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Abstract: A detailed investigation of the reactivities of octaethyloxophlorine (1), its tautomer meso-oxyoctaethylporphyrin
(2), and its metal complexes is presented. These compounds can be reversibly oxidized in a one-electron step. The oxidation
potentials in neutral solutions are about 300 mV lower than those observed for related porphyrins. In alkaline solutions, an
anion is formed by deprotonation, and these potentials are further lowered by 300 mV. Irradiation of the zinc complex with’
visible light first leads to a  radical. In the absence of oxygen, the = radical forms an ether linkage between the bridge oxy-
gen and the methylene carbon of an ethyl group whereas, in the presence of oxygen, the radical is oxidized and decarbonylat-
ed, leading to the formation of an oxaporphyrin and carbon monoxide. A simple semiquantitative estimation of carbon mon-
oxide using Dréger tubes is described. The macrocycle of the oxaporphyrin was converted by base to a biliverdin derivative.
This reaction was fully reversed by acetic anhydride. The = radicals of oxophlorines dimerize in some organic solvents
(AH203e = —14 kcal mol™!), and the rate constant obtained by temperature-jump methods (kg = 2 X 10® M~! sec™!) is
considerably smaller than that observed for unsubstituted porphyrin radicals. Further oxidation of 1 with TI(III) salts leads
to a,y-dioxoporphodimethenes. Electrophilic substitutions in a-oxyporphyrins occur in the 5 position. Some redox potential
measurements on the amino and thio analogs of 1 are also presented, and a rationalization of the experimental data on the
meso-substituted and unsubstituted porphyrin ligands aided by MO calculations is offered. The central conclusion drawn
from experimental and model calculation is that meso hydroxylation of a porphyrin changes its benzene-type reactivity to

that of a polyene.

Oxophlorines 1 and 3 and oxyporphyrins 2 and 4 consti-
tute pairs of tautomers?® which play an important part in the
catabolism of heme* and are chemically different from un-
substituted porphyrins. Except for the formation of deriva-
tives of the hydroxy group of 2 and the oxidative cleavage of
iron complexes of 2,>5-7 no further reactions of these sys-
tems have been investigated. We have found that oxophlo-
rines and their metal complexes are oxidized at low poten-
tials to = radicals which undergo a variety of interesting
secondary reactions in high yields.

Results and Structural Assignments

= Radicals and Their Diamagnetic Dimers. Octaethyloxo-
phlorine 1a was oxidized by air, Fe(III) salts, and a variety
of other agents to the = radical 6. The magnetic susceptibil-
ity in chloroform was 1.6 up. The neutrality of the radical
follows from elemental analysis (no counterion) and chro-
matographic behavior. The electronic spectrum of 6a con-

sists of one band covering the whole visible range with a
broad peak around 620 nm extending into the near infrared
and a weak Soret band at 400 nm (Figure 1). Addition of
acids to a chloroform solution of this radical leads to a dia-
magnetic cation of the nonoxidized oxophlorine 1a, which
shows a strong visible absorption at 680 nm.? In the in-
frared, both 1a and 6a produce strong bands around 1600
cm™!, which indicates some double-bond character of the
C=O0 bonds. The reaction 1a — 6a is fully reversible with
reductants,

The radical 6a seems to be always present in small
amounts, even in spectroscopically pure preparations of 1a,
and hence one always finds an ESR signal®-1% and no 'H

" NMRS8-10 gpectra, At low temperatures, however, the

ESR signal disappears,® the electronic spectrum changes
considerably, and well-defined, although broad, proton res-
onance signals are found.® A similar behavior has been ob-
served for unsubstituted metalloporphyrin cation radicals!'
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Figure 1. Electronic spectra of: (- - -) a-oxooctaethylphlorine (1a) in
chloroform; (—) its = radical; and (- - +) the zinc complex of the radical
(6¢) in chloroform.

and was explained by a second-order reaction of a radical
cation to form dimers with an enthalpy of AH = —17 kcal/
mol., We have repeated the identical set of experiments
(temperature-jump kinetics, temperature dependence of
ESR and electronic spectra, mass spectrum of solid materi-
al) on the radical 6a and its nickel complex 6b and found
stmilar behavior as observed with the zinc octaethylporphy-
rin radical dimer. The presence of a dimerization process
has been established in both cases since the dependence of
the relaxation times upon concentrations corresponded to a
second-order reaction (see Figure 7). It is noteworthy that
the metal oxophlorine radical 6b and the meso-unsubsti-
tuted radical of zinc porphyrin 7b recombine with similar,
nearly diffusion-controlled rates. The free radical from the
metal oxophlorine, however, dimerizes slower by a factor of
about 100 (see Table I) than the radical from the free li-
gand. At higher concentrations of the nickel oxophlorine
radical, there are indications that another reaction step is
involved in the dimerization process (see Experimental Sec-

Scheme 111
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a R=H M=2H d R=NH; M=2n
b R=H M=2n e RTSH M=2H
¢ R=NH;M =2H f R=SH M=2n
Table I. Thermodynamic and Kinetic Data of the Dimerization

of Oxophlorine Radicals and a Porphyrin Radical (at 20°C)

_AS‘(I

—-AH® caldeg™ kb sec”
Compd KeM™ kcalmol™ mol™ M

Oxophlorine 8:2)Xx 141 3212 (2+0.1) X
radical 6a 103 10¢

Nickel oxo- 61:2)x 151 3+2  (2:0.2)X
phlorine 103 108
radical 6b

Zinc porphyrin (2.5 1)x 175+ 38:1 (1.3:0.2)X
radical 7b 104 0.4 108

(fromref 11)

@ From the temperature dependence of ESR spectra. ¥ From tem-
perature-jump method.

tion), which has not been clarified so far. The nickel oxo-
phlorine radical dimer also produces a broad charge trans-
fer band with a maximum close to 900 nm and its enthalpy
of formation is comparable to that of the radical of 7b.
Therefore, the same arguments which have been put forth
for the (ZnOEP)2?** w-=' dimer also hold good for the oXo-
phlorines and need not be discussed in greater detail,

In the infrared, the unoxidized meso-oxyporphyrins 4b
and 4¢ do not absorb around 1600 cm~!, whereas both radi-
cals 6b and 6c do. This again is in favor of the formulation
of the neutral oxophlorine complexes 6 rather than the pro-
tonated cations 8, in the case of the radicals. Elemental
analysis and chromatographic behavior again confirmed
this point,

Electrochemistry. Voltammetric and polarographic mea-
surements (Table II) have yielded low oxidation potentials
for the oxy- and aminoporphyrins (e.g., 7¢,d), but higher
potentials for the thio derivatives which are comparable to
those of meso unsubstituted porphyrins (e.g., 7e,f). The re-
duction potentials show similar trends; the oxy and amino
derivatives are reduced more easily than the thio- or unsub-
stituted porphyrins, The electrochemical behavior of free
oxooctaethylphlorine 1a is complicated, and only a portion
of the results will be reported here.

In both butyronitrile and dichloromethane, oxooctaethyl-
phlorine 1a yields similar cyclic voltammograms (Figure
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Table II. Polarographic Midpoint Potentials for Substituted
Porphyrins and Their Metal Complexes?—¢
L Reduction
Oxidation
System E\ (1) E, (1) E,,,(2)
a-Aminc-OEP 0.34 —1.43 -1.74
(0.064 + 0.003) (0.052 + 0.008) (0.041 = 0.008)
Oxy-OEP 0.35d
(0.063 = 0.008)
Zn(oxa-OEP) 0.34 -1.00
(0.059 + 0.002) (0.060 + 0.004)
a-Mercapto- 0.79 —1.69
OEP (0.048 + 0.005) (0.050 + 0.003)
Zn(a-amino- 0.20 —1.69
OEP) (0.070 + 0.006) (0.064 + 0.005)
Zn(e-mercap- 0.52 -1.17
to-OEP) (0.045 + 0.005) (0.056 + 0.002)
Zn(oxy-OEP) 0.20 -1.67
(0.058 £ 0.005) (0.057 + 0.010)
Zn(a,y-dioxo- 0.83 -0.54 -0.72
OEP) (0.057 + 0.004) (0.056 + 0.003) (0.064 = 0.003)
Zn(oxameso- 0.35 -0.96
porphyrin)  (0.056 + 0.001) (0.063  0.003)
Ni(Oxo-OEP) 0.45
(0.065 + 0.001)
Ni{a-hydroxy, 0.84 -0.93

y-Cyano-

(0.058 + 0.010)

(0.047 £ 0.004)

OEP)

a OEP stands for octaethylporphyrin. & Oxidation potentials were
measured with a rotating platinum electrode in butyronitrile as sol-
vent. Reduction potentials were measured with a dropping mercury
electrode in Me,SO as solvent. ¢ The estimated error in the half-wave
potentials is +0.01 V. The magnitude of (£,,, — E, ,,) in volts is given
in parentheses for each measurement. d An additional wave appears
at —0.05 V which increases in height on repeated scanning of the
polarogram (see text).

