
of a dark brown solid, whose IR was consistent with the proposed
structure, 4 (Figure VI), was isolated. The EPR spectrum in fro-
zen acetonitrile solution at 20 K (Figures VII and VII) exhibited a
very small splitting of the g _L-line, indicative of a long-range dipole-
dipole interaction; no 'half-field" transition was observed.15

This method may afford new binuclear complexes of interest
to catalysis that could be complementary to those of the porphyrin

system.
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Figure VI

Synthesis of ""Face-to-face' Dimer Complex
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Figures VIO and VII

EPR Spectrum of Frozen Acetonitrile

Solution of the High Dilution Reaction Product
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E&e rimental

All chemicals used were reagent grade. Reactions involving
boranes were all done under an inert atmosphere. The boranes
are extremely pyrophoric and are to be handled with respect.
Magnetic susceptibilities were determined by the Faraday method.
EPR spectra were obtained on an E-line (X-band) Varian spectrom-
eter. Electrochemical measurements were done using a Princeton
Applied Research 174A Polarographic Analyzer as described else-
where.16 NMR spectra were obtained on a Varion EM-390 spectrom-
eter.

Synthesis of Tetrabutyldiborane. The synthesis was carried
out as described by Mikhailov, Akhnazaryan, and Vas.il'ev.l'7
Through a solution of 1-butene (21 g) in dry diethyl ether (100 ml)
at -30° C under a nitrogen atmosphere, was passed over a 4 h per-
iod diborane (0.075 mole; made by adding boron trifluoride etherate
(36 g) in diglyme (50 ml) to a slurry of sodium borohydride (8.0 g)
in diglyme (75 ml)) in a stream of nitrogen. After warming to the
ambient temperature overnight, the ether was carefully removed
under vacuum. The product was collected by distillation (b. p.
53-58 °C; 0.3 torr). The pyrophoric product was stored under

nitrogen.
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Synthesis of 1,4-Di-1-borolanylbutane. The synthesis was
carried out as described by Zakharkin and Kovredov.12 A 250 ml

three-necked round-bottomed flask was equipped with a stir bar,
two gas inlet bubblers, and a dry ice condenser fitted with a mer-
cury and acetone exit bubbler. Diethyl ether (100 ml) was placed
in the flask. Simultaneously, 1, 3-butadiene and diborane (method
described above) in a nitrogen stream were bubbled through the
ether. The mixture was stirred under nitrogen overnight. The
ether was removed under vacuum. The product was isolated by
distillation (b.p. 74-78 °C; 0.3 torr). The pyrophoric product was
stored under nitrogen.

Synthesis of 1,4-Bis§dichloroborxl)butane. The synthesis was
carried out as described by Kovredov and Zakhar]»:in.12 Under
nitrogen, to 1,4-di-1-borolanylbutane (12 g) was added tetrabutyldi-
borane (0.75 ml) in a 50 ml three-necked round-bottomed flask
equipped with a gas inlet bubbler and dry ice condenser fitted with
a mineral oil exit bubbler. Note: at this point the reaction mix-
ture was extremely pyrophoric. The mixture was heated to 100 °C.
Excess boron trichloride (36 g) was passed through the bubbler s ub-
merged in the liquid over a 2 h period. The mixture was then heated
to 140 °C for 3 h. The reaction was cooled to the ambient temper-

ature. The product was carefully distilled (b.p. 48-53 °C; 0.3 torr).
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The extremely pyrophoric product was stored under nitrogen.

Synthesis of 1,4-Bis§dif1uorobory1)butane. This synthesis was
carried out using a vacuum line. Under a static vacuum, 1,4-bis-
(dichloroboryl)butane (10 g) was carefully added to an excess of
antimony trifluoride (10.6 g).18 Cautiously, the mixture was heat-
ed while stirring. A vigorous exothermic reaction ensued. The
volatile product was collected by trap-to-trap distillation. The
1, 4-bis(difluoroboryl)butane was stored in vacuo until use. The vapor
pressure measured at 25°C was 28 torr.

