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ABSTRACT

SYNTHETIC MODEL APPROACH TO THE ACTIVE SITE

STRUCTURE OF CYTOCHROME C OXIDASE
By

Myoung Seo Koo

Strong antiferromagnetic coupling (-3 > 200 cm_l)
between high-spin ferric heme ag and cupric Cug is a
commonly accepted explanation for the EPR silent active site
of the resting state cytochrome oxidase. The construction
of synthetic model compounds is important for the under-
standing of the chemical nature of such a coupled heme-
copper active site in the oxidase.

To achieve this aim, several strapped porphyrins and
ligand appended, 6th coordination site blocked porphyrins

3+ and Cu2+

were synthesized so that the Fe ions may be
sequentially incorporated into the porphyrin and the
appended ligand groups. p-0xo complexes of iron(III)
porphyrin and copper (I1) ion have been prepared; the
magnetic susceptibility measurements revealed that the
dithiazole strapped model compound has magnetically coupled
high spin Fe(III) (Sl=5/2) and Cu(II) (Sz=l/2) ions with a

resultant energy gap of -3J = 132 + 5 cm-l between the



~



S = 2 and S = 3 states. This was the first example of a
high spin ferric heme showing antiferromagnetic coupling
with a cupric ion.

To avoid the formation of the external Fe-O-Fe dimer,
the 6th site blocked model compounds were synthesized. IR
(peak at 876 cm-l) and magnetic susceptibility data of these
model compounds demonstrated strong coupling in the p-oxo
binuclear complexes.

EPR spectra of the bis copper(I1) complexes of these
model compounds also showed spin interactions between two
copper (II) ions.

Raman spectra of the binuclear complexes showing spin
state, coordination state and ligand type were obtained.

These 6th coordination site blocked, tripyridine
appended models are expected to best model the 02 reduction

site in cytochrome c oxidase.
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CHAPTER 1

INTRODUCTION

Historical Perspective

In 1886, MacMunn, a British physician, discovered the
respiratory pigment, indicated by an absorption band in the
spectrum of slices of various plant and animal tissues.

This important observation attracted little attention at the
time of its publication and became effectively lost in the
literature. 1In 1925, Keilin rediscovered the MacMunn pig-
ment, proved it to be a mixture of three spectroscopically
identifiable components which he named cytochrome a, b, and
C. Cytochrome a and ¢ showed a special relationship to each
other. Cytochrome a was the sole physiological oxidizing
agent for cytochrome ¢, hence, the name cytochrome c oxi-
dase. In 1939, Keilin and Hartree were able to distinguish
Cytochrome a and a, and identify cytochrome ay as the compo-
nent that reacts with oxygen.

In general cytochrome c oxidase has been isolated from
mitochondria or mitochondrial fragments by initial extrac-
tion of proteins with a surface-active agent followed by
removal of contaminating detergent and protein.

Cytochrome c¢ oxidase, the terminal oxidase in the

respiratory metabolism of all aerobic organism, plants,






animals, yeasts, algae, and some bacteria, is responsible
for catalyzing the reduction of dioxygen to water. The free
energy developed in oxygen reduction is used to promote
oxidative phosphorylation, generating ATP, to satisfy the
energy requirement of the cell. It is not surprising then
that this oxidase is found in high concentrations in tissues
where the energy requirements are high. Especially high
levels of oxidase have been observed in heart muscles,
flight muscles of birds and insects, liver mitochondria,
brain gray matter, and sugar cane roots. Malstrom suggested
that 90 % of biological oxygen consumption is directed
through the oxidase. The electrons are provided by reduced
cytochrome oxidase in the following overall reaction:

O, +4 e + 4H -——o- > 2 H,0

Reduction of molecular oxygen to water, as it happens

in biological systems, requires 4 electrons. From thermo-

+0.31V
Y -0.33V__ +0.94V Y +1.35V
0, — 0, —— H,0, —> H,0
A +1.20V A
+0.82V

Figure 1. Standard oxidation-reduction potentials for the
steps involved in the conversion of oxygen to water at
25 °C and pH 7.



dynamic as well as physiological points of view it is
important to have more than one electron transferred at a
time to the oxygen molecule to avoid the production of high
energy and also toxic superoxide intermediate (Figure 1).1
It is conceivable why cytochrome oxidase is especially sui-
table for oxygen reduction: presumably the 2 heme prosthetic
groups and the 2 copper ions of cytochrome oxidase are
capable of bringing about the multielectron transfer to the
ligated oxygen.

The molecular weight of cytochrome oxidase appears to

be approximately 140,000.2

The metal content (11 n moles/mg
protein) and the iron to copper ratio (1.0) are well estab-
lished for the bovine enzyme, whereas in yeast, the reported
metal contents are higher and more variable (5-15 n moles of
iron per milligram of protein). And the copper to iron
ratio is éreater than unity(1.5). It is most probable that
the minimal functional unit contains two hemes and two
copper ions.

The structure and function of cytochrome oxidase has
been the subject of much investigation and controversy over
the past 40 years.3_6 The iron in the enzyme is present in
the form of heme a (Figure 2). The heme a is bound to two
different polypeptides, cytochrome a and cytochrome a3.7
The structure of both hemes is identical (Heme a). The
variation in the properties of the prosthetic groups in

cytochrome a and cytochrome aj is undoubtedly due to

differing protein environments.






Figure 2. The structure of heme A.



4e ( from 4 cyt. c)

Figure 3. Schematic representation of cytochrome c oxidase
in its oxidized form. The hemes are represented as
ellipses. Heme a is low-spin and heme ag is high-spin.21



Current views of the oxidase generally regard cyto-
chrome aj as the site of dioxygen reduction and cytochrome a
as the site of cytochrome c oxidation (Figure 3).8
Cytochrome as is associated directly with the binding (and
consequent reduction) of the O2 molecule. Cytochrome a
serves as an electron shuttle, mediating the transfer of
reducing equivalents from cytochrome c to the cytochrome
a3—02 complex.

The coordination environment of copper is far less
clear, but the easy reducibility of copper seems to require
a coordination environment that stabilizes Cu(I) relative to
Cu(II). The intensity of the EPR signal corresponded to
only about 40 % of the total copper known to be present as
copper (I1) in oxidase or, as now appears likely, 80 % of one
copper and none of the second copper.9 The EPR signal
resulting from iron(I11), because of its breadth and partial
submission under the copper(II) signal, was proved much more
difficult to study quantitatively. Neverthless, It now
seems well established that in oxidase, iron(I11) is repre-
sented by signal at g = 3, 2, and 1.5 with intensities that
correspond to about 40 % of the heme iron present.lo'11
Only one iron and one copper ion are EPR detectable in the
fully oxidized resting state. The signals are attributed to
the cytochrome a and Cua pair. The lack of EPR signals is
most puzzling and has been the focus of many studies.

12-14 15-17

Recent EPR, magnetic susceptibility, and

magnetic circular dichroism (MCD) measurements have



indicated the presence of a strongly magnetically coupled
Fe(III)-Cu(II) center at the cytochrome as active site in
the fully oxidized resting state enzymes.

An intriguing structural aspects of this active site in
its oxidized form is the strong antiferromagnetic coupling
between the presumed high spin S = 5/2 Fe(II) heme a; and
S =1/2 Cu a3z(II) atom making these two metals EPR
"invisible" and lowering their magnetic susceptibilities.
The strength of this antiferromagnetic coupling, quantified
by -J, the exchange coupling constant, is estimated to be

greater than 200 cm 1 15,19

for the oxidase. The heme a5 and
Cu aj are assumed to be in close proximity and bridged by a
ligand which can mediate very strong magnetic exchange.
Since the structure of the active site must be known in
order to understand the catalytic mechanism, there have bgen
numerous suggestions regarding its nature. Because of the
problems involved in studying the natural enzyme, and the
paucity of available information on simple binuclear systems
containg different metal ions, there has been considerable
recent interest in the synthetic analogue approach to the
active site structure of cytochrome ¢ oxidase. The impor-
tant features of cytochrome c oxidase modelling studies are
1) Iron(I1Il)-copper(Il1) complex which exhibits strong
antiferromagnetic coupling.
2) The catalytic four electron reduction of 0, to
H20.

3) The electron transfer and spectroscopic properties



of cytochrome a.

For constructing the heme a3-Cu as site, the minimal
requirement is an Fe(III)-porphyrin and a Cu(Il) group in
close proximity with bridging groups which could preferably
be varied in order to monitor the resulting magnetic beha-
vior. At the same time it is hoped that the redox proper-
ties of the models would allow reduction to the Fe(II)-Cu(I)

complex on which oxygen binding studies could be performed.

Rationale and outline

It has been relatively well-established that oxygen
binds to only one pair of heme and copper in cytochrome c
oxidase, referred to as the heme a3-Cu aj binding site,
and receives electrons and protons to undergo reduction.l
In the resting (fully oxidized) state of the enzyme,
heme a3-Cu ag exhibits strong antiferromagnetic coupling
with a =-J > 200 cm_l. This large coupling phenomenon has
thence inspired a number of proposals suggesting an imida-

zolate (from histidine),12 oxo (from 02, H,0, or tyrosine),

20-23 or mercapto (from cysteine or methionine)24’25

group
bridging between the heme iron and copper.

The bridging ability for histidine has recently been

cy . :
N ) s-R
©)
N N |
Fe— R N



demonstrated in the x-ray structure of the enzyme superoxide
dimutase. Where an imidazole ring simultaneously coordi-
nates both the cupric and zinc ions via its two nitrogen
atoms. Metal substituted derivatives of superoxide dimutase

of composition (Cu2+

)4 and (Cu2+)2(C02+)2 compared to
(Cu2+)2(Zn2+)2 in the native protein are magnetically abnor-
mal with EPR and magnetic susceptibility properties diagnos-
tic of antiferromagnetic interactions. The suggestion of
histidine bridge between copper and iron would thus seems
plausible.

It is further proposed that reduction is accompanied by
a conformational change in the enzyme thus exposing the
sixth coordination site of cytochrome ag to ligands.

The S = 2 center paramagnetism has been interpreted as
arising from a cytochrome a33+(S=5/2)---Cu2+(S=1/2) anti-
ferromagnetically coupled iron-copper binuclear complex of
total spin S = 2 with -J > 200 em™ L.

There are now several examples of synthetic complexes
which contain imidazolate-bridged metal centers. Thus,
there is no question of the bridging capabilities of the
imidazolate anion. The controversy that has arisen is over
the magnitude (-J > 200 cm—l) present for the FeIII-CuII
pair of cytochrome oxidase. The construction of synthetic
model compounds is important for testing the proposed struc-
tures of the oxidase active site. At present, however,

there are no well defined examples of such synthetic, iron-

copper binuclear complexes with imidazolate bridges.
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III

Attempts to isolate Fe (TPP) (2-methyl imidazole)Cu(acac)2

compound was not successfully.26

In fact, very few binu-
clear complexes containing different transition metals have
been reported.

A variety of imidazolate bridged metalloporphyrins have

26-28

been synthesized. All of the characterized species

seem to suggest that imidazolate is not capable of mediating
the strong coupling observed in cytochrome oxidase (-J > 200
cm—l). In view of the above inconclusive evidence for an
imidazolate-bridged structure in oxidase, other alternatives
must be considered (Figure 4).23
#-0xo0 and p-sulfido bridged alternatives seem to satis-
fy all the magnetic and spectroscopic data presently avail-
able for the protein, including some primary extended X-ray

24,25 which indicated

absorption fine structure (EXAFS) data
(o]
an Fe---Cu separation of only 3-3.8 A in resting oxidase,
o
whereas imidazolate bridge requires at least 5 A. The u-oxo

hypothesis is particularly attractive.zo—z3

Insertion of O,
between the two metals can then be viewed as producing, via
oxidative addition, a transient p-peroxo species which fur-
ther reacts with 2 H' to produce HZO and a stable mixed-
metal p-oxo center.