2A). The first oxidation peak occurs at Ep2 = 0.46 V vs.
SCE in CH,Cl,. This step is not reversible. But it is likely
to be a one-electron oxidation as indicated by dc polarogra-
phy (E3/4 — E1/4 = 0.068 V, see Table II). Also since the
spectral data confirm the formation of a radical from the
oxidation of 1a, we tentatively assign this step to the reac-
tion RH — RH.*, where RH is oxophlorine 1b. A second
oxidation step occurs at Ep,? = 0.64 V in CH,Cl, which is
reversible. A third oxidation step occurs at Ep2 = 0.78 V,
but this will not be considered further. In the reverse sweep,
a reduction peak appears around E,,¢ = —0.07 V vs. SCE.
The height of this peak increases with repeated scannings of
the voltammogram. The same behavior is also noticed in dc
polarography. A small wave appears around E;; = —0.05
V in butyronitrile which increases in height after prolonged
scanning of the polarogram. In dichloromethane solutions
of 1a containing excess of a base-like potassium tert-butyl-
ate, a well-defined reversible oxidation step occurs with
Ep® = —0.07 V vs. SCE (Ep* — E,° = 0.06 V) (see Figure
2B). The peak at Ep? = 0.46 V is absent, but the second
oxidation step occurs at E,2 = 0.70 V which is also revers-
ible (Ep? — E,° = 0.06 V). The above observation can be
explained as follows. Oxophlorine 1a contains three ioniz-
able protons, and it appears at least one of the protons easi-
ly dissociates to form a neutral radical which is reduced at a
more negative potential to give rise to the reduction peak
around —0.07 V in dichloromethane solutions. This is clear-
ly established by the voltammogram obtained in basic solu-
tions in which the neutral radical is directly formed from
the anion of 1a (see Figure 2B). We propose the mechanism
shown in Scheme IV for the oxidation of oxophlorine in
neutral and basic solutions. The second oxidation step oc-
curs at nearly the same potential in both neutral and basic
media. Henge it is likely that the ionization of a proton oc-
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24%x10°A

CURRENT

1 ! 1 1 L
+0.9 +06 +03 0.0 -0.3
VOLTS vs. SCE

Figure 2. Cyclic voltammogram of oxyoctaethylporphyrin (~107* M)
in dichloromethane containing 0.1 M tetra-a-butylammonium perchlo-
rate, sweep rate 0.04 V/sec: (A) without base; (B) the medium con-
tains a few drops of saturated solution of potassium rerz-butylate in
terz-butyl alcohol.

Scheme IV
neutral solutions
E;S =046 V
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RH ———— RH'T =—= RH-
064 V
4[ —y* 4L_H+
R™ R = R*
e
Ey = —0.050 V
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—e —e
R™ R , R*
E'=-013V ES=052V

curs in the first oxidation step of 1a, leading to the irrevers-
ibility of the first step in neutral solutions. This view is also
supported by elemental analysis and chromatographic be-
havior. The behavior of the zinc complex of 1a is qualita-
tively similar to that of the free ligand. Irreversible steps are
observed in neutral solutions in dichloromethane. The cyclic
voltammogram of the Zn complex is not similar to that of
the free ligand 1a in neutral solutions but, on the addition of
base, a well-defined reversible oxidation step is observed at
low potential which is quite similar to that obtained for the
free ligand. The behavior of the zinc complex in basic solu-
tions also strengthens the validity of the mechanism pro-
posed above. The voltammetric data are summarized in
Table III. A more detailed electrochemical study is in prog-
ress.

Photochemistry. When a chloroform solution of oxooc-
taethylphlorine 1a was chromatographed on alumina in the
presence of air, the radical 6a was formed, which could be
isolated in almost quantitative yield and was identified by
ESR spectra, electronic spectra, and susceptibility measure-
ments. If 6a was left on the column or in chloroform solu-
tion for longer periods of time, then the «,y-dioxoporpho-
methene 8a was formed in 60% yield. The analogous reac-
tion occurred when the zinc complex 4¢ or 6¢ was irradiated
in the presence of air in polar solvents, e.g., pyridine. No
product other than 8b could be identified in the reaction,
which is reminescent to the oxygenation of phenol or aniline

Fuhrhop et al. | Reactions of Oxophlorines and Their = Radicals
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Table I, Cyclic Voltammetric Data for Some Porphyrin Systems
in Dichloromethane at 295 K%

System Ep2, \" Epc, v Remarks
Oxy-OEP (1a) I 046 -0.07 Irreversible

I 0.64 0.57 Reversible

I 0.78

Oxy-OEP (la) 1-0.07 -0.13 Reversible

(with base)c I 058 0.52 Reversible
Zn(oxy-OEP) I 0.32 0.17 Irreversible
I 0.50 0.25 Irreversible

Zn(oxy-OEP) [1-0.22 -0.29 Reversible
(with base)c I 0.31 0.21 Irreversible

a-Mercapto-OEP I 0.94 0.87 Reversible

Zn(a-mercapto-OEP) I 0.79 0.73 Reversible

a-Amino-OEP I 0.35 0.28 Reversible

Zn(oxa-OEP) I 048 0.41 Reversible

Mg(OEP) I 0.58 0.51 Reversible

@ The solvent is dichloromethane containing 0.1 M tetra-n-butyl-
ammonium perchlorate. The concentrations of the porphyrin com-
pounds were in the range 1072-107* M. b The sweep rate was varied
between 0.16 and 0.01 V/sec. The peak potentials vs. SCE are inde-
pendent of the sweep rate in this range. The estimated error in the
potentials is +0.01 V. Values of Mg(OEP) are given for comparison.
¢ A few drops of a strong solution of potassium tert-butylate in ters-
butyl alcohol were added to the dichloromethane solutions.

resulting in p-benzoquinone. The most interesting reaction
of oxophlorine accelerated by the action of light was the air
oxidation of the zinc complex 4c¢ in apolar solvents e.g., a
mixture of benzene and methylene chloride. Under these
conditions, the only isolable product (yield 15-20%) was the
oxaporphyrin 9b, which decomposed rapidly under the reac-
tion conditions to unidentified compounds with optical ab-
sorptions below 550 nm. Hence 4c¢ was irradiated only
shortly (ca. 15 min) to achieve about 30% transformation so
that ca. 70% of the starting material and 15-20% of 9b
could be obtained. The other product of this reaction was
carbon monoxide, which was identified and estimated semi-
quantitatively by a simple standardization procedure using
Driger tubes. If 4¢c was photooxygenized completely, not
taking care of the further decomposition of the oxaporphy-
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Figure 3. Spectrophotometric changes during the photooxidation of
nickel oxyporphyrin 4b to its = radical 6b.
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Figure 4. Spectrophotometric changes during the photocyclization of
nickel oxyporphyrin radical 6b to the oxole 10b.

rin 9b, then 80-90% of the theoretical amount of carbon
monoxide could be reproducibly detected, assuming that
one molecule of CO was formed from one molecule of 4¢. In
a control experiment, it was shown that irradiation of 9b did
not yield carbon monoxide. Therefore it seems quite obvious
that the keto group of 4c is lost in the course of this reaction
as carbon monoxide and that, in the reaction with molecu-
lar oxygen, one atom of oxygen is introduced into the tetra-
pyrrole skeleton.

The reaction of nickel oxophlorine 4b was different from
that of the zinc complex; the primary photoproduct was also
« radical 6b as judged by ESR and electronic (Figure 3)
spectra, but this was not further oxidized on prolonged irra-
diation. It rather cyclized intramolecularly and irreversibly
in high yield (66%) to the oxole porphyrin 10a, which led to
the reappearance of a porphyrin-electronic spectrum (Fig-
ure 4) ("H NMR 3§ 6.56 (quartet, 1 H at 2’), 2.20 (doublet,
3 H at 27); 9.55, 9.52, and 9.43 (three singlets, methine H,
8, v. 8)). An oxaporphyrin or a dioxoporphodimethene
could not be detected in appreciable yields. The = radicals
4b and 4c could be converted to the cyclic ether compounds
10a and 10b in 60% yield, when irradiation was performed
under pure nitrogen. 10a and 10c¢ rapidly decomposed to
unidentified porphyrins with light and oxygen, but the nick-
el complex was stable.

Oxaporphyrins. Oxaporphyrins have been obtained ear-
lier in the form of iron complexes by the oxidation of hemin
in the Warburg procedure, using oxygen and ascorbic acid
in pyridine.? In the reported electronic spectra of these com-
pounds,? the intensity of the band in the ultraviolet is nearly
double that of the visible band, which probably points to
some porphyrin impurity. The purified zinc complex 9b
shows a relatively stronger visible band (Figure 5). The 'H
NMR spectrum contains two types of methine proton sig-

Journal of the American Chemical Society | 97:24 | November 26. 1975



30 000

20 000

10 000

700 600 500 400 300
A (am)

Figure 5. Electronic spectrum of zinc oxaoctaethylporphyrin 9b in
chloroform.

nals, and the chemical shifts indicate that both the protons
are highly deshielded (Figure 6a). Oxaporphyrins yield
well-defined mass spectra which contain strong molecular
ion peaks in sharp contrast to the metal biliverdinates (e.g.,
11b), for which usually no mass spectra could be obtained
under ordinary conditions.!?