Synthesis of 14 Dioxane. [3,3'-(Trimethylenedinitrilo) bis(2-
butanone oximato) ] copper(II) perchlorate monohydrate19 (1.0 g) was
dried in vacuo at the ambient temperature for 5 h. Dioxane (15 ml;
distilled in vacuo from sodium-benzophenone) was distilled trap-to-
trap onto the complex. 1,4-Bis(difluoroboryl)butane (0.16 ml) was
then distilled trap-to-trap into the reaction vessel at 80 K. The
mixture was warmed to the ambient temperature and stirred over-
night. The reaction was filtered in air. The precipitate was re-
crystallized from an acetone-dioxane mixture to give a blue-purple
microcrystalline solid. Anal. Calcd. for C42H76C12Cu2F2N8020:

C, 39.60; H, 6.04; N, 8.81; Cu, 10.02. Found: C, 39.7, H, 6.0;

N, 8.8; Cu, 10.4.



201

Synthesis of 3. [3,3'-(Trimethylenedinitrilo)bis(2-butanone

oximato)] nickel (II) perchlorate20 (1.0 g) was dried in vacuo 2 h

at the ambient temperature. Dioxane (15 ml; distilled ,Lrl vacuo
from sodium-benzophenone) was distilled trap-to-trap onto the com-
plex. 1,4-Bis(difluoroboryl)butane (0.16 ml) was then distilled
trap-to-trap into the reaction flask at 80 K. The mixture was warmed
to the ambient temperature and stirred overnight. The product was
collected in air by filtration. Recrystallization from an acetone-
ethanol mixture gave a yellow solid. NMR (d,-DMSO) 60. 36 (m, 1),

1.13 (m,1),2.12 (s, 3), 2.26 (s,3), 2.52 (m,1), 3.28 (m,2). Anal.

Caled. for C26H44B2C12FZN8Ni2012: C, 34.37; H, 4.88; N,12.33;

Ni, 12.92. Found: C, 34.5; H, 4.8; N, 12.2; Ni, 12.5.

High dilution reaction between bis(dimethylglyoxime) copper(II)
and 1,4-bis(dif1uoroborg‘ Dbutane: Attempted synthesis of 4. Under

an inert atmosphere, using carefully degassed solvents, a solution

of 1,4-bis(difluoroboryl)butane (0.17 ml) in acetonitrile (700 ml) and
a suspension of bis(dimethylglyoxime) copper (II)21 (0.40 g) in aceto-
nitrile (700 ml) were added simultaneously over a 4 h period, with
stirring, to a flask of acetonitrile (1200 ml). The reaction was stir-
red overnight. The solvent was distilled off of the reaction mix-
ture in the air. The dark product was triturated with hot aceto-

nitrile. The soluble portion was twice recrystallized from aceto-
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nitrile. The dark brown solid gave an infrared consistent with the

structure, but not inconsistent with an oligomer. The EPR spec-

trum in acetonitrile is illustrated in Figures VII and VI[I.15
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Proposition 1

Within the past few years, several reports of "face-to-face"
or ''cofacial™ diporphyrins have appeared in the chemical literature.l-
Recently, Collman, Anson, and coworkers5 have reported the electro-
chemical reduction of dioxygen to water without the production of
hydrogen peroxide catalyzed by ''face-to-face' dicobalt diporphyrins.
Cofacial dimetallodiporphyrins whose rings are ''polarized'" by appro-
priate substituents might have some very interesting properties. Cram
and coworkexjs6 have studied a somewhat analogous organic system,

| 2. 2] -paracyclophanes, that demonstrates this point. In |2.2]-para-

Y
[2.2]-PARACYCLOPHANE
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cyclophane, two benzenes are held in close proximity in a cofacial
sense by side chains much like in cofacial diporphyrins; if the rings
are appropriately substituted with electronegative and electropositive
groups (for example, X = NO, and Y = NH,) moderate intensity intra-
molecular charge transfer visible bands are observed that are not
seen in the spectrum of a mixture of monomers (nitrobenzene and
aniline). Cha.ng3 has reported an effect in cofacial (non-polarized)
diporphyrins of having the two parallel rings in close proximity;
the Soret band is blue shifted, while the visible bands are red shifted.
These two borphyrin rings are obviously interacting. Can this inter-
action be increased by polarizing the complex?