Exchange interactions approaching the magnitude dis-
played by the oxidase are known to be commonplace for syn-

thetic FeIII-—O-FeIII centers, such as in (TPP)FeZO where =J

is 150 cm-l. Furthermore, a transient (FeOOFe)* species,

reminiscent of the proposed (FeOOCu)* structure for oxidase,
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Figure 4. The involvement of a p-oxo-bridged species in the
catalytic cycle of cytochrome oxidase. The ellipses repre-

sents haem a3.
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has been shown to be the reaction intermediates during the
formation of the thermodynamically more stable

[FeIII III 29

-0-Fe ] compounds. Similarly, oxyhemerythrin,30

oxyhemocyanin,31 and a recently reported oxyhemocyanin model

compound32

all contain p-peroxo centers.
Finally, the catalytic redox cycle for the O,-bridging
model would be completed by a 2 electron reduction of the

FeIII

-O-CuII unit and an oxide or hydroxide extrusion-

protonation reaction to again generate a H,0 molecule and

complete the observed overall 4 electron reduction of 0,:

02 + 4 H + 4 e ——-—- > 2 H20° This final step in the pro-

posed mechanism is supported by the fact that the 2 electron

electrochemical reduction of (TPP)FeZO has been shown to

result in reductive cleavage of the oxo bridge with the

production of [(TPP)FeII] and [(TPP)FeIIOH]-.33

Attempts to produce single atom-bridged heme and copper

complexes have met with only limited success.26'27'34—46

Many of the early heme-copper model systems failed to show

any significant magnetic interactions between the two metal

ions (Figure 5). The negative results may be attributable

to several reasons:

1) The Fe-Cu distance sometimes is too large.

2) The ligand framework is too rigid to allow
flexibility.

3) The cupric ion is often held in a square

planar geometry with a mismatched atomic

orbitals between the metals.
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Chang (1979) "Biochemical &
Clinical Aspects of Oxygen"
Caughey, Ed. (1981) Gunter, Murray, et al. (1980)
J. Am. Chem. Soc. 103, 5236. J. Am. Chem. Soc. 102, 1470.

Chang, Lehn Gunter, Mander, et al. (1981)
Unpublished Results J. Am. Chem. Soc. 103, 6784.

Figure 5. Previous models which failed to show coupling.
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Figure 6. Schematic representation of the magnetic orbitals
involved in the bridging of [Fe(P)-X-Cu(N4)]2‘, where X =
Cl1l, Br.
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L——Cu—N

|

s
L porphyrin

Figure 7. Schematic representation of (a) the orientation
of metal atomic orbitals predicted for significant exchange
interaction between a single electron in the d,;2 orbital of
high-spin Fe(III) ion in a porphyrin with an electron in
the singly occupied dyx2-y2 orbital of a Cu(II) ion in a
square-planar, square-pyramidal, or tetragonal ligand
field, via the p orbitals of a single bridging ligand X.
The labeling of the axes around Cu as shown indicates

the orthogonality of the ligand field of the Cu with
respect to Fe and the singly-occupied orbital as dx2-y2.
Alternative labeling of the axes to match those of the Fe
requires the appropriate Cu orbital to be designated
dx2-z2 . (b) A ligand system which could maximize such
orbital overlap.



16

7.

48
In the case of the N252 thiaza4 crowned porphyrin

the copper binding was so weak that dissociation of Cu(II)
presented a serious problem.49

Significant pathways for superexchange are therefore
not possible. This is shown schematically in Figure 6: the

highest occupied orbital on Cu is dx2_ 2, which is orthogo-

Y
nal to the Cl p-orbitals, while all the Fe d-orbitals are

partially OCCupied.SO

The problem is a great lack of
o-overlap in this model.

An apparent solution would be to build a non-square
planar copper ligand possesing a good affinity for Cu(II)
and structurally flexible enough to assure a strain free
interaction with a pendant heme group (Figure 7).34

This thesis describes our effort to synthesize oxidase
model compounds equipped with copper-binding ligands on top

of the heme group so that interactions between the heme iron

iron and copper ion may occur.
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CHAPTER I1I

THE SYNTHESIS AND CHARACTERIZATION OF

STRAPPED PORPHYRIN

Structural Design

In the light of our observations on the previous model

37,40,50 we expected that the most effective exchange

system,
pathway would result from ocoverlap (via the p orbitals of a
bridging ligand) of the singly occupied dx2_Y2 Cu(II)
orbital with the dzz orbital of the high-spin Fe(III)

(Figure 7a).34’51

This requires a ligand system such as
that represented in Figure 7b where the average ligand plane
around the Cu is orthogonal to the porphyrin mean plane.
These conditions (Figure 7) have been met in a heme-
tridentate ligand system shown in the scheme (SCHEME I, IIA,
IIB, and III).52

The sulfur atoms, particularly the methionine, are
thought to be necessary for the high redox potentials repor-

ted for the enzymes.53

However, the binding ability of
bis (pyridyl)-thioether tridentate ligand (in 25a)54 and
bis (pyridyl)-dithioether tetradentate ligands Qgﬁb, zgc),
>3,55-56 [Cu(I1I)Py,S, Cu(II)Py,S, complexes], was well
demonstrated for the facultative linear (open-chain) qua-

dridentate chelate groups. The central position of the
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thioether donors in the chelating ligands ensures their
binding to the copper ion and the variation in chelating
ring size would provide some insight into the effect of

stereochemistry on the spectral and redox properties.

Ligand Synthesis

A. Dithiazole Strapped Porphyrins

The requisite diamino thiazole sulphite 92) was synthe-
sized according to scheme I where each step had a yield of
at least 90 %. All compounds were characterized by 1y NMR
and mass spectrometry.

Bis (cyanomethyl) sulfide was easily generated from
chloroacetonitrile by the method of Zweigbergk.57 The
sulfide was converted to bis(thiocarbamoylmethyl) sulfide by

the method of Mukhina.58

The product was found to be
unstable at room temperature and slowly decomposed.
1-Bromo-3-phthalimidopropanone (3) was prepared from

59 by the method of Balenovié. 80761

N-phthaloylglycine
The diphthalimidefﬁ/was synthesized by condensation of 2
equivalent amounts of l-bromo-3-phthalimidopropanone and
bis(thiocarbamoylmethyl) sulfide and hydrolyzed to the
diamine gil by the application Jones' procedure.62
The diamine was treated with an equimolar quantity of the
porphyrin diacid chloride (iéa) in methylene chloride using
a high-dilution technique.48 Unfortunately, the space-
filling plastic model of the strapped porphyrin 6 (SCHEME

IIA) showed the dithiazole thioether is not on the porphyrin
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Center.

On the contrary, the dithiazole thioether of the strap-
ped porphyrin 7 (SCHEME IIB) should be on the porphyrin
center. The diamine was treated with an equimolar quantity
of mesoporphyrin X1163 diacid chloride in CH2C12 using a
high-dilution technique. The resultant thiazole-strapped
porphyrin QZ) was purified by chromatography (silica gel 6 %
MeOH-CH2C12 and crystallized from CH2C12-MeOH) yield 72 %.

1H NMR spectroscopy indicated that the protons a, b,
and ¢ resonate at 6 0.86, 5.80, and 3.97, respectively:
these are displaced significantly upfield from their origi-
nal positions in the uncoupled amine, thereby establishing
the indicated strap-on-top structure.

Porphyrins of Czh symmetry were obtained by the
condensation of suitable pyrroles, in the strongly acidic
media, with the pyrrole aldehyde to afford the intermediate
dipyrromethenes. Brominative decarboxylation and cycliza-
tion of dipyrromethenes without isolation of any of the
intermediates then afforded the desired porphyrins with very

good yield.64

B. Dipyridine Strapped Porphyrins

Ethyl 2,5-pyridinedicarboxylate was prepared from
2,5-pyridinedicarboxylic acid. The above diester was
reduced to ethyl 5-hydroxymethyl-2-pyridinecarboxylate by

Matsumoto's patented method.65

66

Phosphorus trichloride and

dimethylformamide reagents were used to convert ethyl
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Rs R,
R3
R,
R4
R,=R,=C, Ry=Ry=CH,CH,COOCH,
R,=R,=C, Ry=R¢=CH,COOCH,
R,=R,=C; Ry=Rg=CH,COOCH,
R,=Rg=C, R,=R,=CH,CH,COOCH,
R,=R,=C, Ry=R¢=CH,CH,COOH
R,=R,=C, R;=R;=CH,COOH

R2=R4=Cl R3=R6=CH2C00H

R4=R5=C2 R2=R6=CH2CH2COOH

SCHEME IV






25

A JWN3IHIOS




26

5-hydroxymethyl-2-pyridinecarboxylate to ethyl 5-chloro-
methyl-2-pyridinecarboxylate (SCHEME VIII). No hydrogen
chloride formation was observed. Thus, the dimerization of
the 2-chloromethyl can be avoided. The parent compound,
5,15-bis (o-aminophenyl)-2,8,12,18-tetramethyl1-3,7,13,17-
tetramethylporphyrin was prepared according to SCHEME VI by

the method of Young.67

The individual atropisomers were
found to be conformationally rigid, only under prolonged
heating at >100° could they be thermally equilibrated to 1:1
mixtures of cis:trans isomers. The ratio of trans/cis
isomer during porphyrin synthesis was varied from 2 to 4.
The cis diamino porphyrin was much more soluble in pure
methylene chloride than the trans diamino porphyrin. Trans
isomer can be isolated easily by using this difference in
solubility. The isomer mixture was stirred in a small
amount of methylene chloride; the solution was simply fil-
tered through medium coarse funnel and washed with a small
amount of methylene chloride to remove the cis isomer comp-
letely. The filtrate contains some amount of the trans
isomer. The two isomers can be separated by filtering the
solution through a silica gel pad, and washed with pure
methylene chloride. Only the trans isomer was eluted by
pure methylene chloride; the cis isomer required 1 %
methanol-CH2C12. To prepare the dipyridine strapped porphy-
rins, the high dilution technique at room temperature can
not be used because of the low reactivity of the phenyl-

amine. Thus, the diacid chloride was mixed with the cis
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diamino porphyrin, in the presence of of triethylamine, and
refluxed in methylene chloride overnight to complete the
coupling reaction (SCHEME 1X). The rate of coupling reac-
tion was monitored using thin-layer chromatography. The
developing rate of the dipyridine strapped porphyrins 24a,
24b and géc was 24c> 24b> géa on a silica gel TLC plate.

The longer-chain strapped porphyrin moved faster.

Metal Complxes

A. Synthesis
Iron insertion into the porphyrin 7 was accomplished

68 The hemin chloride

using the usual FeSO4-HOAc method.
thus prepared was treated with zinc chloride or copper(I1)
Chloride to give analytically pure FeMC13L, L. = strapped
porphyrin ligand. The hemin chloride, dissolved in CH2C12-

MeOH, was added to ammoniacal copper (I1) acetate in aqueous

methanol to give a solid (2), FeCu(O)(Hzo)(HOAc)L.

B. IR Data

IR spectroscopy (KBr pellet) of this sample showed a
peak at 880 cm'l, which is absent in the spectrum of
FeCuCl3L and which is characteristic of the M-O-M anti-

69

symmetric stretching vibration. The visible spectrum of

(2) appeared to be very similar to that of p-oxo FeIII
porphyrin dimers (600 nm, sh; 564 nm; 386 nm). Compound (2)
was reasonably stable and could be dissolved in CH2C12 and

re-evaporated without undergoing any change.
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To determine whether compound (2) is a Fe-O-Fe dimer, a
CH2C12 solution of this compound (2) is shaken with 5 %
aqueous NaOH. The resultant material, compound (3),
retained the same composition and its IR (882 cm-l) and
absorption spectra showed no significant variations: however
its magnetic susceptibilities differed drastically from

solid (2).

C. Magnetic Susceptibility Data

The magnetic susceptibilities of solid (2) and the
corresponding magnetic moments are shown in Figure 8 (a):
Hegs Values of compound (3) as well as the Fe-Zn complex are
shown in Figure 8 (b). The magnetic behavior of solid (2)

is best understood by assuming a high-spin FeIII(Sl = 5/2)

II

coupled with Cu (82 = 1/2). Such a spin coupling should

result in two states: S = 3 and S = 2, with an energy gap of

3J. The molar susceptibilities can be calculated using the

70

simplified Van Vleck's equation (1). Where N and K have

their standard meaning.