On addition of small amounts of base, the macrocycle of
oxaporphyrin 9b is rapidly and quantitatively opened up to
form the zinc biliverdinate 11b which did not yield a well-
resolved NMR spectrum. When, however, the zinc was re-
moved by the action of acids, a good spectrum of octaethyl-
biliverdin 11a could be obtained, in which the methine pro-
ton resonance occurs at much higher magnetic field (Figure
6b) than those observed for oxaporphyrin. The opening of
the oxaporphyrin macrocycle could also be effected by acids
(e.g., HCI), but here a larger excess of acid is necessary and
simultaneous demetalation is usually observed, which is al-
ways followed by some irreversible decomposition of biliver-
din chromophore. The oxaporphyrin 9b could be regenerat-
ed in almost quantitative yield by heating a solution of 11¢
in acetic anhydride and using a work-up procedure which
does not involve acidic or basic conditions.

The redox potentials of 9b (Table II) indicate that it can
be reduced and oxidized more easily than the related zinc
porphyrin 7b and is of comparable reactivity to the zinc ox-
yporphyrin 4c. This observation explains the instability of
9b under the conditions of photoreaction in which it is
formed from de.

meso-Dioxoporphomethenes (“Porphoquinones”) and -
Oxy-vy-formylporphyrin Derivatives. When the oxophlorine
1a was prepared by the oxidation of ZnOEP 7a with thalli-
um trifluoroacetate following Smith,!? we always observed
two by-products in varying yields. One was the zinc com-
plex 8b of a,y-dioxoporphodimethene (8a), which had been
prepared earlier from zinc a-amino-OEP 7c¢.!* It is now
more easily available in almost quantitative yield by the
photooxygenation of 6c in pyridine.

8b separates into two fractions A and B when chromato-
graphed on silica gel. Both fractions have identical electron-
ic spectra in dilute chloroform solution (Amax 576 nm), but,
in concentrated solution, the compound B, which runs slow-
er on the chromatogram, turns green (Amax 620 nm). The
compound A with the large Ry value stays always red in so-
lution. B is reversibly reduced by sodium dithionite in chlo-
roform solution to a rather stable r radical with a narrow
ESR signal (g = 2.0040, line width 2 G). A on the other
hand rapidly and irreversibly decomposes to unidentified
compounds, and only weak unstable ESR signals were ob-
served. Mass and infrared spectra as well as elemental anal-
ysis of both compounds are close to being identical and are
in agreement with the proposed structure of 8b. The reduc-
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Figure 6. (a) 'H NMR spectrum of zinc oxaporphyrin 9b. The low-
field methine proton signals indicate a large ring current effect. (b) 'H
NMR spectrum of octaethylbiliverdin 11a,

[
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tion potentials are —0.54 V vs. SCE for both A and B. Vari-
ous interpretations have been considered for these findings.
Crystal structure work on the green compound B suggests
that it may be a dimer even in solution which is stabilized
by interactions with protic solvents.32 Much more experi-
mental work, however, is required to substantiate this hy-
pothesis and the conclusions derived from it.

From the oxidation of zinc octaethylporphyrin by thalli-
um trifluoroacetate, we also isolated a violet compound
(Amax 539 nm) as a second by-product (yield 5%) which, ac-
cording to the mass spectrum, elemental analysis, and in-
frared and electronic spectra, was identified as the «,3-
dioxoporphomethene 12a. The 'H NMR spectrum consists
of two different deuterium exchangeable NH (or OH) pro-
ton signals (6 9.96 and 8.69 ppm) which would correspond
to structure 12a, but it also shows two different methine
proton signals (6 6.62 and 4.66 ppm), which does not agree
with our proposal. From the 'H NMR spectrum and ele-
mental analysis, we propose the hydrate structure 12b. 12
does not form metal complexes, probably because of the low
acidity of the NH proton in the isolated pyrrole unit, and it
is reduced to the oxophlorine 1a in 60% yield by the action
of sodium borohydride. If one takes into account the “aro-
matic” character of the porphyrin macrocycle, the easy re-
ducibility of the «,y-dioxoporphomethenes, the stability of
some of the resulting radicals, and the formal similarity of
these diketones with quinones, then systems like 8 could be
called “paraporphoquinones”, which is chemically more
perceptual than the systematic name. a,8-Dioxoporpho-
methenes would then be “orthoporphoquinones’.

One of the most successful electrophilic substitution reac-
tions in the porphyrin field and often the only way to intro-
duce new carbon substituents is the Vilsmeier formylation
procedure,! which we applied to the nickel oxophlorine 4b.
The formylated oxyporphyrin 13a was the main product
(yield ca. 70%), probably with some admixture of the 8,v-
diformyl product (~10%). 13a was converted by standard
methods to the cyanoacetoxy derivative 13c.

Discussion

In this section, the reactivity of the oxophlorines will be
correlated to their spectroscopic behavior and electronic
structure. The central aim will be to show and to rationalize
how and why the hydroxylation of one methine bridge of
the porphyrin macrocycle profoundly changes the proper-
ties of the whole #-conjugation system,
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Table IV, SCF Energies for Porphyrin, Oxophlorine, and
Oxaporphyrin Free Bases (Calculated by PPP Method)2

Highest bonding
orbital (in eV)

Lowest antibonding
orbital (ineV)

Porphyrin —-8.322 —4.054
Oxophlorine -8.141 -4.315
Oxaporphyrin —8.886 -4.710

@ The SCF parameters are:** U, = —11.16, Uny = -14.12, Uy =
~24.56, Up(C=0) = —-17.7, Uo+ = -33, BCcN(pyrrote) = — 1.80,
BCN(pyridine) = —2.75, Bco+ = -2.8,co = —1.2 eV,

Table V. Electronic Transition Energies (Singlet—Singlet) and
Oscillator Strengths in Oxophlorine and Metal Oxaporphyrin
(Calculations by PPP—SCF-CI Method4.b)

Transition energy,

eV Osc strength
Compd Caled Exptlc Caled Exptle
Oxophlorine la 1.84 1.95 0.43 0.08
2.28 2.11 0.10 0.07
3.44 3.10 2.60 1.40
Oxaporphyrin 1.80 1.87 0.39 0.10
Metal complex 3.00 3.14 0.07 0.50
E.G..% 3.56 3.00
3.75 3.70 0.23 0.15

a See Table 1V for the SCF parameters. For the oxaporphyrin,
UN = —20.04 eV for all the four nitrogen atoms was chosen. & Twen-
ty configurations were considered for CI. ¢ Experimental data from
the present work.

Table V1. Spin Densities and Proton Hyperfine Couplings
in the Oxophlorine Radical 6a (Calculated by
Huckel-McLachlan Method)2

ay. G
Position? ¢ (caled) Calcde Exptl
o 0.061
8 0.196 —4.6 4.6
% 0.256 -5.9 4.6
8 0.196 -4.6 4.6

@ Hickel parameters used were iy = 1.0, hg = 1.4, BcN = 1.0,
Bco = 1.2. b See structure 1 for the numbering of positions. ¢ Proton
hyperfine couplings were calculated using the relation gy = —23¢.n.

From the electronic, infrared and 'H NMR spectra, it
can be concluded that carbon (CH3, CHO, CN) and sulfide
(SH) substituents on the methine bridges are always single
bonded, and the tetrapyrrolic chromophore behaves always
similar to an unsubstituted porphyrin (class I substituents).
On the other hand, meso-hydroxy or -amino functions
(class II substituents) are either present as such or as keto
(imino) groups, depending on the oxidation state of the por-
phyrin ligand, pH, solvent, etc. It is so noticed, that the
class I substituents have only relatively little influence on

the redox reactivity of the porphyrin, whereas class II sub-

stituents facilitate reversible and irreversible oxidations
(and reductions) of the tetrapyrrolic system. Qualitatively
one might state that type II substituents shift the behavior
of the porphyrin macrocycle from the aromatic to the poly-
ene type. It can also be said that the methine bridge oppo-
site to a class II substituent is especially vulnerable to elec-
trophilic and nucleophilic attack. This behavior is also
found in phlorines, where a hydrogenated methylene bridge
is present. Replacement of a proton on a class II substitu-
ent, e.g., by an acetyl group, usually converts it to class I.
The results of Pariser-Parr-Pople (PPP) SCF calcula-
tions'é on oxyporphyrin and oxophlorine indicate that the
energy difference between a;, and ay, bonding orbitals is
larger for the oxophlorine structure. The highest bonding

Scheme V
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level in oxophlorine is about 0.200 eV higher than that in a
porphyrin (see Table IV). Thus qualitatively theory rightly
predicts that oxophlorine is more easily oxidizable than a
porphyrin. However, the difference in the experimental
E /2 values of oxophlorine and porphyrin is larger (0.350
V) than the predicted value of 0.200 V. Furthermore,
PPP-SCF calculations including configuration interac-
tion!” predict the electronic spectra of oxophlorine within
reasonable accuracy (Table V).