One can envision interligand intramolecular charge transfer in
cofacial diporphyrin complexes that decay into transient mixed valence

complexes that might have unusual properties. These transient

X X X

g hv, e g FURTHER
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mixed valence species may have significant lifetimes, if the ratio

of metal-to-metal charge transfer is low. In some cases, the re-
duced metal or the oxidized metal form cannot be formed (i.e.,
reduction of Ni(II)TPP gives ligand reduction, T oxidation of Co(OI)TPP
gives ligand oxidationg), while the oxidized metal or the reduced
metal, respectively, is stable; in cases such as these, a species
with one metal reduced and the other ligand oxidized (or the reverse)
may be formed. These species might have reasonable lifetimes.
EPR studies of frozen irradiated samples might provide insight

into these species.

Furthermore, Umezawa and Yamamurag’ i have observed
visible light-assisted electrochemical reduction of oxygen at a plat-
inum electrode coated with surface active cobalt(II) or manganese(III)
complexes of tetrakis-'(N-stearylpyridinium)porphyrin tetraiodide. In
basic aqueous media, oxidation of water to oxygen or hydrogen per-
oxide has been proposed. Charge separation upon irradiation with
visible light is proposed to occur, in the case of manganese, for
example, forming Mn(IV) and Mn(II) porphyrins, which in turn give
rise to a photocurrent accompanied by the reduction of oxygen to
hydrogen peroxide. The polarized cofacial porphyrins might undergo
this same phenomenon, but with higher efficiency due to the enhance-

ment of the charge transfer. This could lead to the development of
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a practical photochemical oxygen electrode.

Several syntheses of cofacial porphyrins have been reported.l-4
The approach of Collman1 could be modified easily to give cofacial
bis(tetraphenylporphyrins) with appropriate electron-donating and
electron-withdrawing groups. Condensation of 4-methoxy-2-nitro-
benzaldehyde with an equivalent amount of 4-methoxybenzaldehyde
with two equivalents of pyrrole in acetic acid should give a mixture
from which the desired dinitroporphyrin may be isolated by column

chromatography. Subsequent reduction (LAH , THF) of the nitro groups

would give porphyrin A. Condensation of 4-chlorobenzaldehyde with

OCH,
~/

OCH,4
PORPHYRIN A
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an equivalent amount of 4-chloro-2-nitrobenzaldehyde with two equiv-
alents of pyrrole should lead, after separation of the isomers and

reduction of the nitro groups, to porphyrin B. Addition of excess

PORPHYRIN B

phosgene to porphyrin A (in benzene containing 1% pyridine), fol-
lowed by removal of the excess phosgene in vacuo and finally addi-
tion of porphyrin B, should lead to a cofacial porphyrin, "Coface-I".
Coface-I has both electron-withdrawing chloride and electron-donating
methoxy groups needed for the proposed properties. Earlier Work11
has shown that cobalt tetraphenylporphyrins with these para-substit-
uents on the phenyl rings show a pronounced influence on the redox

properties of both the metal and the ligand; the anticipated charge-
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C¢H,OCH;

H3C0—(_) ( »-0CH,

AH HN

O___,/ CeH,OCH, \ N
\ CeHel  /
NH HN

CeH,C!
COFACE-I

transfer electronic properties of Coface-I are, therefore, highly
probable, as the porphyrin does feel the inductive effect of the
phenyl groups.