2ng® | 5g,° + 149, %exp (33/kT)

X =
kT 5 + 7exp(3J/kT) (1)

The experimental data can then be fitted with a non-
linear least-squares KINFIT program71 to the following
parameters:

-37 = 132 + 5 cm T, g, = 2.14 g, = 1.82

The calculated best fit is also shown in Figure 8 (a).

The overall features of the Hogg Curve are similar to those
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Figure 8. Molar magnetic susceptibility and effective
magnetic moment as a function of temperature for (a) solid
and (b) the FeZnClzL complex and compound (3). The lines
represent the fit of the data using -3J = 132 cm-1.

A diamagnetic correction of -5 x 10~4 e.m.u. mol-! was
applied to the measured data.
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I II

11 I and CuI -Fe complexes which have been found

of Cu”"-Mn
to exhibit energy gaps of 79.2 and 289 cm-l, respecti-
Vely.72’73

The curve shows that below ca. 50 K, the S = 3 excited
state is completely depopulated. At temperatures below 20
OK, Hofg drops rapidly owing to the zero-field splitting

of the ground state. The susceptibility of the iron-zinc
complex obeys the Curie-Weiss law and is representative of
an isolated high=-spin iron (S = 5/2).

FeCu (0) (H,0) (OAc)L (2), (3)

The behavior of compound (3), however, is less
straightforward. The xrl vs. T plot does not show Curie-
Weiss behavior and the Mefg Curve cannot be fitted to any
scheme involving spin pairing between iron and copper.

This curve may be rationalized by considering a combination

II

of isolated Cu (ueff = 1.7 uB) and half an intermolecular

Fe-0O-Fe p-oxo-dimer.

D. EPR Data
A further proof of the configuration was provided by

EPR spectroscopy. Insertion of copper using copper (II)

II

acetate in CH C12-MeOH led to a bis-Cu complex. The

2
dipolar interaction of the two paramagnetic copper ions

resulted in the triplet EPR spectrum shown in Figure 9.
The apparent zero-field splitting D value suggested a Cu-Cu

distance of no greater than 4.3 3.74
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Conclusion

Combining the IR spectroscopy evidence we therefore
assign solid (2) to an intramolecularly oxo-bridged Fe-0-Cu
complex and compound (3) to a dimeric Fe-0-Fe complex. EPR
spectra also corroborated this assignment. At 77 Ok in
frozen CH2C12 there was a strong g = 2 signal but hardly any
g = 6 signal for compound (3) whereas for (2), both g = 6
and g = 2 signal were present but integrated spin concentra-
tion was less than the total Fe and Cu present ( < 40%). 1In
the absence of definitive X-ray structures, the coordination
geometry of copper is unknown although Corey-Pauling Koltun
models suggest a somewhat distorted tetrahedral geometry
using the two thiazole N's, the sulphide S, and the oxo
group.

This oxidase model represents the first successful
attempt to achieve significant spin-coupling between a
copper (11) complex and a high-spin iron(I11) heme. The
Choice of a B-substituted porphyrin instead of a mesotetra-
aryl type substituted porphyrin may be important since the
iron(I1I) complex of the latter type, especially in the
presence of perchlorate or other weak-field ions, often

develops spin mixing with s = 3/2 state.34'40

The magnitude
of coupling present in this model is still small in compa-
rison with the oxidase: perhaps among other things, the

presence of an imidazole axial ligand is crucial. The lack

of a trans-ligand also contributes to the facile formation

of the external Fe-O-Fe dimer which severely limits the



37

chemistry that one can achieve with these compounds. The
blocking of the sixth site with a ligand should eliminate
this problem.

In case of the strapped porphyrin 15a, léb' ;ép, and
15d, the copper chelate with the strapped ligand was either
too floppy or the distance is too large from the porphyrin
center such that the EPR spectra of the bis-copper(II)
complexes showed no significant interaction between the two
Cu(II) ionms.

For the strapped porphyrin 24a, an EPR spectrum showing
coupling between the two copper ions was obtained. However,
the strapped porphyrin 24b and 24c, EPR spectra showing
coupling between the two copper ions were again not
obtained. The lack of coupling in these two strapped
systems may reflect the improper distance between the two

copper (I11) ions.

EXPERIMENTAL

Physical Measurements
1H NMR spectra were recorded on a Varian T-60 or Bruker
WM-250 MHz spectrometer. IR spectra were recorded in KBr
pellets on a Perkin-Elmer 237B spectrophotometer. Melting
points were obtained on an Electrothermal melting point
apparatus uncorrected. Mass spectra were obtained with a
Finnignan 4000 GC/MS system using the direct inlet mode, at

70 eV ionization energy. Elemental analyses were performed

by Spang Microanalytical Laboratory, Eagle Harbor, Michigan;
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C, H and N analyses were within + 0.42 %. EPR spectra were
recorded by using a Bruker ER200D X-band spectrometer;
Operation at low temperature was achieved by using an oxford
EPR-9 liquid helium cryostat. Magnetic susceptibilities
were measured with an S.H.E. computer-controlled variable
temperature superconducting quantum interference device
(SQUID) spectrometer capable of measurements at temperature

between 1.7 and 400 °

K. The crystalline sample were loaded
into small cylindrical containers (inside dimensions 3.5 mm
by 3.8 mm diameter) made of Kel-F. Prior to loading the
sample, a thread 18-21 cm long was attached to the bucket
through four holes. At every temperature, the SQUID was

allowed to take ten readings and an average value was

printed out.

Materials

All solvents and reagents were of reagent grade quali-
ty, purchased commercially, and used without further purifi-
cation except mentioned. Methylene chloride, triethylamine
and collidine were distilled from calcium hydride; THF was
distilled from LiA1H4; Methanol and ethanol were distilled
from sodium. Thionyl chloride was distilled from triethyl-
phosphite. Silica gel for column chromatography (60-200
mesh) was from J.T. Baker (3405). Preparative silica gel
plates were from Analtech, Inc. For analytical TLC, Eastman

13181 chromatography sheets were used.
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Synthesis
A. Dithiazole Strapped Porphyrins

Bis[4-phthalimidomethyl)thiazole-2-methyl] sulfide gﬁ)

A suspension of 7.2 g (25.6 mmol) of l1-bromo-3-phthali-
midopropanonegz) and bis(thiocarbamoylmethyl) sulfide (2.3
g, 12.8 mmol) in 20 mL of absolute alcohol was heated under
reflux. After few minutes, all the solids were dissolved,
and a white precipitate forms gradually. The refluxing was
continued 1 h. The mixture which now contained a large
quantity of white crystalline solid was cooled to room tem-
perature, and filtered with suction. The volume of the
filtrate was reduced to about 5 mL to obtain more solid.
The combined solid was triturated in excess ammonium hydro-
xide. The yield of the sulfide was 6.7 g (97 %), mp 172-
175 °c. MS, m/e (relative intensity), 290(4), 289(7), 260

(6), 259(15), 258(100), 257(7), 160(17), 104(21); 1

H NMR
(DMso-d6) 6 4.03(s, 4H, SCHZ), 4.78(s, 4H, NCHZ), 7.26(s,

2H, thiazole H), 7.77(s, 8H, Ar).

Bis[4-(aminomethyl)thiazole-2-methyl] sulfide gé)

To a solution of 3.6 g (6.6 mmol) of the above phthali-
mido compound in 12 mL of hot absolute alcohol was added 3
mL 100% hydrazine hydrate. The solution was heated under
reflux for 30 min, and cooled to 4 ©c. The resulting mix-
ture containing a large quantity of gelatinous solid was
filtered with suction and washed with cold absolute ethanol.

The filtrate was evaporated in vacuo. To the residue 10 mL
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chloroform was added, and the undissolved phthalhydrazide
was filtered. The chloroform solution was dried over sodium

sulfate and evaporated to dryness to yield a yellow oil.

1

The yield was 1.7 g (90 %). H NMR (CDC13) d 1.69(s, 4H,

NH2), 3.90(s, 4H, NCH2) 4.06(s, 4H, SCH2), 6.95(s, 2H,

thiazole H); IR, 3100, 3290, 3360 cm L.

7,17-{4,4'-[2,2'-(2-Thiatrimethylene)dithiazolyl]lbismethyl-

carbamoylethyl}-3,8,13,18-tetramethyl=-2,12-dipentylporphyrin
(6)

~~

This porphyrin was made in an analogous fashion as
porphyrin 7. Yield 70 %. MS, m/e(relative intensity), 340
(65), 307(68), 200(3), 185(16), 154(15), 126(31), 11(100);
1y NMR(CDC1,) & -4.10(br s, 2H, pyrrole NH), 1.00(t, 6H,
Et), 1.22(44, 4H, SCHZ), 1.59(six, 4H, CH2), 1.77(quin, 4H,
CHZ)’ 2.33(quin, 4H, CH,), 3.05(t, 4H, COCH,), 3.56(s, 6H,
Me), 3.63(s, 6H, Me), 3.75(d, 4H, NCHZ) 4.09(t, 4H, P-CH,),
4.63(t, 4H, P-CH,), 5.38(s, 2H, thiazole H), 5.41(t, 2H,

NH), 9.98(s, 2H, meso), 9.99(s, 2H, meso).

3,17-{4,4'-[2,2'-(2-Thiatrimethylene)dithiazolyl]lbismethyl-

carbamoylethyll}-2,7,13,18-tetramethyl-6,12-diethylporphyrin
(7)

~

The porphyrin diacid 134 (200 mg, 0.35 mmol) and an
excess of oxalyl chloride (2 ml, 22.9 mmol) was refluxed in
an oil bath under nitrogen gas. After the solution had

become homogeneous and evolution of gas ceased (ca. 30 min)
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the excess oxalyl chloride and methylene chloride were re-
moved in vacuo to yield the porphyrin diacid chloride 14d.
The porphyrin diacid chloride 19b was dissolved in dry
methylene chloride (60 mL) and transfered to a 100 mL sy-
ringe under nitrogen gas. The diamino thiazole sulfide ﬁé)
(131 mg, 0.46 mmol) was dissolved in dry methylene chloride
(60 mL), and 2-3 drops of dry triethylamine were added as a
catalyst. The solution was transfered to a 100 mL syringe
under nitrogen gas. These two syringes were mounted on a
motor-driver syringe pump (Sage Instruments Co. Model 352).
The solution in syringe were injected simultaneously at the
same rate through stainless needles into 1000 mL dry
methylene chloride in a three-necked 2-L flask equipped with
rubber septa and drying tube. When the addition was comp-
lete (1 h), the solution was stirred for another hour. The
mixture was evaporated in vacuo. The resultant thiazole-
strapped porphyrin 7 was purified by chromatography (silica
gel, 6 % MeOH-CH2C12) and crystallized from CH2C12-MeOH,

yield 72 . 1

NMR (CDCl;) & 0.86(s, 4H, SCH,), 1.86(t, 6H,
Et), 3.12(br s, 4H, COCHZ), 3.40(s, 6H, Me), 3.59(s, 6H,
Me), 3.97(d4, 4H, NCHz), 4.07(q, 4H, Et), 4.26(br s, 4H,
P-CHZ), 5.44(t, 2H, NH), 5.80(s, 2H, thiazole H), 9.61l(s,

1H, meso), 9.82(s, 2H, meso), 9.97(s, 1H, meso).