Hiickel-McLachlan calculations!® were performed to un-
derstand the spin density distribution in the oxophlorine
radical so as to interpret the ESR spectra and also the reac-
tivity of the radical. The hyperfine coupling constants are
reasonably predicted as seen in Table VI, indicating the re-
liability of the wave function for the ground state of the
radical. The large spin density at the methine bridge oppo-
site to the carbonyl group indicates that the electrophilic at-
tack will preferentially take place in the y position. This is
in agreement with early interpretations of phlorine reactivi-
ty.1920 The calculated w-bond order of C-O group in this
radical is 0.700. This is in good agreement with electronic
spectra (phlorine-type spectrum) and ir data.

Depending on the central metal ion, solvent, and the
presence or absence of air and/or light, three main types of
reactions of octaethyloxyporphyrins are encountered. (1)
Chemical oxidation of nickel and zinc complexes in any sol-
vent or photochemical oxidation in pyridine leads to a,y-
dioxoporphomethenes 8 (Scheme V). (2) Irradiation of a
zinc oxophlorine in nonpolar solvents in the presence of air
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Scheme VI. Possible Pathways from Oxophlorines to Biliverdins?

Ho 15
hv/Q /0 1 Tol a M=2n
e N N b M=Fe
(P a el M Ve Wal

Y N
e
"\\% \% OH
N, N
(e \M/
17

Zn a M=Zn
Fe bM=Fe

(a)l-CO (b) l*o
®
0

9 be

a(Path a) Sequence with an oxaporphyrin as only isolable primary
product, This is found in in vitro reactions, such as photooxygena-
tion of zinc oxophlorines and the coupled oxidation of iron oxo-
phlorines, (Path b) Intramolecular migration of OH radical leading
directly to a ring opened biliverdin derivative. This pathway might
be followed in the natural degradation of protein bound heme,
where it has been shown that both terminal oxygens in bile pig-
ments come from molecular oxygen.

produces an oxaporphyrin 9b and carbon monoxide. Pre-
sumably a similar reaction proceeds in the biological oxida-
tion of heme, wherein, however, only biliverdin has been
found so far. In the in vitro oxidation of heme by systems
producing hydrogen peroxide, liberation of carbon monox-
ide has not yet been detected. Scheme VI gives a short ac-
count of the possible courses of these reactions. (3) Irradia-
tion of the zinc complex with visible light under anaerobic
conditions leads to cyclization involving the exocyclic oxy-
gen and the benzylic carbon of an adjacent ethyl group.
This reaction also occurs in the presence of oxygen when
nickel is the central ion (Scheme VII),

All the reaction pathways 5-7 start with the = radicals 6
rather than the unoxidized oxyporphyrins 4. Reaction 1 can
be rationalized as the reaction of the radical 6 in the dark
with triplet oxygen, which is accelerated, when the porphy-
rin is in an excited state (Scheme V).

In the second reaction, an oxygen molecule is added to an
a-pyrrolic carbon atom adjacent to the excited C=O0 bond,
where an unpaired electron is localized on the oxygen. The
indicated rearrangements then take place spontaneously,
possibly driven by the steric strain which is forced onto the
porphyrin macrocycle, when an a-pyrrolic carbon atom has
a tetrahedral configuration. In fact, such adducts have
never been isolated from porphyrins; they always break
apart to form ring-opened bilatrienes. A reaction similar to
the one of the Scheme VI also occurs with unsubstituted
metalloporphyrins, where the methine carbon is not split off
as carbon monoxide but is rather retained as formyl group
in the resulting formyl biliverdins.2! The primary interme-
diate in the latter reaction is presumably a dioxetane 20,
which rearranges in the indicated way. The four-membered
ring, in the case of oxophlorine, should be unstable because
of large electron repulsion and steric hindrance in such a
three-oxygen system. Hence we propose Scheme V; here it
is easy to envisage the removal of an OH fragment from the
radical 15 (path a). The hydroxyl group of 15 could, how-
ever, also migrate directly to the adjacent pyrrolic site in
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the ring II (path b). Subsequent opening of the macrocyclic
ring and simultaneous elimination of carbon monoxide
could lead directly to a biliverdin, Such reaction is not ob-
served in the in vitro experiments but might occur in the
natural degradation of heme, where no hydrolysis reaction
is involved in the formation of biliverdin.*® Another possible
intermediate in the biological pathway is the dioxolone-type
adduct 21, which has been proposed by Kenner et al.*® As
long as none of the dioxygen adducts 15 or 21 can be
trapped and studied in detail, a clear-cut experiment to dis-
tinguish between the two pathways seems impossible. The
formulation of 21, however, complicates the scene some-
what, because it implies that the reactions of oxophlorines
in vitro and in vivo are basically different. We are unable to
envisage any plausible reaction sequence, which leads from
21 to an oxaporphyrin like 9b. On the other hand, from the
radical peroxides like 15, both oxaporphyrin and biliverdin
derivatives should be easily formed, as is indicated in
Scheme V.

Reaction 3 would correspond to the reaction of the triplet
state of an aromatic ketone with a hydrocarbon (Scheme
VII). Infrared spectra indicate that the radicals 6e,g con-
tain a CO bond with large double-bond character (strong
band at 1600 ¢cm™'), whereas the diamagnetic metal oxy-
porphyrins have a C-OH single bond. This might explain
why the excited state of 6e,g possesses a reactivity on the
C=0 bond in analogy to benzophenone, which is not found
in the oxyporphyrins (4e,g). However, it must be remem-
bered that the overall spin state of the excited state of the
oxophlorine radical is a quartet and this system will have
much shorter lifetimes?? than a normal triplet of benzophe-
none type. The electronic spectra of oxaporphyrins and
their metal compounds are similar to those of metal biliver-
dinates. The low numerical values of oxidation and reduc-
tion potentials and the instability of = radicals are also com-
parable to those of bilatrienes with an open macrocycle.
The 'H NMR, however, produce chemical shifts of the
methine protons which point to a ring current comparable
to the one found in porphyrins. Therefore '"H NMR chemi-
cal shift behavior cannot be correlated with chemical be-
havior of these tetrapyrrolic chromophores.
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Conclusion

The chemistry of oxophlorines is determined by the reac-
tivity of their = radicals, which are easily formed under var-
ious conditions. This is somewhat comparable to the reac-
tivity patterns of phenols.2* Addition of oxygen at centers of
high spin chemistry, opening and reclosure of the tetrapyr-
rolic macrocycle, and intramolecular cyclization of the
“phenolic’’ oxygen with carbon substituents are important
reactions of oxophlorine radicals. Under appropriate experi-
mental conditions, all reactions proceeded with yields over
70%. No direct evidence for formation of o-bonded dimers,
analogous to the products from phenoxy radicals, could be
produced. Oxophlorine radicals rather form diamagnetic
w7’ dimers like metalloporphyrin radicals.

Although the occurrence of oxophlorines in biological
systems has not been demonstrated so far, they could play a
central role in many conversions concerning the porphyrin =
system.?425 Degradation of heme to biliverdin* is the most
obvious candidate and has been discussed in connection
with Scheme VI. In the biosynthesis of protoporphyrin and
chlorophyll, the oxygenation of the carbon substituents in a
porphyrin precursor might proceed through oxophlorine
formation, cyclization analogous to Scheme VII, and subse-
quent cleavage of the oxole ring. In the pathways from por-
phyrinogens to corrins, there is also the possibility of an ox-
ophlorine intermediate which could undergo decarbonyla-
tion and ring contraction. We feel, that these admittedly
highly speculative suggestions are in place here, because ox-
ophlorines are so easily formed from porphyrins in vitro,
and their most important reactions lead to products, which
are not far from some natural products derived from por-
phyrins.