Another series of cofacial diporphyrins reported by Chang, 9
in which the interplanar separation can be varied from 6.4 to 4.24,
also lends itself to the synthesis of '"polarized'" cofacial diporphyrins.
Since porphyrins can be easily nitral.ted,12 porphyrin C can be made.
Reduction of porphyrin C (LAH, THF), treatment with p-toluene-

sulfonylchloride, and refluxing with n-butylamine should give por-
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CH;(CH,)s NO;

PORPHYRIN C

phyrin D. Porphyrin C can also be converted to the diacid chloride.

High dilution condensation of the diacid chloride of porphyrin C with

CH3(CH,)s NHTs

PORPHYRIN D
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porphyrin D should give a cofacial diporphyrin. Reduction (B,H,
THF) of this cofacial diporphyrin should reduce the amide linkages;
finally, removal of the protecting tosylate groups from the porphyrin

ring amines to give '"Coface-II"" may be done by acid treatment.

COFACE-I

Coface-II should exhibit very strong charge-transfer between the two
porphyrins due to the direct attachment of the substituents to the
porphyrin ring.

Investigations of the manganese(III) and cobalt(II) complexes of

Coface-I or Coface-II would be an obvious starting point for these
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studies, Other metals, and even mixed metal systems,2 could

eventually be studied. Spectroscopic comparisons between the free
cofacial diporphyrins, their metal complexes, and their monomeric
counterparts would be an easy way to establish the extent of intra-
molecular charge transfer. Sophisticated spectroscopic techniques
might be able to detect transient states. Attempts to build oxygen
electrodes, combining the observations of Collman, Anson, and

coworkers5 with those of Umezawa and Yalrnamura,10 could lead to

some exciting results with implications for practical applications.
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Proposition 2

The gas phase formation of singlet methylene for studying its
reaction with 2-butenes to form chemically activated dimethylcyclo-
propanes has been extensively studied.l"3 Highly energized dimethyl-
cyclopropanes were formed, which, in a near-collisionless. environ-
ment, resulted in geometrically isomerized products. For example,
the reaction of cis-2-butene with singlet methylene gives both cis-
and trans-dimethylcyclopropane. Increasing the inert gas pressures
up to 2000 torr, in order to collisionally deactivate the vibrationally
excited cyclopropane, still leads to a large portion of non-stereo-
specific product.1 This non-stereospecific result at high pressures
has been shown by Bader and Generos:a.4 to have been probably due
to the formation of collisionally-formed triplet methylene. The
problem of the contamination by triplet methylene can be avoided
by adding small amounts of dioxygen to the reaction mixture as a
triplet (radical) scavenger. Thus, high stereospecificity at high
pressures was observed in the presence of dioxygen.‘?' The oxygen
serves to greatly reduce the reactions of triplet methylene with
2-butene to give dimethylcyclopropanes.

At this time, however, there still does not appear to be any
method whereby triplet methylene can be generated in the gas phase

free from singlet methylene. Typically, triplet methylene is gen-
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erated by mercury-sensitized photolysis of a gaseous mixture of
2-butene, ketene, and mercury vapor. Decomposition of ketene

using Hg (°P,), 25374, leads to a considerable amount of singlet
methylene.6 Estimates of thirteen per cent in singlet methylene

have been suggested, 2 The decomposition of ketene here is pre-
sumably a competition between the direct photolysis of ketene and

its mercury-sensitized photochemical decomposition. Furthermore,

it appears to be a difficult and uncertain task to calculate the frac-
tion of products that are due to the singlet methylene in order to
extract from the total distribution of reaction products exactly what
extent of non-stereospecificity there is in the reaction of triplet
methylene with 2-butenes.'7 "It is by no means clear, " Kirmse'7
suggests, 'that the addition of triplet methylene to 2-butenes is
entirely non-stereospecific. " If triplet methylene adds to 2-butene
with some retention of stereochemistry, there may be some implica-
tions having bearing on the behavior of vibrationally hot diradicalsg-15
in a triplet manifold. In the absence of any singlet methylene-
specific scavenger, an efficient method of generating triplet methylene
in the gas phase without the formation of singlet methylene is needed.