B. Pyridine Strapped Porphyrins

2,6-Bis (bromomethyl)pyridine Lﬁ)

10 g (71.9 mmole) of 2,6-pyridinedimethanol mixed with
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50 mL HBr (d. 1.49) was distilled through a 30 cm Widmer
column until 13 mL of distillate were collected. The mix-
ture was refluxed for 1 h. After that 17 mL were distilled
off; It was refluxed again for 1 h and with 6 mL distilled
off. The residue was cooled and neutralized with 5 N NaOH
and suction filtered and washed with cold water. The crude
product was recrystallized with 1200 mL petroleum ether to
give 7.07 g product. After condensing the petroleum ether
filtrate to 200 mL and cooled it in refrigerator. 3.2 g
More product were obtained. Yield 80.7 %. MS, m/e(relative
intensity), 263(M*, 6.48), 265(M*+2, 12.96), 267 (M'+4,

1

6.08), 186(97), 184(100), 105(53), 77(33); "H NMR (CDCl3) &

4.45(s, 4H, CHZBr), 7.12-7.67(m, 3H, Py).

2,6-Bis (4-N-phthalimido-3-thiabutyl)pyridine (;9)

2-N-phthalimidoethanethiol (2.07 g, 10 mmol) in ethanol
(100 mL) was converted into sodium salt by the addition of
sodium ethoxide prepared from sodium (0.23 g, 10 mmol) in
ethanol (50 mL). To the above solution of sodium salt was
added the solution of 2,6-bis(bromomethyl)pyridine (1.32 g,
5 mmol) in ethanol (30 mL). The resulting solution was eva-
porated and dissolved in chloroform. The chloroform solu-
tion was washed with 5 % aqueous NaOH and water, and then
dried over sodium sulfate and evaporated to dryness to yield

a yellow oil. Yield 85 s. 1

H NMR (CDC13) 5 2.78(t, 4H,
SCHZ), 3.87(s, 4H, Py-CHz), 3.88(t, 4H, NCH2), 7.20(m, 3H,

Py), 7.68(m, 8H, Ar).
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Pyridine-2,6-bis[4-(2-thiabutyl)amine] (11)

This diamine was reduced from the above compound(10) by

~~r

the procedure identical with that for the diamine L\).

Yield 90 $. MS, m/e(relative intensity), 257(M°, 0.46), 228
(1), 214(4), 182(79), 171(50), 153(5), 137(100), 106(38);
' NMR (cDC1,) 8 2.08(br s, 4H, NH,), 2.70(m, 8H, CH,CH,),

3.78(s, 4H, Py—CHZ), 7.07-7.70(m, 3H, Py).

7,17-[Pyridine-2,6-bis (2-thiabutylcarbamoylethyl)]-2,12-

dipentyl-3,8,13,18-tetramethylporphyrin (15a)

This strapped porphyrin was prepared as described for
the dithiazole-strapped porphyrin 7. Yield 56.6 %. MS,

m/e, 871 (M%); 1

H NMR (CDCl,) d -3.97(s, 2H, pyrrole NH),
0.75(m, 4H, Py-CH2), 0.99(t, 6H, Me), 1.18(m, 4H, SCHZ):
1.73(m, 4H, CH,), 2.00(m, 4H, CH,), 2.32(m, 4H, CH,), 2.47
(m, 4H, NCH,), 2.84(t, 4H, COCH,), 3.16(t, 4H, CH,), 3.57(s,
6H, Me), 3.66(s, 6H, Me), 4.09(t, 4H, P-CH,), 4.65(t, 2H,
NH), 4.79-5.30(t, 3H, py), 9.99(s, 2H, meso), 10.01(s, 2H,

meso) .

7,17-[Pyridine-2,6-bis (2-thiabutylcarbamoylmethyl)]-2,12-

dipentyl-3,8,13,18-tetramethylporphyrin (15b)

This strapped porphyrin was prepared as described for
the dithiazole-strapped porphyrin 7, Yield 25 %. MS, m/e
(relative intensity), 843(M%, 1), 107(23), 44(100); 'H NMR

(CDC154) 5 -3.91(s, 2H, pyrrole NH), 1.03(m, 6H, Me), 1.40
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(m, 4H, Py-CH,), 1.61(m, 4H, CH,), 1.74(m, 4H, CHp), 2.10(m,
4H, CH,), 2.30(quin, 4H, CH2), 3.01(m, 4H, CHZ)' 3.63(s, 6H,
Me), 3.68(s, 6H, Me), 4.05(t, 4H, P-CHZ), 4.09(m, 3H, Py),
5.04(ad, 4H, COCHZ), 5.80(s, 2H, NH), 9.99(s, 2H, meso),

10.6(s, 2H, meso).

7,17-[Pyridine-2,6-bis(2-thiabutylcarbamoylmethyl)]-2-12-

dioctyl-3,8,13,18-tetramethylporphyrin (15¢)

This strapped porphyrin was prepared as described for
the dithiazole-strapped porphyrin 7. Yield 10 &%. 14 NMR
(CDCl3) 6 -4.40(s, 2H, pyrrole NH), 0.88(m, 6H, Me), 1.18(m,
4H, Py-CHz), 1.33(m, 12H, CH

CH,CH,), 1.53(quin, 4H, CH,) »
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2.91(m, 4H, NCH,), 3.46(s, 6H, Me), 3.51(s, 6H, Me), 3.91
(t, 4H, P-CH,), 4.08(m, 3H, Py), 4.93(dad, 4H, COCH,), 5.71

(s, 2H, NH), 9.72(s, 2H, meso), 9.76(s, 2H, meso).

3,17-[Pyridine-2,6-bis(2-thiabutylcarbamoylethyl)]-8,12-

diethyl-2,7,13,18-tetramethylporphyrin (léd)

This strapped porphyrin was prepared as described for
the dithiazole-strapped porphyrin 7. Yield 35 %. MS, m/e
(relative intensity), 843(M++Fe, 3), 107(18), 44(100);
'H NMR (CDCl,) & -4.39(br s, 2H, pyrrole NH), 0.36(br S, 4H,
Py-CHz), 0.96(br s, 4H, SCHZ), 1.70(t, 6H, Et), 2.23(br s,
4H, NCH2), 2.94(br s, 4H, CHZ)’ 3.41(s, 6H, Me), 3.57(s, 6H,
Me), 4.03(q, 4H, Et), 4.40(br s, 4H, CHZ)' 4.95(t, 2H, NH),

5.15-5.45(m, 3H, Py), 9.70(s, 1H, meso), 9.87(s, 2H, meso),
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9.93(s, 1H, meso).

C. Dipyridine Strapped Porphyrins

Ethyl 5-(2-hydroxymethyl)pyridinecarboxylate

In a 3-L three-necked round-bottomed flask, fitted with
a calcium chloride drying tube, a thermometer, and a drop-
ping funnel, was placed 25 g (112 mmol) of ethyl 2,5-
pyridine diester in 800 mL of absolute ethanol. The flask
was surrounded by an ice-salt bath, and when the tempera-
ture falls below -5 oC, 2.76 g (73 mmol) of sodium boro-
hydride was added and a suspension of 12.4 g (112 mmol) of
anhydrous calcium chloride in 200 mL of absolute alcohol was
added dropwise through the dropping funnel at such a rate
that the temperature remains below -5 Oc. The mixture was
stirred, and the temperature was kept below -5 e by ice and
salt. Stirring was continued for 2.5 h with cooling. To
the reaction mixture was then added 6.28 mL (112 mmol) of
sulfuric acid to remove Ca ion. 250 g of celite was used to
separate the fine particles. The mixture was filtered with
suction, and the yellow filtrate was evaporated to dryness
to yield a light brown solid. The crude product was recrys-
tallized with 35 mL anhydrous ether to yield a yellow crys-
tal.65 Yield 15.6 g (77 %). M.P. 71-72°. MS, m/e(relative
intensity), 181(M*, 62), 180(100), 153(17), 152(88), 136
(44); 1m NMR (cpCcl;) & 1.40(t, 3H, Et), 3.93(br s, 1H, OH),
4.37(q, 2H, Et), 4.80(br s, 2H, Py-CH,), 7.33(d4, 1H, Py),
8.19(dd, 1H, Py), 9.05(br s, 1H, Py).
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Ethyl 5=-(2-chloromethyl)pyridinecarboxylate (29)

To dimethylformamide (15 mL) in a 50 mL flask equipped
with a nitrogen inlet tube and a magnetic stirrer was added
phosphorus trichloride(0.714 mL, 1.12 g, 8.2 mmol) under
nitrogen. The mixture became warm and changed to a gold
color on standing. Stirring was discontinued and the thick,
colorless solid which had formed was allowed to stand for 40
min. The above pyridine methanol (2.85 g, 15.8 mmol) was
then added. The mixture was stirred for 1 h at room tem-
perature. The brown colored solution was decanted into a
separatory funnel. The residue in the flask was washed with
10 mL of chloroform, and the chloroform solution was added
to the water in the separatory funnel. The chloroform solu-
tion was washed with six 200 ml. portions of water to remove
dimethylformamide completely. The yield of chloromethyl
pyridine (20), yellow oil, was 2.23 g (71 %). MS, m/e
(relative intensity), 199(M%*, 33), 201(M*+2, 11), 173(32),
171(97), 156(34), 154(100), 136(7), 126(23), 119(5); 1y NMR
(CDC13) 6 1.43(t, 3H, Et), 4.41(q, 2H, Et), 4.71(s, 2H,

CH2C1)’ 7053(d' 1H' PY)r 8028(dd, 1H’ Py)l 9907(d, 1H’ Py)o

Bis[2-(5-ethoxycarbonyl)picolyl] sulfide (gia)

A mixture of 2.4 g (12 mmol) of ethyl 5-(2-chloro-
methyl)pyridinecarboxylate(20) and 1.44 g (6 mmol) of sodium
sulfide nonahydrate in aqueous alcohol (50 mL, 70 %) was

heated under reflux for 1 h. The solution was evaporated to
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dryness. The residue was dissolved in methylene chloride
(100 mL), washed with saturated NaHCO3 (100 mL), and water
(100 mL). After drying over anhydrous sodium sulfate, the
organic layer was evaporated to dryness to yield yellow oil.
Yield 87 %. MS, m/e(relative intensity), 360(M+, 1), 315

(2), 196(22), 165(100), 150(4); 1

H NMR (CDC13) 6 1.45(t, 6H,
Et), 3.87(s, 4H, SCH2), 4.42(q, 4H, Et), 7.43(4, 2H, Py),

8.21(dd, 2H, Py), 9.15(d, 2H, Py).

Bis[2-(5-carboxy)picolyl] sulfide (22a)

A solution of potassium hydroxide (0.84 g, 12.7 mmol)
in 10 mL of water was added to a solution of bis[2-(5-
ethoxycarbonyl)picolyl] sulfide(2la) (1.8 g, 5 mmol) in
ethanol (20 mL). The mixture was refluxed for 2 h. The
resulting dipotassium salt solution was treated with an
equivalent amount of hydrochloric acid. The solvent was
evaporated completely in vacuo and the white solid residue
was extracted with three 30 mL portions of methylene chlo-
ride. Undissolved potassium chloride was discarded. After
evaporation of solvent, the acid product was directly used
to make acyl chloride without further purification. Yield
85 %. MS, m/e(relative intensity), 304(M*, 1); lH NMR
(DMSO—dG) 5 3.95(s, 4H, SCH,), 7.53(d4, 2H, Py), 8.20(dd4, 2H,
Py), 8.92(br s, 2H, Py).