Experimental Section

Electronic spectral measurements and spectrophotometric titra-
tions were performed on a Zeiss DMR 21 spectrophotometer with
a variable temperature accessory. Infrared (ir) data were obtained
using a Perkin-Elmer Model 521. Proton magnetic resonance ('H
NMR) spectra were recorded with a Varian Associates HA-100;
chemical shifts are expressed in parts per million downfield from
tetramethylsilane in units of 6. ESR spectra were obtained with a
Bruker B-ER 414 S ESR spectrometer operating at x band with
100-kHz field modulation. The magnetic field was calibrated by
the aid of an Al 675 Alpha NMR Gauss meter model and, for low
temperature measurements, Bruker unit B-ST 100/700 was used.
Redox potentials were determined with a Metrohm Polarecord E
261 polarograph including Model E 446 iR compensator. A three-
electrode set-up was used with a saturated calomel as reference.
Oxidation potentials were measured with a rotating platinum elec-
trode in #-butyronitrile as solvent, and reduction potentials were
obtained with a dropping mercury electrode in dimethyl sulfoxide.
1n some cases, the reversibility of the reactions was checked by cy-
clic voltammetry measurements with a stationary platinum disk
electrode (Beckman Model 39273) using a McKee-Pedersen MP
1502 voltammetry module. Triangular sweeps were generated with
the help of MP-1042 voltammetry controller module. The cyclic
voltammograms were recorded by Siemens Model M 73924 xy re-
corder, Sweep rates were varied between 0.16 and 0.01 V/sec. The
peak potentials measured with respect to SCE were independent of
sweep rate in this range. The measurements on the Zn complex of
1a were done in the dark to avoid decomposition. Melting points
are uncorrected. Analytical thin layer chromatography (TLC) was
performed on Merck 0.25-nm precoated silica gel plates; prepara-
tive TLC was conducted on 1.0-nm precoated silica gel plates. Dry
columns using alumina (grade 111, Woelm) or silica gel, both the
absorbants being “dry-column” grade (Woelm, no indicator). n-
Butyronitrile for voltammetry was refluxed twice over potassium
permanganate and distilled. Dimethyl sulfoxide was distilled under
reduced pressure shortly before use. Irradiation was performed
with an air-cooled Hedler movie light, which was equipped with an
Osram 1000-W halogen-tungsten bulb. Microanalyses were per-
formed by 1. Beetz, Kronach, West Germany.

Temperature-Jump Experiments. Temperature-jump experi-
ments were carried out on an improved version of the Eigen-de
Maeyer temperature-jump apparatus, the details of which have ap-
peared elsewhere.26:27 A 0.1 M solution of tetra-n-butylammo-
nium perchlorate in chloroform was used as the ionic medium. It
was shown by uv and ESR spectroscopy that the electrolyte did not
affect the extinction coefficients or equilibrium constants. Temper-
ature jumps were executed at various temperatures between S and
28°C. A discharge voltage of 14 V resulted in a rise of 2°C. Four
temperature-jump measurements were performed on each sample
at intervals of § min for temperature equilibration. The evaluation
of the data followed standard procedures.

A. Dimerization of a-Oxooctaethylphlorine Radical 6a. Prelimi-
nary experiments showed that electric discharges between plati-
num electrodes caused rapid and irreversible reaction of the radi-
cal. Apart from the changes in the absorption spectrum occurring
due to the dimerization of the radical, additional changes had ap-
peared, indicating the formation of @,y-porphodimethene. The lat-
ter changes could be almost completely avoided by maintaining an
inert gas (N2, Ar) atmosphere and the use of gold electrodes.
Under these conditions, the relaxation effects were reproducible.
The absorption changes were observed at 405 nm. The relaxation
curves could be fitted within the limits of error to a single exponen-
tial with relaxation times between 3.1 X 1073 and 1.53 X 1073 sec,
depending upon the concentration.

For a dimerization, the relaxation time is related to the rate con-
stants kr (recombination) and kp (dissociation) and to the free
concentration of monomers Cr on total concentration Cy, respec-
tively

1/7 = 4krCr + kp
or after replacing Cgr by Co, kR, and kp
1/72 = 8krkpCo + kp?

The linear dependence of 1/72 upon Co is demonstrated in Figure
7. This is a kinetic proof which is independent of equilibrium mea-
surements that in fact a dimerization reaction has occurred. kp
and kR can be evaluated both from the intercept and slope in Fig-
ure 7. The resulting equilibrium constant X = kr/kp of 104 M~!
is in satisfactory agreement with the value of 5 X 103 M~ taken
from equilibrium measurements, if one considers that kp is only of
low accuracy. Therefore, kpp is replaced by kr /K, where K is taken
from equilibrium measurements, and a more accurate value of kg
is obtained from the slope in Figure 7. An Arrhenius plot of log kr
against 1/7 yielded an activation enthalpy of the recombination
reaction AER = —4(£2) kcal/mol.

B. Dimerization of Nickel a-Oxyoctaethylporphyrin Radical 6b.
The absorption changes were followed at 600 nm. At low concen-
tration, two relaxation effects are observable, one in the time range
around 500 usec and the second faster than 200 usec, the ampli-
tude of which was only 20-30% of the former one. The fast effect
could not be evaluated quantitatively and was not resolvable from
the main effect at higher concentrations. For the main effect, the
plot 1/72 against Co was only linear in the range between 1.0 X
1073 and 5.0 X 10~5 M and leveled off at higher concentrations.
The concentration dependence of 1/72 for low Cg values shows
unequivocally that also, in this case, a dimerization is observed.
The fast relaxation effect as well as the saturation of 1/7% may
have the same reason that a second reaction step precedes or fol-
lows the dimerization and becomes rate determining at higher con-
centration. The rate constants given in Table I are evaluated only
from the linear part of the plot 1/72 against Co. An equilibrium
constant Ksge = 9 X 103 M~! was evaluated from these data.
which agreed within the given limits of error with the constant ob-
tained from temperature dependent ESR measurements (6 X 10°
M),

Products from the Oxidation of Zinc Octaethylporphyrin 7b with
Thallium Trifluoroacetate, Zinc octaethylporphyrin (830 mg), syn-
thesized by Professor H. Pommer, BASF, following a procedure of
Inhoffen,!S was converted into 1a by oxidation with thallium triflu-
oroacetate! and subsequent demetallation with hydrochloric acid.
The resulting mixture of octaethylporphyrin (~5%), octaethyloxo-
phlorine 1a (60%), a,y-dioxooctaethylporphodimethene 8a (5%)
and «,8-dioxooctaethylporphomethene 12 (4%) was chromato-
graphed on an alumina column (3.0 X 60 cm) with methylene
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chloride. Homogeneous fractions were combined and evaporated.

a,y-Dioxooctaethylporphodimethene (8a). This was the second
fraction eluted from the chromatography of the above mixture
(after octaethylporphyrin) and was crystallized from methylene
chloride-methanol in the form of long, brown fectangular plates:
40 mg (5% from 7b); mp 270-75°C; (M* + 2) 556 (100%), M*
564 (48%); NMR (CDClI;) b 6.64 (singlet, 2 methine H), 2.7, 2.48
(2 quartets, 8 CH»), 1.12, 1.10 (2 triplets, 8 CH3); Amax (CHCI3)
490 (16000), 410 (70000), 316 (33000); ir (KBr) 1602 cm™!
(CO).

Anal. Caled for C3¢H4sN4O, (564.6): C, 76.6; H, 7.8; N, 9.9.
Found: C, 76.7; H, 7.83; N, 9.62.

a,8-Dioxooctaethylporphomethene Hydrate (12). This was the
third fraction and was also crystallized from methylene chloride-
methanol: 35 mg (4% from 7b); mp 288-291°C; (M* + 2) 566
(100%), M* 564 (60%); NMR (CDCl3) 5 9.96 and 8.69 (singlets
for | H each, exchangeable with D,0) 6.65, 4.66 (two singlets for
1 H each), 2.0-2.9 (multiplet, 8 CH,), 0.9-1.44 (multiplet, 8
CH3): Amax (CHCl3) 537 (8200), 344 (27000); ir (KBr) 1595
cm~! (CO). Addition of zinc acetate in methanol did not change
the spectrum.

Anal. Caled for C36H44N4O2 (12a) (564.6): C, 76.59; H, 7.80;
N, 9.93 [for C36H4sN4O3 12b (582.6): C, 74.23; H, 7.96, N, 9.61].
Found: C, 75.11; H, 8.49; N, 8.55.2%

The actual analysis, therefore, points to about half a mole of
water.

Oxooctaethylphlorine 1a. This blue fraction eluted fourth from
the column and was crystallized from methylene chloride-metha-
nol as blue needles: 412 mg (54% from 7b): mp 255-257°C; M+
550 (100%): NMR (CDClj, at —=30°C) 6§ 8.1 (singlet 2 CH), 7.6
(1 CH), 3.1-3.5 (multiplet, 8 CH»), 1.1-1.6 (multiplet, 8 CHa3):
Amax (CHCIl3) 635 (18700), 586 (10100), 404 (170000); ir (KBr)
1570 cm™1,

Anal. Caled for C36H46N4O (550): C, 78.5; H, 8.42: N, 10.17.
Found: C, 78.34; H, 8.42: N, 9.09.