K6-18 o1 % the Ehermal

In solution chemistry, it is well-documented
decomposition of tetramethyldioxetane leads to singlet and triplet ace-

tone in high yield. Furthermore, triplet acetone so generated can
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efficiently induce ''"photochemical" reactions.lg"23 The acetone

triplet has an emission band around 420 to 440 nm.l'7 Although this
is not sufficiently high an energy to cause the decomposition of
ketene, the photosensitized diazomethane photolysis at 435 nm has
been shown to give singlet and triplet methylene.'7 One might ex-
pect the reaction cross-section for the reaction of triplet acetone
with diazomethane to give triplet methylene to be quite large in the
gas phase.24

Tetramethyldioxetane, being volatile, might just serve as a
reagent by which gas phase triplet methylene might be generated.
A gaseous mixture of diazomethane, cis-2-butene, tetramethyldioxe-
tane at 50°C might lead to products formed exclusively from triplet

methylene. 25-27 (controls to be run would include the reaction below

0—0 "o o3
—— + A
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in the presence of triplet methylene scavengers. Tetramethyl-
dioxetane or acetone could react with the triplet methylene, but
sufficient amounts of the dimethylcyclopropanes should be formed
to permit analysis of the reaction mixture by vapor phase chroma-
tography.

This would be a non-photochemical triplet-induced generation
of methylene used to probe the properties of vibrationally excited
1, 3-diradicals, which might show non-stereorandom behavior. Such
non-random behavior for vibrationally excited singlet diradicals has

been proposed, but not conclusively shown.
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Proposition 3

Models for metalloenzymes that activate dioxygen for catalytic
oxygenations are continually being sought. One of the most fascinat-
ing of the monoxygenases is cytochrome P,,,. This iron heme glyco-
protein is important in the detoxification of drugs and also serves to
perform certain important hydroxylations of hydrocarbons. A recent
report1 has given support to the contention2 that Fe(IV) = O, ferryl
ion, acts as an oxene transfer agent. In this experiment iodoso-
benzene served as the source of active oxygen; liver microsomal
cytochrome P, thus, in the absence of O, and NADH, catalyzed the
O-dealkylation of 7-ethoxycoumarin utilizing iodosobenzene. Chang
and Kuo3 have reported the reaction of iodosoxylene with an iron-u-
0ox0 '""strapped' heme complex. A heme product was isolated in which

the alkyl "strap' had been hydroxylated — a reaction that apparently
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involved an active ferryl complex. Electronic absorption spectra
and magnetic susceptibility measurements provided further support
that an iron-bound oxene species was formed.

Another communication,4 in which the reaction of bis(dimethyl-
glyoximato)rhodium(IOI)hydride is proposed to react with dioxygen to
give bis(dimethylglyoximato)rhodium(III) and hydroxide, poses an
interesting possibility. A plausable mechanism4’ P (below) for this

reaction involves the formation of a rhodium(IV) oxene intermediate:

) b

o b
%
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Q OH" _
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The similarities between porphyrins and bis(dimethylglyoximato)
ligand environments being apparent, suggest the possibility that

rhodium(IV) oxene complexes might be studied as a model for the
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active site of cytochrome P,,, and that they might possibly have
catalytic oxygenating activity of their own.6

An obvious starting point for these studies is low temperature
reactions of iodosoxylene with bis(dimethylglyoximate)rhodium(III) or
a rhodium(OI) porphyrin complex. Spectral indication53 of ferryl
ion were obtained by the treatment of octaethylporphyrin ferric chlo-~
ride in CH,Cl, at -45°C with iodosoxylene. Perhaps a transient or
quasi=-stable rhodium species could be similarly observed. In addi-
tion, a rhodium(IV) species, unlike the diamagnetic rhodium(II) start-
ing material, might be expected to show an EPR spectrum; if a sig-
nal was observed,!” O-labelling (I = 5/2) might show direct interaction
of the metal and the oxene.