5,15-cis-{0,0'-[6,6"'-(2-Thiatrimethylene)dinicotinamido]

diphenyl1}-2,8,12,18-tetraethyl-3,7,13,17-tetramethyl-
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porphyrin (24a)

The diacid (22a) (152 mg, 0.5 mmol) was dissolved in
methylene chloride (30 mL). Triethylamine (0.28 mL, 2 mmol)
in methylene chloride (2 mL) was added and the reaction
stirred. Thionyl chloride (0.080 mL, 1.1 mmol) was dissol-
ved in methylene chloride (2 mL) and added dropwise to the
above solution. After stirring for 1 h, the solution was
evaporated to dryness in vacuo to yield the diacid chloride
(23a). The crude diacid chloride (170.5 mg, 0.5 mmol) was
dissolved in methylene chloride (50 mL) and added to a solu-
tion of cis-diamino porphyrin 16 (330 mg, 0.5 mmol) in
methylene chloride (200 mL) containing triethylamine (1 mL,
7.2 mmol). After the addition, the mixture was refluxed for
10 h under nitrogen before being poured into water (200 mL).
The organic layer was separated , washed succesively with 5
¥ HC1 (300 mL). Saturated with NaHCO, solution (300 mL),
and water (300 mL). After drying over sodium sulfate, the
mixture was evaporated to dryness and separated on a series
of preparative silica gel plates (analtech 1500 micron)
using 6 % MeOH-methylene chloride and crystallized from
methylene chloride-MeOH, 30 % Yield. MS, m/e, 928 (M );:

'H NMR (CDC1,) & -2.31(br s, 2H, pyrrole NH), 1.74(t, 12H,
Et), 2.59(s, 12H, Me), 2.84(s, 4H, CH2), 4.02(q, 8H, Et),
6.11(d, 2H, Ar), 6.22(d4, 2H, Ar), 6.98(d, 2H, Py), 7.71(t,
2H, Ar), 7.94(t, 2H, Ar), 8.37(4, 2H, Py), 8.88(d, 2H, Py),
10.30(s, 2H, meso); 'H NMR (pyridine-dg) & -1.62(s, 2H,

pyrrole NH), 1.55(t, 12H, Et), 2.37(s, 4H, CH2), 2.73 (s,
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12H, Me), 3.85(q, 8H, Et), 4.99(br s, 2H, NH), 6.05(d4, 2H,
Ar), 6.44(d, 2H, Ar), 7.06(d, 2H, Ar), 7.80(t, 2H, Ar), 8.04
(t, 24, Ar), 8.51(d, 2H, Ar), 9.10(d, 2H, Py), 10.33(s, 2H,

meso) .

Ethyl 5,5'-[2,2'-(2,5-dithiahexamethylene) ldipyridinedicar-

boxylate (21b)

Ethane-1,2-dithiol (2.5 g, 26.5 mmol) in ethanol (100
mL) was converted into disodium salt by the addition of
sodium ethoxide prepared from sodium (1.23 g, 53.5 mmol) in
ethanol (100 mL). The above solution of disodium salt was
added to the solution of ethyl 5-(2-chloromethylpyridine)
carboxylate (10.57 g, 53 mmol) in ethanol (100 mL). The
resulting solution was refluxed for 3 h. The solution was
evaporated and dissolved in chloroform. The chloroform
solution was washed with 5 % aqueous NaOH and water, and
then dried over sodium sulfate and evaporated to dryness to
yield a yellow oil. The crude product was purified on
alumina to yield the sulfide product. The yield of the
sulfide product was 10.6 g (95 %). MS, m/e(relative
intensity), 420(M+, 1), 375(3), 256(16), 224(100), 197(47);
W NMR (CDC1,) & 1.41(t, 6H, Et), 2.70(s, 4H, SCH,), 3.88(s,
4H, Py-CH,), 4.41(q, 4H, Et), 7.43(d, 2H, Py), 8.23(dd, 2H,
Py), 9.14(4, 2H, Py).

5,5'-[2,2'-(2,5-Dithiahexamethylene) ldipyridinedicarboxylic

acid (ggb)
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This diacid was prepared as described for the hydro-
lysis of the diester 2la. Yield 89 %. MS, m/e(relative
intensity), 228(9), 196(100), 169(41), 168(38), 137(31);
'u NMR (DMSO-d() & 2.69(s, 4H, SCH,), 3.89(s, 4H, Py-CH,),

7.49(4, 2H, Py), 8.17(4d, 2H, Py), 8.88(d, 2H, Py).

5,15-cis-{0,0'-[6,6'-(2,5-Dithiahexamethylene)dinicotin-

amidoldiphenyl}-2,8,12,18-tetraethyl-3,7,13,17-tetramethyl-

porphyrin (24b)
This strapped porphyrin 24b was prepared from the di-
carboxylic acid 22b as described for the strapped porphyrin

24a. Yield 58 8. Ms, m/e, 988(M*); 1

H NMR (CDCl3) & -2.52
(br s, 2H, pyrrole NH), 1.69(s, 4H, SCH2), 1.78(t, 12H, Et),
2.62(s, 12H, Me), 3.31(gq, 4H, Py—CHz), 4.05(q, 8H, Et), 6.70
(d, 2H, Ar), 7.16(4, 2H, Ar), 7.59(t, 2H, Ar), 7.73(s, 2H,
Py), 7.79(s, 2H, Ar), 7.89(t, 2H, Py), 8.95(d, 2H, Py),
10.33(s, 2H, meso); (pyridine-dg) 6 -2.14(s, 2H, pyrrole
NH), 0.69(s, 4H, CHZ)' 1.63(t, 12H, Et), 2.78(s, 12H, Me),
3.01(s, 4H, Py-CHz), 3.87(q, 4H, Et), 3.98(g, 4H, Et), 4.94
(br S, 2H, NH), 6.80(d, 2H, Ar), 7.05(s, 2H, Py), 7.53(4,
2H, Ar), 7.66(t, 2H, Ar), 7.85(d, 2H, Py), 8.02(br s, 2H,

Ar), 9.36(4, 2H, Py), 10.32(s, 2H, meso).

Ethyl 5,5'-[2,2'-(2,6-dithiaheptamethylene)]dipyridine-

dicarboxylate (21c)

This sulfide was prepared as described for the sulfide

21b except ethane-1,2-dithiol was replaced by propane-1,3-
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dithiol. Yield 94 8. 1

H NMR (c0013) 5 1.42(t, 6H, Et),
1.54-1.97(m, 2H, CH2), 2.58(t, 4H, SCHZ), 3.91(s, 4H,
Py-cnz), 4.45(q, 4H, Et), 7.50(d4, 2H, Py), 8.31(dd, 2H, Py),

9.12(d, 2H, Py).

5,5'=[2,2'=-(2,6-Dithiaheptamethylene) ldipyridinedicarboxy-

lic acid (22¢)
This diacid was prepared as described for the hydro-

lysis of the diester zla. Yield 90 %. 1

H NMR (CDC13) 6
1.78(1’1’!, ZH, CHZ)' 2.58(t’ 4H' SCHz)' 3096(8, 4H, Py_cHz)l

7.66(d, 2H, Py), 8.38(dd, 2H, Py), 9.08(br s, 2H, Py).

5,15-cis-{0,0'=[6,6'-(2-Dithiaheptamethylene)dinicotinamido]

diphenyl3}-2,8,12,18-tetraethyl-3,7,13,17-tetramethyl-

porphyrin (24c)
This strapped porphyrin 24c was prepared from the

dicarboxylic acid ggc as described for the strapped por-

1y NMR

phyrin 24a. Yield 20 %. MS, m/e, 1002(M");
(CDC13) 6 -2.48(br s, 2H, pyrrole NH), 1.10(gq, 2H, CH,),
1.65(t, 4H, CH,), 1.77(t, 12H, Et), 2.61(s, 12H, Me), 3.30
(s, 4H, Py-CH,), 3.49(s, 2H, NH), 4.04(q, 8H, Et), 6.66(d,
2H, Ar), 7.08(d, 2H, Ar), 7.57(t, 2H, Py), 7.77(d, 2H, Py),
7.91(t, 2H, Ar), 8.0l(s, 2H, Py), 8.97(d, 2H, Py), 10.32(s,

2H, meso).

Metal and Oxygen Insertion

The dithiazole porphyrin 7 (81.6 mg, 0.10 mmol) was
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Placed in a pear-shaped flask equipped with a gas-inlet
tube, dissolved in pyridine (1 mL), and diluted with glacial
acetic acid (20 mL). A stream of argon was passed into the
solution from the tube while the mixture was placed in an
o0il bath preheated to 80 °c. A saturated aqueous solution
of iron(II) sulfate (0.11 mmol) was syringed into the mix-

ture, through the gas outlet side arm.80

The temperature of
the bath was raised to 90 °C and the reaction was kept at
this temperature for 10 min. The flask was then removed
from the heating bath, the mixture was cooled to ambient
temperature. A stream of air was passed into the solution
briefly to allow autooxidation of the unstable iron(II)
complex. The mixture was partioned between water (60 mL)
and methylene chloride (60 mL) in a separatory funnel. The

organic phase was separated and washed with 10 % HC1l (60 mL)

three times to ensure that no metal was bound to the thia-

zoles and then washed with water. The methylene chloride
layer was separated and then evaorated to dryness.

The hemin chloride thus prepared was treated with zinc
chloride or copper(11) chloride to obtain analytically pure
FeMC13L, L = strapped porphyrin ligand.

If the hemin chloride, dissolved in CH2C12-CH3OH, was
added to ammonical copper (I1) acetate in aqueous methanol, a
solid (2) was obtained. Anal. Calcd: C, 53.66; H, 5.19; N,

10.88; Fe, 5.42 for C N,S,0,FeCu. Found: C, 53.45; H,

465538539
5.09; N, 10.52; Fe, 5.46. The composition is best descri-

bed as FeCu(O)(HZO)(OAc)L.
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Bis CopperII complex of 24a was obtained by the
following procedure. To a solution of géa (P-Pyzs) (18.6
mg, 0.02 mmol) in CH2C12 (7 mL) and CH3OH (7 mL). A metha-
nolic solution of CuCl2 (excess) was added. The solution
was stirred and heated at 60 °C for 20 min. The solution
volume was reduced by evaporation to 1/3. The crystallized
solution was cooled to room temperature and the red solid

crystals were filtered off, washed well with methanol and

dried in vacuo.
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CHAPTER III

THE SYNTHESIS AND CHARACTERIZATION OF

BLOCKED AND LIGAND APPENDED PORPHYRINS

Introduction

The results presented in Chapter II point to the need
of designing heme-copper assemblies with the exposed face of
heme group blocked or coordinated with a ligand so that
intermolecular p-oxo dimer (Fe-O-Fe) formation would be
prevented. This goal has been achieved by using trans-
derivatized meso-diphenyl porphyrins. This chapter descri-
bes the synthesis and preliminary studies of the Fe-Cu
complexes derived from this type of super-structured
porphyrin model compounds.

Young,67, Gunter and Mander75 have reported the
synthesis of hybrid meso o-anilino octa-alkyl porphyrins.
The ring methyl groups in this system hinder the rotation of
the meso o-anilino rings thus allowing isolation of the
atropisomers. Furthermore, the steric constraint and the
conformational rigidity of the derivatized amides can be
employed to enforce selective ligation and/or blocking of
the porphyrin coordination site.

The effectiveness of the p-t-butyl phenyl group such as

in 28a and 32a in preventing p-oxo dimer formation has been
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67

demonstrated. The presence of an imidazole-coordinated

residue in an axial position (e.g. 28b and 32b), coupled

76

with the suggestions that metal-imidazole bond rupture

may play a critical role in biological process of the cyto-
chrome ¢ oxidase system, indicates that a detailed characte-
rization of the structure and dynamics of the imidazole-
metal bond in such porphyrin complexes could have significant
biological implications.

Our experiences with the previous model systems, promp-
ted interest in the study of copper (1) and copper (I1) ions
in non-planar coordination geometries with thioether and/or
unsaturated nitrogen donor ligands. Four porphyrins utili-
zing these tripodal tetradentate chelates were constructed.

II

Coordination complexes of CuI and Cu with nitrogen and

sulfur-donating ligands continue to be of interest as models

77-79

for the redox sites. Sulfur donor ligands may be

important in stabilizing the configuration. In order to

I II

understand better the nature of the Cu -Cu redox process,

it is necessary to examine the structural and chemical con-

sequences of this metal in various coordination environ-

II

ments. This has led to examination of Cu complexes with

the new series of tripodal tetradentate, stz(gga, b) and

also NPy3(§3a, b) ligands. The synthesis and X-ray

structural study of the both CuI and CuII

53,80,81 _ 4 pr382-85 type have been reported. The

complexes of
N2S,
stability of the copper(I1) compounds of these ligands will

enable examination of the spin coupling in the fully oxidi-
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zed binuclear heme models.