Zine a-Oxyoctaethylporphyrin (3¢). The oxophlorine 1a (100
mg) was dissolved in 10 ml of chloroform, and a solution of 50 mg
of zinc acetate in 1 ml of methanol was added. The solution was
shortly heated to 60°C in the dark and concentrated to a volume of
about 3 ml, and S ml of hot methanol was added. Red needles (105
mg) were isolated. The compound was light sensitive in solution:
no melting point below 300°C; M* 612 (100%), M* — 29 583
(—CO, 67%); Amax (CH2Cly) 568 (6600) 534 (12700) 406
(220000); ir (KBr) 3510 (m, OH) 1585 cm~! (w, C=0).

Nickel a-Oxyoctaethylporphyrin (3b). In a 250-ml three-necked
flask (N2 inlet, reflux condenser. dropping funnel), 150 ml of ace-
tic acid was refluxed in a nitrogen stream, and 275 mg of the oxo-
phlorine 1a was added. To this blue-green solution, 3 ml of a satu-
rated nickel acetate solution in acetic acid was dropped. After 10
min of further refluxing under nitrogen, the solution turned red.
The flask was then carefully sealed under nitrogen and slowly
cooled to room temperature. The nickel complex crystallized as vi-
olet squares (mother liquor, green-brown) and was centrifuged:
250 mg (82%); no melting point below 300°C; M* 606 (100%):
Amax (CHCI3) 556 (10300), 523 (12100), 405 (170000): ir (KBr)
3540 (s, OH) 1600 cm™~! (vw, C=0).

Octaethyloxophlorine Radical 6a and Its Dimer. The oxophlorine
1a (500 mg) was chromatographed on an alumina column (3 X 60
cm) with methylene chloride for about 1 hr in the presence of air.
1t could then be observed on the column that the blue color of the
starting material had changed to light green. When this was com-
plete, the material was rapidly eluted from the column by raising
the flow rate, the solvent was evaporated, and the residue crystal-
lized from methylene chloride-methanol: 460 mg (90%) of green
platelets; mp ~270°C dec; M* 550 (100%): Amax (2-BuOH) 750
(4000), 638 (5800), 472 (7200), 411 (70000); ir (KBr) 1602 cm™"
(s). The susceptibility of this compound was determined by Evans’
NMR shift method.2® Measurements were done with ca. 10~3 M
solutions of 6a in CHCI; with tetramethylsilane as reference. The
contact shifts of Me4Si were of the order of 1-2 Hz. (For example,
for a 0.0034 M solution of 6a, the shift was 0.95 £ 0.05 Hz in a
60-MHz spectrometer. This corresponds to a magnetic susceptibil-
ity of 1.6 ug. Theoretical value for a spin % system: 1.7 up.)

Anal. Caled for C36H4N4O: C, 78.69; H, 8.20; N, 10.20. Found:
C.78.40; H, 8.36; N, 9.15.

More extended exposure of 1a to air either in solution or on alu-
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Figure 7. Plot of the inverse square of the relaxation time 1/7% vs. the
concentration of octaethyloxophlorine radical.

mina led to slow and almost quantitative conversion to the «a,v-
dioxoporphodimethene (8a).

The solid dimer of the above radical was obtained when 3 ml of
chloroform solution of 50 mg of the radical was cooled to —65°C
(Dry Ice-acetone) and the solvent was slowly evaporated (ca. 24
hr) in vacuo: M* 1098 (25%), (M* — 294) 804 (100%); ir (KBr)
1602 cm™~! (CO, not significantly different from the monomeric
radical; measurements in chloroform at different temperatures did
not produce changes in the intensity of this band).

Zinc Oxyoctaethylporphyrin Radical 6c. The metal free radical
6a (100 mg) was dissolved in chloroform and mixed with a few
drops of saturated methanolic zinc acetate solution. There was an
immediate color change from green to brown. More methanol was
added, and brownish needles (105 mg) were centrifuged: no melt-
ing point below 300°C; M* 612 (100%); Amax (CDCI;) (broad
bands) 812 (9200). 705 (3000), 480 (8200), 430 (102000): ir
(KBr) (no OH) 1580 (s, C=0); ESR g = 2.0040.

Nickel Oxyoctaethylporphyrin Radical 6b. The nickel oxypor-
phyrin 3b was chromatographed on silica gel with benzene-petro-
leum ether (40-60°C) (1:1) in the presence of air. Behind a fast
running brown zone, the green fraction of the required radical was
eluted. Crystallization from chloroform-methanol yielded brown
rhombic crystals: 70 mg (64%); no melting point below 300°C; M*
606 (100%); Amax (CHCI;, 25°C) (broad bands) 850 (1150 from
dimer), 770 (2800 from monomer), 600 (5300), 445 (54000), 407
(50000): Amax (CsHsCHj, 25°C) 770 (4300), 600 (4900), 445
(61000), 408 (50000); ir (KBr) 1620, 1597 (s, CO). NMR
(CDCl3, —40°C, broad signals) 6 6.61 (2 H), 6.48 (1 H), 7.7 (16
H), 9.0 (24 H): NMR (CDCl3, —80°C, broad signals) § 6.70 (2
H), 6.50 (1 H). 7.6 (16 H), 8.85 (24 H).

Anal. Caled for C3sH43N4ONi: C, 71.28; H, 7.10; N, 9.24.
Found: C, 70.20; H, 6.96; N, 9.13.

Zinc Oxaoctaethylporphyrin 9b. A. By photooxygenation of zinc
oxyporphyrin de, 5 X 107° M solutions of 4¢ in dry benzene or
benzene-methylene chloride mixture (1:1) were irradiated in glass
cylinders (¢ 5 cm, height 30 cm) with a 1000-W movie light from
a distance of 50 cm. After 15-20 min, the 662-nm absorption band
of the oxaporphyrin 9b had reached maximum height, and the re-
action was stopped. The solvent was removed and the residue chro-
matographed on silica gel with chloroform. Starting material and
some brown decomposition products were thus eluted, and the oxa-
porphyrin stayed on the top of the column. 1t was finally removed
with chloroform-methanol (92:8) and crystallized from the same
solvent mixture: yields 10-15% of 9b and 60-70% of starting mate-
rial and its 7 radical.

B. By cyclization of zinc octaethylbiliverdin 11e, 25 mg of 11¢
was dissolved in 10 ml of chloroform, and 30 mg of zinc acetate in
methanol was added (Amax 690 nm). The solvent was evaporated
and the residue redissolved in 10 ml of chloroform and 2 ml of ace-
tic anhydride. This mixture was refluxed for 2 min, cooled to room
temperature, washed with water, and again evaporated. The resi-
due was chromatographed on silica gel with chloroform-methanol
(92:8) and the major component crystallized from chloroform-
methanol: 23 mg (84%); no melting point below 300°C; mol wt
(high resolution mass spectra) (M* + 1) 600.2792 (caled for
CisH44N4O %4Zn, 600.2806), 602.2763 (caled for C3sHasN4O
66Zn, 602.2775) (The intense M* + | peak at m/e 600 instead of
an M* peak at m/e 599 is explained by the usual hydrogenation of
tetrapyrroles of low reduction potential in the mass spectrometer??
and subsequent deprotonation); Amax (CHCIl3) 662 (32000), 620

Fuhrhop et al. |/ Reactions of Oxophlorines and Their w Radicals



7150

(sh, 6900), 550 (6000), 515 (4800), 394 (27000), 335 (17000); ir
(KBr) weak bands between 1600 and 1730 cm™!; NMR (CDCl;) é
9.27 (s, 1 CH), 9.18 (s, 2 CH), 3.48-3.7 (m, 16 CH>). 1.6-1.8 (24
CH).

When a methanolic solution of 11b was shortly shaken with solid
silver(1) oxide, the same oxaporphyrin 9b was obtained in high
yield.

Anal. Caled for C3sH43N4OZnCl (636.4) (from procedure A):
C, 66.06; H, 6.81; N, 8.80; Cl, 5.57. Found: C, 65.36; H, 7.14; N,
7.88; Cl, 4.22.

After recrystallization from a chloroform solution which had
been repeatedly washed with NH,Cl solution and drying in high
vacuo at 80°C, Found: C, 66.53; H, 6.69; N, 9.23; Cl, 5.96.

Octaethylbiliverdin 11a, To a solution of 5 mg of the zinc oxa-
porphyrin 11c¢ in 5 ml of methanol, 0.5 ml of tetramethylammon-
ium hydroxide in methanol (20%) was added. The color changed
from blue-green to light green. After 1 min, 2 ml of hydrochloric
acid in methanol (15%) was added (— blue) and, after another 5
min, diluted with methylene chloride, neutralized with sodium bi-
carbonate in water, and washed with water. The solvent was then
evaporated and the residue chromatographed on silica gel with
chloroform-methanol (96:4). From chloroform-methanol blue
needles, mp 248-251°C, were obtained: 4.5 mg (90%); M* 554
(100%); Amax (CHCI3) 650 (14000), 370 (49000); ir (KBr) » 3200
cm~! (s, NH), 1680 (s, CO); NMR (CDCl;) & 5.88 (s, 3 CH)
2.50, 2.27 (1 q, 16 CH3), 1.24, 1.20, 1.16, 1.08 (4t, 24 CH3). The
compound had been obtained earlier by Nolte30 by a different
pathway and was identical to our sample.