The catalytic oxidation of organic substrates should also be
explored. Primary alcbhols are only slowly oxidized to the corre-
sponding aldehydes by iodosobenzene at elevated temperatures.7 A
more facile oxidation might be seen to occur in the presence of
bis(dimethylglyoximate)rhodium(II). Other, more difficult, rhodium-
assisted oxidations of various organic substrates could also be investi-
gated:

toluene ® benzaldehyde

benzylchloride —————» benzaldehyde

cyclohexene oxide ——» 1, 2-cyclohexanedione
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cyclohexene #» cyclohexene oxide

Another avenue of investigation is the cytochrome P, itself.
The heme group, ferriprotoporphyrin IX, can be removed from the

cytochrome P,,, of Pseudomonas putida; the holoenzyme can sub-

sequently be reconstituted in the presence of glycerol and large amounts
of cys’ceine.8 Since rhodium porphyrins are well-known,g'lo the
possiblity exists for creating a rhodium cytochrome P, from rhodium
protoporphyrin IX and the apoprotein. While spectral and especially
EPR results may reveal a considerable amount of information about
the enzyme, changes in the chemical reactivity of the new cytochrome
are very promising. Intermediates not lor{g-lived enough in the native
enzyme may now be observable; since several of the unobserved
steps in the mechanism of the action of cytochrome P,,, are thought
to occur after the first electron is added to the substrate complex,11
substitution of the metal ions may alter the kinetics of the reaction
sufficiently to follow the reaction path by physical techniques.

The lessons to be learned from these investigations are: (1)
the properties and reactivity of rhodium(IV) oxene complexes, and

(2) further details concerning the mechanism of cytochrome P,., by

rhodium substitution.
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Proposition 4

That life exists is an issue that only a few might try to refute.
What life is and how it has come to be is a puzzle that only few
claim to understand. Life on our planet revolves about compounds
that have the unusual property of optical activity., The source of
optical activity ‘m‘ organic molecules is a mystery. Even now chemists
try to devise efficient methods by which optically active products may
be formed. Typically, optically active solvents or asymmetric cata-
lysts have been employed. More often the scientist has ' cheated"
and resoived his compound at some point using an available biochemi-
cal having optical activity. Yet everywhere around us are inorganic
compounds having optical activity., Minerals are by and large optically
active; more than one hundred common minerals have optically active
forms.1 If optically active compounds were first made in a primordial
world, perhaps some of these minerals may have served as assym-
metric templates.

Phase transfer catalysis has in recent years become very p0pula.r.2
More recently a philosophically similar technique has been gaining some
attention. Researchers3_12 have noticed that, when certain reagents
are absorbed onto a solid support, such as alumina, facile reactions

with organic substrates often occur where the reagent itself in the bulk

form does not. For example,9 potassium permanganate, deposited on
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Linde 13X Molecular Sieves by the evaporation of an aqueous potas-
sium permanganate solution, gave a reagent which oxidized secondary
alcohols to ketones under mild conditions in a non-polar solvent,
benzene; no reaction occurred with a mixture of crushed KMnO, and

the alcohols in benzene. Similarly, oxidations, 98,9 reductions, 9,456

and substitution reactions 7,10,11,12

have been carried out using
reagent-coated solid phases, giving results far different from the
native solid reagent. Using optically active minerals for the solid
support might serve to induce optical activity in the products.

Many kinds of minerals occur in optically active forms.1 Or-
thorhombic elemental sulfur is optically active. Oxides, carbonates,
nitrates, borates, sulfates, tungstate, phosphates, and silicates of
many metals occur naturally as optically active crystals. While each
mineral may have sevefal faces and each face may pose a different
microenvironment, the simplest approach to using minerals to in-
duce optical activity would be to adsorb the desired reagent onto pow-
dered or microcrystalline samples of certain chiral minerals. Rea-
gents for nucleophilic substitution reactions such as NaCN and NaBr
might be adsorbed onto metal oxides (rutile (TiO,) or diaspore
(HA1OQ,)), carbonates (magnesite (MgCO,), dolomite (CaMg(CO,),), or
malachite (Cu,CO,(OH),)), borates like borax (Na,B,O,°H,0), sulfates