Ligand Synthesis

The hydrochloride of the sulfur-containing amines were

86 To obtain the

prepared according to Razavi (SCHEME X).
free base of the secondary amine, a solution of the hydro-
chloride in ethanol was treated with saturated sodium bicar-
bonate solution. Distillation of the resulting solution to
dryness in vacuo left a residue, which was twice extracted
with chloroform.

The tertiary amine, 25a and 25b was prepared by reflu-
Xing ethyl 2-chloromethyl pyridine S5-carboxylate with large
excess amount of the secondary amine(5-7 times) in 70 %
ethanol. p-tert-Butylbenzamidoporphyrin 18 and monobenzyli-
midazole porphyrin 19 were prepared by Young's procedure

(SCHEME VII).67

Reaction of porphyrin 17 with 1 equivalent
p-tert-butyl benzoyl chloride followed by separation with
silica gel column chromatography (1 % MeOH-CH2C12) yielded
an almost statistical distribution of mono, di, and unsubs-
tituted amino porphyrins. p-tert-Butylbenzoyl chloride was
prepared by heating p-tert-butylbenzoic acid with large
excess amount of thionyl chloride without solvent followed
by evaporation in vacuo. Unsatisfactory dissolution of low-

soluble trans diaminoporphyrin resulted in formation of a

large amount of disubstituted aminoporphyrin.

Metal Complexes
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A. Synthesis
Insertion of Fe into the porphyrins (32a, 32b) to give
Fe(I11) complexes, [Fe(P)-OH (N4)](§3a—1, ng-l), was

67 in THF/benzene

achieved by the ferrous bromide method
(1:1), followed by washing with aqueous sodium bicarbonate.

Treatment of a CH2C12-methanol(1:1) solution of these
compounds (;ga-l, ;gb-l) with a methanolic solution of CuCl2
(equivalent amount), gave [Fe(P)-Cl Cu(N4)(C1)(OH)](;ga—2,
32b=-2).

Bis-CuII

complexes, [Cu(P) Cu(N4)(Cl)(PF6)], were syn-
thesized by addition of CuCl2 to the porphyrins(32a, ggb),
followed by precipitation using excess methanolic KPFg.

After treatment of a CH C12/MeOH(1:1) solution of the

2
bimetal complexes(iga-z, 32b-2) with aqueous NaOH, p-oxo

bridged heterobinuclear metal complexes [Fe(P)—O-Cu(N4)(OH)]
(23a—3, 32b-3) was obtained.

B. IR Data

IR spectrum (KBr pellet) (Figure 10) of the sample
32a-3, [Fe(P)-O—Cu(N4)(OH)], showed a strong sharp peak at
876 cm_l, which is absent in the spectrum of ;3a—2,
[Fe (P)-C1 Cu(N4)(C1)(OH)], where (P) represents the diphe-
nyletioporphyrin moiety and (N4) is the tripodal tetraden-
tate ligand. Infrared absorption of p-oxo group has been
observed in the region 800-900 cm—1 for a variety of transi-
tion metal complexes, and has been attributed to the metal-

oxygen-metal antisymmetric stretching vibration.69
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900 800

Figure 10. Infrared spectra of [Fe(P)-0-Cu(N,) (OH)] and
[Fe (P)~-C1l Cu(N,) (C1l) (OH)], blocked with t-butylbenzene.
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900 800

Figure 11. Infrared spectra of [Fe(P)-'so-Cu(N4)(OH)]
(—), blocked with t-butylbenzene, and the 180 labeled
derivative (---).
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To determine whether a peak at 876 c1'lf-1 is a M-0-M'
peak, a methanol-methylene chloride solution of the iron
only complex (an-l), was treated with 35 & aqueous NaOH.
The IR spectra of resultant material showed no peak at 876

cm™ L,

18O labeling of the complex resulted in a spectrum
(Figure 11) that showed considerable decrease in the inten-

sity of the peak at 876 cm_l. Due to the presence of strong

absorptions in the region of 750-850 cm-l, it was difficult

87 Occasio-

to observe the expected shift to lower energy.
nally a peak at 862 cm-'l was observed due to the presence of

NaOH.

C. Magnetic Susceptibility Data

For large J ( > =200 cm—l) and assuming only the S' = 2
level is populated, a temperature-independent Hogf value of
4.90 My is predicted. Intermediate value of J (negative)
would lead to a reduction in Hogg at 300 °K from 6.16 %
which then should further decrease and level out at 4.9 Mg
as the temperature is decreased. In the case of J = 0 an
uncoupled Spe = 5/2 and Scu = 1/2 pair would give Hofg =
6.16 B.M. which should be independent of temperature unless
zero-field splitting causes a decrease at very low tempera-
tures. For high-spin Fe(III) (S = 5/2), Mogs is typically
5.9-6.1 kg) -

Magnetic susceptibilities were measured in the tempera-

ture range 5-300 ok by the variable temperature susceptome-
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ter (Table 1). Magnetic moments were calculated by the

equation, Hoff = 2.828(#M X T)l/2

r Where py, is the molar
susceptibility. The hydroxide compound, copper-free mono-
nuclear Fe complex (;ga—l), [Fe(P)-OH (N4)] (APPENDIX, A24),
does not behave like typical high-spin hemin molecules of
the type Fe(porphyrin)X (APPENDIX B, B6). Thus, in case of

32a-1, [Fe(P)-OH (N,)], at 300 °K is 5.42 B.M., falling

Heff
slowly to 5.29 B.M. at 125 K and were rapidly to 4.76 B.M.

at 5 °K. These are low for high-spin Fe(III) (S = 5/2)

which has typically Hofg of 5.9-6.1 Hp and indicate a situa-
tion involving quantum mixing or equilibrium of S = 3/2 and
S = 5/2 spin states. The chemical or structural reason for
the presence of two spin-state on iron is difficult to
determine with certainty but may well be due to small alter-
nations in Fe-N and Fe-Cl distances as the temperature is
altered. It has been shown recently that changes in the
axial Fe-X band in various iron(III) porphyrin can give rise
to the intermediate spin state.88’89

But we note that, in Figure 16, the 5 coordinate ferric
heme complex with a hydroxide coordinating anion is high
spin. Thus, it seems clear that the Fe complex 32a-1 is not
pure 5 coordinate high complex. The Raman spectrum of Fe
complex 32a-1 shows that some amount of 6 coordinate (possi-
bly from intra- or intermolecular tripyridine ligand) Fe
complex is present.

In an attempt to check the spin coupling possibility

via C1~ bridge (an—Z), we added a Curie component (1.90 “B)
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of Cu(II) to the observed susceptibility of the Fe(III) only

III II]

complex 32a-1. Hp can be calculated for an [Fe -Cl Cu

centre in 32a-2, assuming magnetically non-interacting FeIII

and CuII

ion centres. The resulting curve can be compared
with the experimentally determined curve (APPENDIX A, A24).
The magnetic behavior of 32a-2 could possibly arise from an
uncoupled pair of Fe(III) (mixed spin S = 3/2, 5/2) and
Cu(II) (S = 1/2). But we should consider that, in Figure
17, the 5 coordinate heme complex with a chloride coordina-
ting anion is high spin. Thus, there is a little exchange
coupling between Fe and Cu. But it is not strong enough to
mimic the magnetic features of the Fe-Cu couple in the fully
oxidized (resting) form of cytochrome oxidase.

The Hogs of and Fe-0-Cu complex are plotted in Figure
12 in the temperature range 5-300 K. The susceptibility
displayed a linear Curie-Weiss temperature dependence,
except for a small deviation at temperature above ca. 200
°k. They revealed a strong antiferromagnetic coupling
between the copper(I1) and the high-spin iron(III). The
magnetic behavior of 32a-3 could arise from an coupled pair
of Fe(III) (S = 5/2; Hogge = 5.9 “B) and Cu(II) (S = 1/2;
pegg = 1.9 pB). The magnetic moment of 32a-3 (Fe-0-Cu) is
5.04 B.M. at room temperature, which is lower than that of
32a-1(Fe-OH, 5.42 B.M.). Since IR spectrum of 32a-3 (Figure
10) shows a peak at 876 cm“1 typical of a metal-oxygen-metal

bond, it strongly suggests that ;ga—3 is a heterobinuclear

complex, bridged by a oxygen atoms between the two metal
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centers. The magnetic moment of the complex (5.04 B.M.) is
much lower than the calculated value for the high-spin
iron(I1I)-copper(II) system at room temperature. Further,
the moment decreased to 4.56 B.M. when the temperature was
lowered to the liquid nitrogen temperature. All these
findings suggest the operation of a strong intramolecular

spin exchange interaction with a -J greater than 100 cm_l.

D. EPR Data
EPR-Blocked Binuclear System

Electron paramagnetic resonance was used to probe the
ability of the chelating ligands to bind Cu(II) and inves-
tigate possible interaction between the two metal centers.
The spectra (Figure 14, 15) measured in frozen solution

(CH2C12) at 77 oK, exhibited features indicative of inter-

actions between the two metal centers. The close proximity
of the metal centers in these binuclear systems allows spin
coupling to occur, producing for the bis copper complex a
triplet spectrum. The seven hyperfine lines were discern-
able in the spectrum owing to interactions between the two

centers.

E. Raman Data (studied in collaboraion with Robert T. Kean
and Prof. G. T. Babcock)
It was necessary to study the simpler structures as a
guide for the interpretation of the Fe-Cu systems. The high

frequency Raman spectra of several of the simple models are
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|

0=C

Trans-5,15-bis[o-(p-t-butylbenzamido)phenyl]-2,8,12,18-
tetraethyl-3,7,13,17-tetramethylporphyrin.

C = Coordination
H.S. = High Spin
L.S. = Low Spin
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Figure 16. Raman spectra of simple model complexes.
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Figure 17. Raman spectrum of [Fe(P)-Cl Cu(N,) (C1) (OH) ]
blocked with t-butyl benzene.
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Figure 18. Raman spectrum of [Fe(P)-0- Cu(N,) (OH)]
blocked with t-butyl benzene.
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Figure 19. Raman spectrum of [Fe(P)-Cl Cu(N4)(C1)(OH)]
blocked with imidazole.
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Figure 20. Raman spectrum of [Fe(P)-0-Cu(N,) (OH)]
blocked with imidazole.
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seen in Figure 16. The two peaks marked with arrows and the
three labeled peaks (v,, vy and v4) are clearly sensitive
to spin state (high or low), coordination state (5 or 6),
and even ligand type (Cl™ or OH ). The assigned peaks are
based on the labeling scheme of Abe and Kitagawa.go'91 The
high frequency Raman spectra of complexes 32a-2, 32a-3,
32b-2 and 32b-3 are presented in Figure 17-20.

In the work of Abe and Kitagawago’gl, a normal coordi-
nate calculation was done on Ni octaethylporphyrin (OEP) .
Experimentally observed vibrational peaks were assigned by
matching the observed frequencies with the calculated
values. The vibrational modes of porphyrins with different
ring substituents or different metals have been assigned by
comparison with the Ni OEP results. Hemes are a more comp-
licated case since the frequency of certain modes is very
sensitive to the oxidation state and spin state of the Fe.
This turns out to be a useful effect since the position of
certain peaks can be used to determine the state of the Fe
in unknown samples

An additional difficulty we encounter with these
samples is the perturbation of the porphyrin pi system by
the aromatic meso substituents. This effect can dramati-
cally shift the positions of peaks relative to the OEP
case.92 Despite this problem, the three peaks in the high
frequency region are assigned as v,, known as the oxidation
state marker, typically shifts to lower frequency upon

reduction of Fe(I1I) to Fe(II). The peak seen at 71354 cm-l
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in all these samples has been shown to shift to 71345 upon

93

Fe reduction. On that basis this peak is assigned as u4-

Two other peaks v, and vy are typically very sensitive to
the spin state and shift to higher frequency upon transition

from high to low spin. The peaks at 71571 cm-lr and 71485

cm"l (6 coordinated high spin) are in the approximate

correct locations and do demonstrate the correct behavior.