Nickel 2’,a-Oxoleoctaethylporphyrin (10a). A. From Nickel a-
Oxyoctaethylporphyrin » Radical (6b). 6b (60 mg) in 1.2 |. of ben-
zene were irradiated in three glass cylinders (diameter 4 cm) from
a distance of 30 cm for 90 min under nitrogen gas. The color
changed from a brownish green to red. The solvent was then re-
moved and the residue chromatographed on silica gel with ben-
zene-petroleum ether (1:1). The red compound which eluted first
was crystallized from chloroform-methanol: 40 mg (65%); mp
264-267°C; M™* (high resolution mass spec) 604.2705 (calcd for
C35H42N4O SBNi, 604.2712), 606.2670 (calcd for C3(,H42N4O
%ONi 606.2666); Amax (CDCl3) 555 (9700), 517 (8500), 480 (sh,
2700), 403 (133000); ir (KBr) (no CO or OH): NMR (CDCl3) &
9.55, 9.52, 9.43 (3s, CH), 6.56 (g, CH), 3.92 (q, 2 CH»), 3.84 (q,
12 CH»), 2.18 (d, 3 CH3), 1.68-1.9 (m, 21 CH3). The compound
proved to be rather unstable, and only a few milligrams of semi-
crystalline material could be isolated in solid form, Therefore com-
bustion analysis was not satisfactorily.

Anal. Caled for C3sH4aN4ONi: C, 71.42; N, 6.99; N, 9.25.
Found: C, 72.68; H, 7.44; N, 9.28.

B. From Nickel Oxyoctaethylporphyrin 4b. 4b was irradiated
under the same conditions as the radical 6b but in the presence of
air. First the 7 radical 6b was formed, which was further converted
into the oxole 10a. The yield was, however, lower than that ob-
tained by procedure A (~10%).

Zinc 2',a-Oxoleoctaethylporphyrin (10c) and Metal Free 2',a-
Oxoleoctaethylporphyrin (10a). Zinc oxyporphyrin radical éc (30
mg) in | L. of benzene was irradiated in a 2-1. glass flask under ni-
trogen with magnetic stirring for 2 hr. The solvent was then re-
moved and the residue chromatographed on silica gel with ben-
zene. From chloroform-methanol, 24 mg (80%) of red needles was
obtained: no melting point below 300°C; M* 610 (100%); Amux
(CHClI3) 569 (8300), 537 (10900), 500 (sh, 4700), 412 (270000);
ir (KBr) no CO or OH bands. The complex proved to be rather un-
stable in solution, and no resolved NMR spectrum could be ob-
tained.

For demetallation to 6a, a chloroform solution of 20 mg of 6¢
was washed twice with 5% hydrochloric acid, sodium bicarbonate,
and water and evaporated to dryness. The residue was chromato-
graphed as described above: yield 16 mg (80%); no melting point
below 300°C; ir (KBr) no CO or OH bands; Amax (CHCI3) 627
(9100), 573 (4800), 546 (5800), 508 (13000), 409 (300000).

Zinc «a,vy-Dioxooctaethylporphomethene (8b) (A, B). Zinc oxy-
porphyrin 4¢ (100 mg) in 1.2 1. of dry pyridine was placed in glass
cylinders (diameter 4 cm) and irradiated from a distance of 30 cm.
Within a few seconds, the solution turned green and the radical 6¢
appeared. After 10 min, when the solution had again changed to a
red color, irradiation was stopped and the solvent removed. The
residue was chromatographed on silica gel. Two main fractions

were observed: a fast broad red one 8b,A and a slower sharp one
8b,B. Both fractions were evaporated to dryness, and the residue
was recrystallized from chloroform-methanol [red product, 8b,A,
55 mg (56%): green product, 8b,B, 25 mg (25%)]: (both products)
no melting point below 300°C: M* (high resolution mass spectra)
8b,A 626.2609, 8b,B 626.2584 (calcd for CisH4aN4O2 %4Zn;
626.2599), 8b,A 628.2568, 8b,B 628.2561 (calcd for C3oH42N4O2
66Zn, 628.2568); Amax (CHCIl3) (both products) 576 (33000). 440
(78000): vmax (KBr) (red product) 580, 460; vmax (KBr) (green
product) 620, 580, 480; ir (KBr, both products) 1590 (s) and 1632
(m); NMR (CDCl;, red product) § 6.47 (s, 2 CH), 2.56. 2.36 (2q.
16 CH>), 1.03, 0.98 (2t, 24 CH3); NMR (green product) no sharp
signals. Both products were dried at 80°C in high vacuo for analy-
sis.

Anal. Caled for C36H4aN4O2Zn (627.4): C, 68.86; H, 6.70: N,
8.93. Found: 8b,B, C. 68.76, H, 6.88, N, 8.60: 8b,A, C, 68.89: H,
7.03: N, 9.28.

Reduction of the green product with sodium dithionite in hex-
amethylphosphortriamide (HMPA) yielded a stable green radical
(ESR g = 2.003, line width 2 G), whereas the red product decom-
posed rapidly and gave only a weak ESR signal.

Nickel a-Oxy-y-formyloctaethylporphyrin (13a), The procedure
was identical with the one used in ref 15 for the formylation of
copper octaethylporphyrin. The main green fraction (Rs 0.5) on
the silica gel column (solvent, CH,Cl,) used for separation of
products contained 13a, whereas a minor light green band (R
0.35) is presumably the 8,y-diformyl product, not described in the
general text. Both products were crystallized from chloroform-
methanol. A few drops of water were added: 155 mg (of 13a)
(74%); mp 269-274°C; M* 634 (20%), (M* — 28) 606 (100%):
Amax (CHCI3) 622 (5600), 570 (sh, 400), 466 (19600), 332 (7400);
ir (KBr) 1590 (s, CO), 1715 (m, CHO); no sharp NMR signals
(containing free radical).

Anal, Caled for C33H43N403Ni (634.7): C, 70.03; H, 6.78; N,
8.83. Found: C, 70.71; H, 7.08; N, 10.46.

To the product corresponding to the second, light green fraction,
tentatively the structure of the diacetal of nickel a-oxy-8,vy-di-
formyloctaethylporphyrin is assigned: Cj33H43N4O3Ni-2H,0
(661.7 + 36) (M* — 2) 659 (100%); Amax (CHCIl3) 783 (20000),
400 (38000); NMR (CDCl3) 8 7.72, 7.47, 7.1 (3s, 3 CH), 2.6-3.2
(m, 16 CH>), 0.3-1.4 (m, 24 CH3;).

Oxime of 13a. 13a (50 mg), 1 g of hydroxylamine hydrochloride
in 100 ml of pyridine, and 25 ml of water were refluxed for 5 hr
and left overnight at room temperature. 300 ml of methylene chlo-
ride were added, washed with water, and evaporated to dryness.
The residue was chromatographed on silica gal with methylene
chloride. The main fraction (R, 0.2) was collected and crystallized
from methylene chloride-methanol: 46 mg (88%) of Cj37Has-
N;sO;Ni (649.7); no melting point below 300°C; no M* peak (M
— 18)* 631 (—H:0, 32%) (M — 43)* 606 (~CNOH,, 100%);
Amax (CHCI3) 563 (8000), 534 (12000), 415 (166000); ir (KBr) »
1700 (m, C=N),

Nickel a-Acetoxy-y-cyanooctaethylporphyrin (13c). The oxime
from 13a (40 mg) was heated to 60°C in acetic anhydride for 30
min. The mixture was then treated with 50 ml of chloroform at
room temperature, washed ten times with water, and evaporated to
dryness. Crystallization from methylene chloride-petroleum ether
(60-80°) yielded 11 mg (26%) of large prisms of the acetoxy de-
rivative 13¢: mp 252-256°C; M* 673 (54%), (M — 55)* 618
(—OCOCH; + 4H, 100%); Amax (CDCl3) 595 (12700). 550
(6800), 414 (114000); ir (KBr) 1765 (CO), 2205 (CN); NMR
(CDCl3) 8 9.32 (s, 2 CH), 4.12, 3.83, 3.85 (3q, 16 CH»), 2.60,
1.78, 1.71, 1.69 (4t, 24 CH,).

Anal. Caled for C39H4sNsO2Ni (673.7): C, 69.50; H, 6.68; N,
10.39; Found: C, 70.04; H, 6.84; N, 9.91.

a-Mercaptooctaethylporphyrin (7e) and Its Zinc Complex 7f.
This compound was prepared following a procedure by Clezy.’!
Our analytical data, however, differ somewhat from the ones re-
ported and are therefore given: C3sH4sN4S (566.6) (M — 4)* 562
(—4H (?), 25%), (M — 32)* 534 (-S, 100%), (M — 47)* 519
(—CSH, —3H (?), 57%)%: Amax (CHCIl3) 635 (5700), 620 (sh,
3600), 575 (sh, 6200), 564 (sh, 7000), 550 (8200), 535 (sh, 6900),
507 (9100), 402 (140000); ir (KBr) 2145 (s, SH); NMR (CDCl;)
6 10.09 (s, 3 CH), 9.90 (s. 1 CH), 4.1 (q, 16 CH3), 1.94, 1.85 (2t,
24 CH,).