(anglesite (PbSO,) or antlerite (Cu,(OH),SO,)), phosphates (wavellite
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(A1,(OH),(PO,),* 5H,0) or vivianite (Fe,(PO,),: 8H,0)), or silicates
(zircon (Z2rSi0,), wollastonite (Ca(SiO,)), pectolite (CaNaH(SiO,),), or
tale (Mg,(Si,O0,0)(OH),). The reagents would desirably be quite di-
lute so that the assymmetric surface of the mineral could have as
much influence over the reaction stereochemistry as possible. Since
racemic mixtures of prochiral starting materials would be most rea-
sonable, i.e., 2-chlorobutane, total conversion should also be low.
(Quantitative conversion to products would not be very informative
about the kinetic stereoselectivity of the reagent.) Not all mineral-
supported reagents would be expected to induce reactions, not to men-
tion optical activity. Various non-polar solvents and prochiral sub-
strates could be used. Product isolation would be done simply by
filtration. Reactions could be identified by vapor phase gas chroma-
tography; if a reaction was seen to have taken place, the product and
starting materials could be checked (after isolation) for optical induc-
tion by polarimetry.

Another reaction that might be of interest is epoxidations. Ole-
fin epoxidations can be performed easily using the peroxo molybdenum
complex Mo(VI)O(O,),L, where L is a base such as N,N-dimethyl-

formide. 13,14

This species, where L = H,O, could also be adsorbed
onto minerals. In reactions where L is an optically active amide,

i.e., (S)-N,N-dimethyllactamide, simple olefins (propene, 1-butene,
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etc.) can be epoxidized with up to 35% enantiomeric excess of the
product oxirane.16 In this case, a surface oxygen of the mineral
might act as the base for the molybdenum complex; the environment,
being chiral, might consequently induce optical activity in the product
oxiranes. Methods for analysis of these products by gas chromato-
graphy are Lmown.16 Furthermore, the action of aqueous hydrogen
peroxide on the surfaces of the optically active mineral scheelite
(CaWO,) might produce an active oxidizing reagent that could produce
optically active oxiranes from olefins.

This approach to solid-supported reagents for organic synthesis

could lead to some useful and enlightening chemistry.17
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Proposition 5

One of the largest families of all of the flowering plants is the
Orchidaceae family, comprised of more than 25,000 species. Many
scientists, collectors, hybridists and hobbyists have long displayed
an almost fanatic interest in these plants. Collectors have risked
life and limb in primitive and hostile lands seeking to discover new
species. Of commercial interest as cut flowers are relatively few
genera: Cattleya and its close relatives (the most common of the

"corsage orchids'), Vanda, Cymbidium, Paphiopedelum, Oncidium

and their related genera, and Phalaenopsis. Over the past century,

hybridization has led to more hybrids than there are known species.
For the most part, hybridization has been accomplished by a relative-
ly few number of growers. In fact, hybridists are often regarded as
a special group, possessing a mysterious "insight' into his art.

The successful hybridist is judged as such by their ability to produce
new crosses, which manifest vivid new colors and forms. The achieve-
ment of good color is often that criterion which separates the serious
hybridizer from the ''dabbler.'" Perhaps after a century of artful
hybridization, it is now time for a more systematic and logical ap-
proach.

The colors exhibited in orchid flowers belong to three basic
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chemical groups: anthocyanins, carotenes, and chlorophylls.1 Only
one report2 of a systematic study of orchid anthocyanins appears to
have been done. No in depth investigation into the pigments of Pha-
laenopsis has apparently ever been done — despite the hundreds of
hybrids in this important genus. That much hybridization has been
done because a particular grower had two plants in bloom simultane-
ously seems of little doubt. Those other artificial crosses that have
been made were done on the basis of intuition and experience. In

the breeding of pink Phalaenopsis, color is the primary, but not

unique, objective. It is obvious from observing the species from
which the pink, purple, and reddish hybrids have come that there are
many hues. Thus it is highly probable that there are several different
pigments from which to draw to make just those shades that the hy-
bridist seeks. Luckily, shades of red are easily distinguished by the
human eye.