Therefore the two peaks are assigned as vy and ) respec-

tively. Other peaks in these spectra are also sensitive to

the changes in the Fe environment but their assignments have

been less obvious and they are only indicated with arrows.
It is clear from the spectra in Figure 17-20 that,

based on the model compounds, none of the species are low

spin. The values of v, and vy are too low to be low spin

1

and the characteristic high spin peak beteen 1224 cm ~ and

1231 cm"1 is present in all cases. Compound 32a-2 is very
clearly a 5 coordinate Cl  species as indicated by the peak

at 1225 cm~ 1

and the peak positions and relative intensities
of v, and vy. With compound ;ga-3, we see that vy and Vs
have the much greater intensities and the characteristic
frequencies of a 5 coordinate OH species. In this case,
rather than on OH , we have an oxygen bridging to the Cu.
Compound ;gb—2 has a Raman spectrum strongly indicative of 6
coordinate, high spin Cl~ as demonstrated by both peak
positions and relative intensities. With compound 32b-3,

the broadness of the peaks indicated some inhomogeneity in

the samples; probably some C1~ sample or some 5 coordinate




78

species. However it is clearly dominated by 6 coordinate
high spin species and the shape and position of vy indicates
a fair amount of OH type ligation. Again this compound has

an oxygen bridge to the Cu rather than a free OH .

Conclusion

The compound 32a-3 is the first well defined [Fe-Cu]
binuclear blocked heme model species and, in general, repre-
sents one of the few studies involving a binuclear heme
system containing two different metal ions. Taken together,
these results indicate strong antiferromagnetic coupling
through the oxo bridge between iron(II1I) and copper(II) to
give a ground state with S = 2 characteristics.

The u-oxo complex 32a-3 appear to be stable to air or
moisture in the solid state and are reasonably thermally
stable, but extremely sensitive to acid.

To date, relatively few studies have concerned with the
lability of the coordinated imidazole moiety. The paucity
of experimental data precludes any generalizations of the
factors which come from metal-imidazole bond. For compound
32b-3, Hosg varies between 4.25 uB(ZO oK) and 4.81 uB(273 oK)
(APPENDIX B, B3). It is possible that the spin state of
Fe(II1I) porphyrin can be influenced by the nature of the

III

axial groups. Using values of Hofg for the Fe center

(4.47 B.M. at 20 °K, 4.56 B.M. at 80 °K, 4.86 B.M. at 284

oK), as found for 32b-1 (APPENDIX B, Bl), and assuming

II

hegr = 1.90 pp for Cu™ ", p e values can be calculated for
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an Fe-Cl-Cu centre in 32b-2, assuming magnetically non-

III II

interacting Fe "~ and Cu ion centers. These values

compared well with the experimentally determined values

(e]

(APPENDIX B, B2) (4.61 B.M. at 20 °K, 4.74 B.M. at 80 °K

4.94 B.M. at 280 °

K). The magnetic moment of the Fe-0-Cu
complex (32b-3) is lower than the value for the iron(III)-
copper (I1) system. Moreover, the IR spectrum of ng-B in a
KBr pellet shows spectral characteristics, a peak at 876
Cm_l, consistent with the presence of Fe-0-Cu bond. These
facts suggest the operation of the intramolecular spin

exchange interaction.

Experimental

Physical Measurements

Metal chelation studies on compounds 28a and 28b has

not yet been completed. The stability of the copper comp-
lexes of these ligands should enable them to serve as viable
models for the O2 binding and reduction process.

NMR spectra (CDCL3, Me4Si internal standard) were
obtained with a Bruker WM-250 instrument. High resolution
mass spectra were obtained with a JEOL HX110-HF instrument
equipped with a fast atom bombardment gun. A matrix of
thioglyceroldithioerythreitol-dithiothreitol (2:1:1) contai-
ning 1.1 % trifluoroacetic acid was used. Visible absorpt-
ion spectra (in CH2C12) were measured with a Cary 219 spec-

trophotometer. Preparative TLC plates were from Analtech

(Silica gel G, 1500 um).




80

Resonance Raman spectra were obtained with a spex 1401
Ramalog scanning gdouble monochromator using a cooled RCA
photomultiplier tube. Data collection and instrument opera-
tion was achieved from a DEC LSI 11-2 computer through a
house built interface. All spectra were recorded using 20
mW of power at 406.7 nm excitation (Spectra-Physics model
164 Kr ion). Samples were contained in a spinning EPR tube
(at room temperature or lower) and the signal was collected
utilizing a ~ 170 degree scattering geometry. The Raman

1

spectrometer was calibrated to the 1004 cm ~ line of toluene

for all scans.

Synthesis
A. Dithioether Appended Porphyrins

Ethyl 6-([N,N-bis(3-thiabutyl)amino]lmethylnicotinate (25a)

A mixture of ethyl 5-(2-chloromethyl)pyridinecarboxy-
late(zg) (2.5 g, 12.5 mmol) and bis(3-thiabutyl) amine86
(20.6 g, 125 mmol) in aqueous ethanol (70 %, 30 mL) was
refluxed for 6 h. The solution was evaporated to dryness.
The crude product was dissolved in chloroform (200 mL) and
successively washed with 5 % HC1l (5 x 100 mL), 5 % aqueous
NaOH (100 mL), water (100 mL), dried over anhydrous sodium
sulfate and evaporated to dryness to yield a red oil. Yield
70 8. MS, m/e(relative intensity), 390(M+, 1); 1H NMR
(CDC1;) & 1.41(t, 3H, Et), 2.09(s, 6H, Me), 2.72(m, 8H,
CHZCHZ)’ 3.89(s, 2H, Py-CH,), 4.41(q, 2H, Et), 7.67(d, 1H,
Py), 8.27(4d4, 1H, Py), 9.13(4, 1H, Py).
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6-[N,N-Bis (3-thiabutyl)amino]lmethylnicotinic acid (26a)

The ester 25a (2.5 g, 7.62 mmol) was dissolved in hot
ethanol (10 mL, 95%). To this solution, a solution of KOH
(0.75 g/5 mL water) was added. Refluxing was continued for
2 h. The solution was allowed to cool to room temperature
and neutralized with an equivalent amount of hydrochloric
acid, and then evaporated in vacuo to yield a yellow white
solid. The solid residue was extracted with three 30 mL
portions of chloroform. After drying over sodium sulfate,
the solution was filtered and evaporated in vacuo to yield a
vyellow solid. The crude acid product was directly used to
make acyl chloride without further purification. Yield
90 8. 'H NMR (cDC1;) & 2.11(s, 6H, Me), 2.84(m, BH,
CH,CH,), 4.12(s, 2H, Py-CH,), 7.77(d, 1H, Py), 7.42(4d, 1H,
Py), 9.28(d, 1H, Py).

trans-5-[o-(p-tert-Butylbenzamido)phenyl]-15- (o-{6-[N,N-

bis (3-thiabutyl)amino]lmethylnicotinamido}phenyl)-2,8,12,18-

tetraethyl-3,7,13,17-tetramethylporphyrin (;ga)

A solution of thionyl chloride (0.08 mL, 1.1 mmol) in
4 mL of methylene chloride under nitrogen was added to a
well-stirred solution of the acid 26a (300 mg, 1 mmol) and
triethylamine (0.28 mL, 2 mmol) in 20 mL of methylene chlo-
ride. The mixture was stirred at room temperature for 1 h
and pumped dry. The crude acid chloride was added to a 200

mL of methylene chloride solution of porphyrin 18 containing
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triethylamine. After refluxing for 10 h, the mixture was
poured into ice water. The organic layer was separated,
washed with 5 % NaOH, water, and dried over sodium sulfate.
After evaporation, the mixture was separated on thick layer
silica gel plate, with 3 % methanol-methylene chloride.

The major band was collected and crystallized from hexane-

1

CH,Cl,. Yield 45 %. MS, m/e, 1103 (M+H) ; "H NMR (CDC1;)

e
6 -2.30(br s, 2H, pyrrole NH), 0.77(s, 9H, t-butyl), 1.79(t,
12H, Et), 2.12(s, 3H, Me), 2.15(m, 4H, SCH2), 2.16(s, 3H,
Me), 2.30(m, 4H, NCHZ), 2.62(s, 12H, Me), 3.23(s, 2H,
Py—CHz), 4.05(q, 8H, Et), 6.46(s, 1H, Ar), 6.49(s, 4H, Ar),
6.67(s, 24, Ar), 7.52-8.10(m, 8H, Ar, NH), 9.06(m, 2H, Ar),

10.31 (s, 2H, meso).

Ethyl 6-[N,N-bis(3-thiapentyl)amino]lmethylnicotinate (25b)

This ester was made in an analogous fashion as the
ester 25a. Yield 65 %. MsS, m/e(relative intensity), 311

(0.25), 281(7), 89(100), 61(26); 1

H NMR (CDC13) 5 1.24(t,
6H, Et), 1.41(t, 3H, Et), 2.52(q, 4H, Et), 2.76(m, 8H,
CH2CH2), 3.90(s, 2H, Py-CHz), 4.41(q, 2H, Et), 7.66(4, 1H,

Py), 8.26(dd, 1H, Py), 9.13(d4d, 1H, Py).

6—[N,N-Bis (3-thiapentyl)amino]lmethylnicotinic acid (26b)

This acid was prepared by the procedure 26a except the

ester 26a is replaced by the ester 25b. Yield 88 %. MS,

1

m/e, 329(M7); “H NMR (cDCl;) & 1.17(t, 6H, Et), 2.47(q, 4H,

Et)' 2.77(m' 8H, CH CH2), 4000(8, 2H’ PY-CHz), 7-75(d, 1H, Py),

2






83

8.38(dd' lH] PY)' 9.17(d, 1H' PY).

trans=5-{o-[m-(N-Imidazolyl)toluamido]phenyl}-15-(o-{6-[N,N-

bis(3-thiapentyl)amino]lmethylnicotinamido}phenyl)-2,8,12,18-

tetraethyl-3,7,13,17-tetramethylporphyrin (28b)

This porphyrin was made in analogous fashion as por-

1H NMR

phyrin 28a. Yield 40 $. MS, m/e, 1155 (M+H) ;
(cbcl;) & 0.86(t, 6H, Et), 1.75(m, 12H, Et), 2.12(q, 4H,
Et), 2.18(m, 4H, SCH,), 2.30(m, 4H, NCH,), 2.58(s, 6H, Me),
2.61(s, 6H, Me), 3.23(s, 2H, Py-CH,), 3.41(s, 2H, ArCH,),
4.02(q, 8H, Et), 5.14(s, 1H, Im-H), 5.75(s, 1H, Im-H), 6.18
(s, 14, Im-H), 6.3-8.1(m, 15H, Ar, NH), 8.98(t, 2H, Ar),

10.29(s, 2H, meso).

B. Tripyridine Appended Porphyrins

Ethyl 6-{N,N-bis[2-(2-pyridyl)ethyl]aminolmethylnicotinate

(29)
A mixture of ethyl 5-(2-chloromethyl)pyridinecarboxy-
late (2.5 g, 12.5 mmol) (20) and bis[2-(2-pyridyl)ethyl]

amine94

(14.2 g, 62.5 mmol) in 30 mL of ethanol (70 %) was
refluxed for 6 h. The solution was evaporated to dryness to
yield a yellow oil. The crude product was purified on
alumina with methylene chloride. Yield 80 %. MS, m/e
(relative intensity), 390 (MY, 1), 345(2), 298(3), 284(1),
226 (35), 165(13), 106(100), 93(21), 78(25); lg NMR (CDCl3)

6 1.39(t, 3H, Et), 2.99(S, 8H, CH,CH,), 3.90(s, 2H,Py-CH,),

4.37(q, 2H, Et), 6.87-7.70(m, 7H, Py), 7.93-8.14(d44, 1H,
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Py), 8.40-8.60(m, 2H, Py), 9.08(d4d, 1lH, Py).