Anal. Caled for C36H4sN4S (566.7): C, 76.30; H, 8.12: N, 9.93.
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Found: C, 75.77; H, 7.54; N, 10.78.

The zinc complex 7f was prepared in chloroform by the addition
of methanolic zinc acetate solution and crystallization from chloro-
form-methanol: C3¢H44N4SZn (630.1) M* 631 (25%), (M -
35)* 596 (—SH, —2 H, 100%); intense peak for dimer at 1192; ir
(KBr) 2138 (SH); Amax (CHCLy) 595 (13500), 552 (8700), 415
(170000): NMR (CDCl;) 6 9.80 (s, 3 CH), .18 (s, | CH), 4.38,
4,06, 3.62 (16 CHy), 2.02-1.58 (m, 24 CHj). Both mass and
NMR spectra point to dimer formation of this zinc complex, pre-
sumably over a disulfide bridge. Addition of a few drops of pyri-
dine to the chloroform solution changes to 'H NMR spectrum and
possibly breaks up the dimer: NMR § 10.30 (s, 1 CH), 10.22 (s, 2
CH).

Reduction of «,3-Dioxoporphodimethene Monohydrate 12a to
a-Oxooctaethylphlorine (1a). 12a (10 mg) was dissolved in 30 ml of
methanol, and 200 mg of sodium borohydride was added. The so-
lution decolorized slowly and, after 45 min, | ml of acetic acid was
added. The solution turned greenish blue, was diluted with 30 ml
of water, and extracted with chloroform. Evaporation of the sol-
vent, thin layer chromatography on silica gel, and crystallization
from chloroform-methanol yielded 6 mg of 1a; which was identical
in all respects (TLC, uv, ir) with authentic material.

Analysis of Carbon Monoxide in the Photooxygenation of Zine
Oxyporphyrin Radical 6¢ to Zinc Oxaporphyrin 9b. A. Standard-
ization of Drager Tubes, Decarbonylation of 10 mg of oxyporphy-
rin would roughly yield 0.3 ml of carbon monoxide. This amount of
porphyrin could be dissolved and photooxygenized in about 200 ml
of benzene. Therefore our equilibration procedure was applied in
this range; a gas tube of 0.48 cm diameter and a volume of 1.60
ml, which ended in two stopcocks with a bore of 1.5 mm, was con-
nected to a carbon monoxide tank. When carbon monoxide had re-
placed all of the air in the tube, the stopcocks were closed and one
of them was connected to the stem of a 500-ml separating funnel
and the other to a 1-1. wash bottle with a fritted disk at the end of
the tubing. Both the funnel and the bottle contained 400 ml of dry
benzene each. Now the three stopcocks of the funnel and the gas
trap were slowly opened. The gas did not escape in bubbles but was
rapidly dissolved by the benzene which ran through the trap. At
the end, 800 mi of benzene, which had dissolved 1.60 ml, had been
collected in the wash bottle. The small gas volume above the solu-
tion did not contain measurable quantitatives of carbon monoxide.

This solution (200 ml) containing 0.4 ml of CO was carefully
transferred into another 500-ml wash bottle with a fritted disk at
the end of the air inlet. The outlet was connected with a second
wash bottle, which was empty and cooled with an acetone-Dry Ice
mixture to freeze out solvent vapors. Its gas outlet was connected
with a “Vorsatzrohrchen” (Ch 24101), which absorbed the last
traces of solvents, but could also be omitted, and a Driger-carbon
monoxide tube (25601) which was fixed on a Dréiger-Gasspiir-
pumpe (100 ml; Mod. 31 CH 6709). The Dréger bellows were then
pressed 15 times, which sucked 1.5 1. of air through the system,
and the length of the colorization in the tube (from the formation
of iodine SCO + I,05 — I3 + 5CO;) was noted. Carbon dioxide
and formaldehyde did not give any coloration under identical con-
ditions. Larger air volumes did not produce longer colorized zones
in the tubes; therefore, the carbon monoxide had been quantita-
tively driven out of the benzene phase by this procedure. Dilutions
of the standard carbon monoxide solutions and application of the
same procedure yielded the other points of the standardization
curve in Figure 8. Earlier experiments had been performed by
slowly sucking 2 1. of pure nitrogen from a reservoir through the
solution instead of air with the standard bellows, but this is a more
complicated procedure and did not yield better results. A blind
probe without CO in the benzene did not give any coloration of the
tubes. Figure 8 shows that the length of colorization and the
amount of CO dissolved in benzene depend linearly on each other.
All the standards could be reproduced with high accuracy.

B. Evaluation of the Gas Evolved in the Photooxygenation. Zinc
oxyporphyrin radical 6c (6.0-9.0 mg) was dissolved in 200 ml of
benzene and transferred into a 500-ml wash bottle which was
closed by two stopcocks. The solution was magnetically stirred,
cooled by tap water flowing over some of the bottle surface, and ir-
radiated for 90 min from a distance of 30 cm. The wash bottle was
then connected to the bellows and the Driger tubes as described
above, and 1.5 L. of air was pressed through the solution. The re-
sults are summarized in Figure 8.
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Figure 8. Plot of CO gas concentration (milliliters of CO per 200 ml of
benzene) (®) from standardization with solution of known CO concen-
tration in benzene (M) (experimental values from irradiation of 6c).

No traces of carbon dioxide or formaldehyde using the appropri-
ate Driger tubes could be detected under these conditions. We be-
lieve that the carbon monoxide estimations are correct with no
larger error than 3%, and that a least five times less carbon monox-
ide could be detected with a comparable error. Irradiation of the
oxaporphyrin 9b under identical conditions did not yield measur-
able quantities of CO.
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Abstract: Iminoethers serve as Michael donors toward a,8-unsaturated ketones provided the initial adduct is rapidly trapped.
Ketal formation via amide acetals as the ketalizing agent constitutes a novel trapping method. Alternatively, rapid prototro-
pic shift followed by cyclization onto the imino carbon when utilizing methyl 3-oxo-4-pentenoate also succeeds. The latter of-
fers a convenient approach to 3,4,6,7,8,9-hexahydro-2-quinolizones. a good building block in alkaloid synthesis. The direct
C-alkylation of lactims even with moderately unreactive alkyl halides and the synthesis of 2-cyanomethyldithiane and $,5-
trimethylenedithio-3-oxo-1-pentene, potentiaily useful reagents, are described.

The Michael reaction is an important synthetic method
for creation of a wide range of structural types. For exam-
ple, it serves as the key step in the Robinson annelation se-
quence. While many nucleophiles, including enolates of car-
bonyl systems, amines, thiols, etc., have served as Michael
donors, secondary amides do not generally serve in this ca-
pacity, presumably because of an unfavorable equilibrium.
In conjunction with an interest in the total synthesis of al-
kaloids, we became intrigued with the use of lactims, e.g., 1,
as Michael donors. Such a reaction could provide a facile
entry into quinolizidines which form an important part of
many alkaloids, e.g., lycopodine, yohimbine, lupinine, spar-
teine, eburnamine, etc. In particular, the 3,4,6,7,8,9-hex-
ahydro-2-quinolizone (2) is an attractive building block,

OCH,

CQ%

OCH3

o X

P
N

2

however, not readily accessible.2? Its formation via a Mi-
chael reaction is complicated by the anticipated enhanced
reversibility of formation of the initial adduct because of
the excellent leaving-group abilities of the imino ether. In-
deed, attempts to condense 2-methoxy-3,4,5,6-tetrahydro-
pyridine (1) with methyl vinyl ketone lead to no reaction. In
this paper, we report the realization of this approach by
trapping the initial Michael adduct in an irreversible fash-

ion and its application for the synthesis of the hexahydro-
2-quinolizones.

Preparation of Starting Materials. The systems chosen
for study were the parent lactim 1 and the 3-alkylated lac-
tims 3. The lactims 3 were prepared by the alkylation of the
lithium derivative of 1 with 1-iodo-3,3-ethylenedioxybutane
and 1-iodo-3-methyl-3-butene, respectively.* The latter
was available from isobutylene by the method outlined in eq
1.6 Generation of the anions required the use of nonnucleo-
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philic bases like lithium diisopropylamide. Carbon-carbon
bond formation proceeded smoothly with no complications
of N-alkylation. Since the imino ethers can be hydrolyzed
to the lactams, this represents a useful approach for C-al-
kylation of secondary amides (lactams).

The initial Michael acceptor examined was dithiane 4b.

Journal of the American Chemical Society |/ 97:24 | November 26, 1975