In contrast, variations in the tint of yellow are most difficult,
as such colors largely arise from electronic transitions in the ultra-
violet region, rather than the visible region. Perhaps as a result,

there has been relatively little progress in this area.3 Phalaenopsis

is a large genus of some forty or more species ranging from Tibet
and China through Indonesia to the Philippines, Australia and the is-
lands of the Malayan Archipelago.4 Hybridists have recently5 noticed

that sometimes crossing two yellow species yields a hybrid with more
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intense coloring than either parent. One possible interpretation is
that there exist more than one kind of yellow pigment among Phal-
aenopsis species. Although color inheritance in orchids is often
complex, . genetic distribution of color in the progeny may be over-
come by raising a representative number of a given cross.

De Leon6 noted, and to a large extent it is still true, that the

main sources of yellow pigmentation in hybridization of Phalaenopsis

come from two species: Phal. mannii and Phal. Lueddemanniana.
7-13

Sweet has noted at least eighteen species and varieties of this
genus that have predominantly yellow pigmentation. Possibly differ-
ent yellow pigments are present in different species that are not close-

ly related. If several yellow pigments can be shown to exist and be

somewhat species specific, hybridization of yellow Phalaenopsis might

be aided by knowing which species may be combined to have the most
(numerically) yellow pigments, i.e., a flower having two or three
different yellow pigments might show more intense coloration than one
having only one source of yellow color.

Simply, the flowers of several sections of the genus would need

to be studied. For example, Phal. sumatrana, Phal. Lueddemanniana,

Phal. fasciata, Phal. violacea var. Murtoniana, Phal. javanica, Phal.

fuscata, Phal. cochlearis, Phal. mannii, Phal. micholitzii, and Phal.

mariae var. alba, representative of most of the yellow species of
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the genus, would be studied. Pigments could be separated by standard
chromatographic techniques.1 Electronic absorption spectra could be
used to distinguish the isolated flower pigments. Thus it could be
established whether there are several yellow pigments, if they are
predominantly contained in certain species, and finally which species
they are contained in. Such information could be used to aid hybrid-

ists in their search for better yellow color in Phalaenopsis.

Finally, of course, such an approach might well be applied to
other orchids and non-orchid breeding problems by establishing in-

directly the presence of different pigment gene pools.



241

References and Notes

(1) Arditti, J. "Orchid Biology: Reviews and Perspective, I';
Cornell University Press: Ithaca, 1977.

(2) Stanford, W. W.; Krallis, A. X ; Fourakis, E.; Kapri,
K. Orchid Digest, 1964, 28, 362.

(3) Noble, M. " You Can Grow Phalaenopsis Orchids'; Mary
Noble: Jacksonville, 1971,

(4) " Handbook on Orchid Culture'" American Orchid Society:
Cambridge, 19786.

(5) Ewing, J. ' The Role of Species in Novelty Phalaenopsis
Breeding'' John Ewing: Aptos, 1978,

(6) De Leon, C. M. Am. Orchid Soc. Bull. 1967, 36, 387.

(7) Sweet, H. R. Am. Orchid Soc. Bull. 1968, 27T, 86T7.

(8) Sweet, H. R. Am. Orchid Soc. Bull. 1968, 37, 1089.

(9) Sweet, H. R. Am. Orchid Soc. Bull. 1969, 38, 225.

(10) Sweet, H. R. Am. Orchid Soc. Bull. 1969, 38, 321.

(11) Sweet. H. R. Am. Orchid Soc. Bull. 1969, 38, 505.

(12) Sweet, H. R. Am. Orchid Soc. Bull. 1969, 38, 681.

(13) Sweet, H.R. Am. Orchid Soc. Bull. 1969, 38, 889.