6-{N,N-Bis[2-(2-pyridyl)ethyllaminolmethylnicotinic acid

(30)

The ester gg (3.0 g, 7.69 mmol) was dissolved in hot
ethanol (10 mL, 95 %). To this solution, a solution of KOH
(0.75 g/5 ml H,0) was added. Refluxing was continued for
2 h. The solution was allowed to cool to room temperature
and neutralized with an equivalent amount of hydrochloric
acid, and then evaporated in vacuo to yield a yellow-white
solid. The solid residue was extracted with 50 mL of chlo-
roform. After drying over sodium sulfate, the solution was
filtered and evaporated to yield the acid 30 , a yellow
solid. The crude acid product was directly used to make
acyl chloride without further purification. Yield 88 %.

'u NMR (CDC1,) 82.99(s, 8H, CH,CH,), 3.93(s, 2H, Py-CH,),
6.85-7.70(m, 6H, Py), 7.97-8.43(m, 2H, Py), 8.90(d, 1H, Py),

9.23(br s, 2H, Py).

6-{N,N-Bis[2=-(2-pyridyl)ethyl]aminolmethylnicotinic acid

chloride (31)

A solution of thionyl chloride (0.08 ml, 1.1 mmol) in
4 mL of methylene chloride under nitrogen was added to a
well-stirred solution of the acid 30 (363 mg, 1 mmol) and
triethylamine (0.28 mL, 2 mmol) in 20 mL of methylene chlo-
ride. The mixture was stirred at room temperature for 1 h

and pumped dry. After dissolving in methylene chloride (50
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mL) , this acid chloride (31) was immediately used to prepare

32a and 32b.

trans-5-[o- (p-tert-Butylbenzamido)phenyl]-15-[o-(6-{N,N-

bis[2-(2-pyridyl)ethyllamino]lmethylnicotinamido)phenyl]-

2,8,12,18-tetraethyl-3,7,13,17-tetramethylporphyrin (32a)

This porphyrin was made in an analogous fashion as
porphyrin 28a. Finally, the product 32a was separated on
thick layer silica gel plate, with 6 % MeOH-methylene chlo-

ride. Yield 71 %. MS, m/e, 1165(M+H)*; 1

H NMR (CDCljy)

6 -2.28(br s, 2H, pyrrole NH), 0.75(s, 9H, t-butyl), 1.77(m,
12H, Et), 2.49(s, 8H, CHZCHZ)' 2.61(s, 6H, Me), 2.62(s, 6H,
Me), 3.28(s, 2H, Py-CH,), 4.05(m, 8H, Et), 5.96-8.00(m, 21H,
Ar, NH), 8.51(dd4, 2H, Ar), 9.07(m, 2H, Ar), 10.32(s, 2H,

meso) .

trans-5-{o-[m-(N-Imidazolyl)toluamido]phenyl3}-15-[o- (6-{N,N-

bis[2-(2-pyridyl)ethyl]aminolmethylnicotinamido)phenyl]-

2,8,12,18-tetraethyl1-3,7,13,17-tetramethylporphyrin (32b)

This porphyrin was made in an analogous fashion as

porphyrin 28a. Yield 75 %. MS, m/e, 1189 (M+H)*; 1

H NMR
(CDC13) 6 -2.32(s, 2H, pyrrole NH), 1.74(m, 12H, Et), 2.48
(s, 8H, CHZCHz)’ 2.61(s, 6H, Me), 2.62(s, 6H, Me), 3.24(s,
2H, Py-CH,), 3.29(s, 2H, ArCHz), 4.02(m, 8H, Et), 5.11(s,
1H, Im-H), 5.74(s, 1H, Im-H), 6.16(s, 1H, Im-H), 6.01-8.06

(m, 23H, Ar, NH), 8.98(m, 2H, Ar), 10.31(s, 2H, meso).
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Metal and Oxygen Insertion

Two bis-CuII

complexes, [Cu(P) Cu(N4)(C1)(PF6)],
blocked with t-butyl benzene or blocked with imidazole res-
pectively, were prepared by the following procedure.

To a solution of (P—N4)(;ga) (23.3 mg, 0.02 mmol) in

CH2C12(7 mL) and CH,OH (7 mL) was added a methanolic solu-

3
tion of CuClz(excess). The solution was stirred and heat at
50 °C for 20 min. To this solution after its volume was
reduced by evaporation to 1/3, excess methanolic KPFg was
added to induce precipitation . The solution was allowed to
cool to room temperature. The red crystals were filtered
off, washed well with methanol, and dried in vacuo. Imida-
zole blocked bis copper complex, [Cu(P) Cu(N4)(C1)(PF6)] was
prepared by the above procedure; red crystals.

Porphyrin an (58.2 mg, 0.05 mmol) was dissolved in 1l:1
THF : benzene (20 mL), containing collidine (2 drops). A
stream of argon was bubbled into the solution for ca. 5 min
to remove oxygen and FeBr, was then added. The solution was
heated under argon for ca. 30 min and the solvent was
removed in vacuo. A stream of air was then bubbled into the
solution for ca. 5 min to oxidize iron completely followed
by removal of solvent in vacuo. The residue was redissolved
in CH2C12 (80 mL), extracted with 10 % HCl, washed with
water and eluted on alumina column. To obtain the ferric
hydroxide form, the solution was washed with saturated
aqueous sodium bicarbonate. The hemin hydroxide (30.9 mg,

0.025 mmol) was dissolved in 1:1 methylene chloride :
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ethanol (6 mL). Copper(Il) chloride (33.6 mg, 0.025 mmol)
was added to the above solution. The resulting solution was
heated in an o0il bath for 20 min and then evaporated to dry-
ness to give FeCuClonL, L = Appended porphyrin ligand.

The resulting bimetal complex (13.7 mg, 0.01 mmol),
[Fe (P)-C1 Cu(N,) (C1) (OH)], was dissolved in 1:1 CH,Cl, :
CH3OH (10 mL). After addition of 0.03 mL of 35 % aqueous
NaOH, the solution was stirred for 30 min and evaporated
successively in small portions (10 x 1 mL). The residue was
extracted with 2 mL CH2C12 and pumped dry. #-0xo bridged
heterobinuclear metal complex, [Fe(P)-O-Cu(N4)(OH)], was

obtained.
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CHAPTER 1V

SUMMARY AND FUTURE STUDIES

The active site structure and related function of
Cytochrome ¢ oxidase is one of the most controversial and
enigmatic problems in metalloenzyme chemistry.

Strong antiferromagnetic coupling (-J > 200 cm-l)
between high-spin ferric heme a, and cupric Cug is a
commonly accepted explanation for the EPR silent active site
of the resting state cytochrome oxidase. This explanation
is consistent not only with EPR results but also with the
bulk magnetic susceptibility which is significantly lower
than what we would be expected for the same system with
isolated spins.

The construction of synthetic model compounds is impor-
tant for the understanding of the chemical nature of such a
coupled heme-copper active site in the oxidase.

To achieve this aim, several strapped porphyrins,ﬁ@,;l,
i%a, 15b, 15c, 154, 24a, 24b, and 24c, and ligand appended,
6th coordination site blocked porphyrins, 28a, 28b, 32a, and

3+ and Cu2+

32b, were synthesized so that the Fe ions may be
sequentially incorporated into the porphyrin and the
appended ligand groups. p-0xo complexes of iron(III)

porphyrin LZ} and copper (II) ion have been prepared; the
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magnetic susceptibility measurements revealed that the
dithiazole strapped model compound has magnetically coupled
high spin Fe(III) (Sl=5/2) and Cu(II) (Sz=1/2) ions with a
resultant energy gap of -3J = 132 + 5 cm-1 between the S = 2
and S = 3 states. This was the first example of a high spin
ferric heme showing antiferromagnetic coupling with a cupric
ion.

To avoid the formation of the external Fe-0-Fe dimer,
the 6th site blocked, with t-butylbenzene or imidazole,
model compounds were synthesized. IR (peak at 876 cm—l) and
magnetic susceptibility data of these model compounds demon-
strated strong coupling (ca. =J > 100 cm-l) in the p-oxo
binuclear complexes.

EPR spectra of the bis copper(I11) complexes of these
model compounds also showed spin coupling between two
copper (I11) ions.

Raman spectra of the binuclear complexes showing spin
state, coordination state and ligand type were obtained.

These 6th coordination site blocked, tripyridine
appended models are expected to be able to mimic the 0,
reduction site in cytochrome ¢ oxidase. 1In case of 28a and
28b, the stability of the copper complexes of these ligands
will enable the study of the catalytic four electron
reduction of 0, to H,0.

This thesis describes the development of the synthesis
and demonstrates the viability of the models. Future work

will focus on the ligand binding and catalytic reactions
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associated with these binuclear metal systems.
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GLOSSARY

ANTIFERROMAGNETISM: This arises if the magnetic vectors of
neighboring centers tend to couple antiparallel.

ANTIFERROMAGNETIC EXCHANGE INTERACRION MECHANISMS: It is
generally accepted that the mechanism of the the exchange
interaction involves the mutual pairing of electronic spins
via some form of orbital overlap, analogous to the forma-
tion of a chemical bond. The following two mechanisms are
usually used to account for antiferromagnetic exchange:

(a) direct interaction, and (b) superexchange.

20

BOHR MAGNETON: 8 = eh/4mmc = 0.927 x 10 erg gauss_l-

CURIE-WEISS LAW: X, = C/ (T+@) .
Where 0 is a constant (The Weiss constant).

If this equation is obeyed, a plot of 1/Xh vs. T will be a
straight line.

CYSTEINE: HS-CH2—CH(NH2)—C02H.
EFFECTIVE MAGNETIC MOMENT:

= 3e/ng?) 2 m 12,

= 2.828(XAT)1/2 Bohr magnetons (in c.g.s. units).
spin only value, pu = [4S(S + 1)]1/2 (1)

S.o'

Since each electron has S = 1/2 it is easy to see that for n
unpaired electrons, Equation (1) becomes
1/2

H = [n(n+2)]

s.o. Bohr magnetons.

Thus it is possible in principle to define the number of
unpaired electrons in a metal complex from its magnetic
moment and vice versa.

EXAFS: The Extended X-ray Absorption Fine Structure, EXAFS,
reflects the absorptivity due to the photoelectron backscat-
tering from the atoms surrounding the absorber. This modu-
lation depends on the atomic number of absorber and scatter,
the distance between them, and the spread of this distance
induced by static or thermal disorder. The possibility of
identifying near-neighbor atoms and determining their
distance gives the EXAFS phenomenon its special interest.
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The EXAFS techniques can be applied to amorphous samples in
any physical state or biological matrix.

g-VALUE: A dimensionless parameter which can be determined
from the experimental EPR spectrum. It is determined solely
by the spin and orbital angular momenta of the unpaired
electron. 1In a spherically symmetric environment (S-state)
the orbital angular momentum is zero, and the g has the
free-spin value 2.0023. Thus, in an organic free radical,
the electron is highly delocalized, leading to very little
orbital angular momentum and consequently only small devia-
tion from the free spin g-value. For transition metal ions,
the molecular or electric fields arising from ligand atoms
or from neighboring ions quench the orbital motion of the
electrons partly or completly. One therefore observes
deviations from the free spin g-value.

HISTIDINE: Im-CH

-CH(NHZ)—CO H.

2

METHIONINE: H3C-S-CH2 2

PROSTHETIC GROUP: A cofactor firmly bound to the enzyme
protein. '

2

-CH -CH(NHZ)-COZH.

SPIN HAMILTONIAN: ¥ = -2JSISZ'

Where J is an exchange integral between centers 1 and 2.
J is negative for an antiferromagnetic interaction and
positive for a ferromagnetic interaction.

TYROSINE: HO-CH

-CH(NHZ)-CO H.

2 2
ZERO FIELD SPLITTING: If there are two or more unpaired
electrons in systems (S > 1), the individual magnetic
moments interact with the magnetic fields generated by other
electrons. The interactions among the electrons may be of
purely magnetic dipolar nature (triplet states of organic
molcules) or may arise through the effect of electric or
ligand fields in the molecule (transition metal ion). 1In
both cases the spin multiplets are not degenerate even in
the absence of an external magnetic field, leading to a
zero-field splitting. For transition metal ions, zero-field
splitting is observed whenever there is a deviation from
cubic symmetry.
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