


THESIS

LIBRARY

Michigan State
University

This is to certify that the

thesis entitled

SPECTROSCOPIC STUDIES OF SOME
MODEL KETOPORPHYRINS

presented by

Gabriel Boktos

has been accepted towards fulfillment
of the requirements for

M.S.  degreein_ Chemistry

)

Major professor

Date February 20, 1981

07639



OVERDUE FINES:
25¢ per day per item
RETURNING LIBRARY MATERIALS:

Place in book return to remove
charge from circulation records
















SPECTROSCOPIC STUDIES OF SOME
MODEL KETOPORPHYRINS

By

Gabriel Boktos

A THESIS

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE

Department of Chemistry

1981



- %M&ﬁﬁ@m

<
i



ABSTRACT

SPECTROSCOPIC STUDIES OF SOME
MODEL KETOPORPHYRINS

By
Gabriel Boktos

Absorption, resonance Raman and infrared spectroscopies
were employed to study the carbonylated derivatives of
chlorins and isobacteriochlorins, viz. Cu-gemini monoketo-
porphyrin, Cu-gemini diketoporphyrins, and Cu-«, y-dioxo-
porphodimethene. This investigation focused on the observation
of the stretching frequency and on the effect of the position
of the carbonyl(s) on the macrocyclic ring on the electronic
and vibrational spectra.

Resonance Raman spectroscopy also provided information
concerning the stretching frequencies of the CaCmCm and
CB"CB bonds, the location of the carbonyl and how the
perturbation by the carbonyl substituents relates to the
overall structure of the molecule. These studies indicate
that the positioning of the carbonyls around the pyrrole
rings has only negligible effect on the CquCm stretching
frequency. However, the CB_CB bond is perturbed by the
carbonyl substituent(s) as exemplified by the great fluc-
tuation of the CB—Cs stretching frequency between 1567-
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The infrared spectra also provided information about
carbonyl stretching. The non-splitting or splitting of the
infrared peak was attributed to the existence or lack of a
mirror plane through the molecule, which makes the carBonyls
equivalent or non-equivalent respectively. The infrared
studies thus supported and supplemented the resonance
Raman results.

Finally, two additional compounds: Cu-transoctaethyl-
chlorin [Cu(OEC)] and Cu-3,13-diformyl,8,18-di-n-pentyl-2,
7,12,17,-tetramethylporphine [Cu(2F-6F) for short] were
introduced for purposes of comparison. Raman spectra of
both were obtained under Soret excitation. In Cu(OEC)
vibrations above 1300 em™! are intensified under these
conditions, in contrast to intensification of lower frequency
modes under Q-band excitation. The characteristic C=0
vibrations in Cu(2F-6F) and Cu(2-6) diketo differ by more

1

than 35 cm ~; thus the formyl and ketone groups are easily

distinguished in the substituted porphyrins.
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CHAPTER 1

Introduction

One of the major challenges of modern biochemistry has
been the elucidation of biological function in terms of
molecular structure. Numerous spectroscopic methods have
been introduced to monitor structural features and detect
changes which accompany biological function. Among them,
vibrational spectroscopy offers high expectations, since
vibrational frequencies available from infrared or Raman
spectra are sensitive to bonding and geometric arrangements
of localized groups of atoms in a molecule.

Among molecules of biological importance, metallo-
porphyrins and metallochlorins are two of the best candidates.
Metalloporphyrins are essential to the life of plants,
animals, fungi and bacteria. Metallochlorins appear in many
forms such as chlorophylls, or as gemini ketoporphyrins,
which have been recently synthesized in our bioorganic lab
by Professor Chris Chang. These molecules are of biological
importance because they are related to synthetic analogues
of sirohydrochlorin which is the demetallated siroheme
prosthetic group of nitrite and sulfite reductase. The
synthesis of the gemini diketoporphyrins involves the
oxidation of octaethylporphin using hydrogen peroxide. Each

diketoporphyrin was then separated and purified by
1






chromatography.

Experimental

In this particular project the techniques employed were
absorption, infrared, and resonance Raman spectroscopies.
The optical spectra were taken by using a Cary 17 spectro-
photometer in the visible and ultraviolet regions in order
to obtain both the Q and Soret bands. The infrared spectra
were recorded using a Perkin Elmer 283 B Infrared spectro-
photometer, with 0.1 mm (cavity) cells. Resonance Raman
spectra of Cu-gemini-ketoporphyrins in CHZCI2 were recorded
by using two Soret lines (406.7 and 413.1 nm) from a Spectra
Physics 164-11 Kr ion laser in conjunction with a Spex 1401
double monochromator and associated Ramalog electronics. A
prism, external to the laser cavity, was utilized in order
to separate the two frequencies. The rotating cell technique
.was also used to avoid the local heating of the samples.
(See Figure la for schematic representation.)

The compounds were obtained from our biorganic lab
and they were 80-95% purity. The solutions used were
5-30 ymolar in CHZClZ' Visible excitation (488.0 nm,
514.5 nm) was also employed but fluorescence obscured the
weakly-enhanced Raman scattering; therefore Q-band excitation

was abandoned.
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Figure la. Schematic representation of laser Raman experimental
arrangement.






CHAPTER 2

A. ABSORPTION SPECTRA OF CHLORINS AND RELATED COMPOUNDS
1. Some theoretical aspects of heme absorption

In general, the electronic absorption spectra of
porphyrins and related compounds are dominated by two strong
transitions as in Figure 1b [1]. The transition in the
500-700 nm visible region is referred to as the Q-band,
whereas the more intense transition in the near uv region
at approximately 400 nm is the Soret, or B-band. Between
the B and Q transitions there is a satellite band (on the
Q-band) which arises from the vibronic mixing of bands B
and Q [2,3]. Many times there is a plethora of bands between
these two main bands, arising from the perturbation of the
centrosymmetric cyclic model due to lowering of symmetry
or the existence of peripheral substituents on the ring as
in Figure lc [4]. The 16-member cyclic polyene mentioned
above is a convenient model for the treatment of porphyrin
absorption spectra [41].

Simpson [5] was the first to discuss the porphyrin
spectra. His approach was based on a successful free-
electron-model, characterized by the assumption that the
m-electrons of porphin are free particles on a 16-lattice
atom ring, providing a conjugated electron current. In
this model, the 18 m-electrons are paired in orbitals of

L
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Figure I. b.) Optical spectra of Ferrocytochrome C in CH,Cly (conc. 05 mM)
c.) Optical spectra of Fe(OEC)CI. C in CHaClz (conc. 0.3 mM)
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increasing angular momentum with the system filled up to
the 1 = +4 level. When a transition occurs from 1 = #4 to
the next highest 1 = +5 level, then it can be allowed or
forbidden depending on whether AL = +1 or AL = #9, thus
giving rise to the B and Q bands respectively.

A more detailed and explanatory model, first introduced
by Moffitt [4], Platt [6] and later presented by Gouterman
[7], considered only the two highest filled cyclic polyene
orbitals as shown in Figure 2. This model which was also
reaffirmed by a number of Russian spectroscopists [3,8]
is the famous "four orbital model". The two lowest unfilled
orbitals are the degenerate eg states, whereas the two highest
filled orbitals also can be accidentally degenerate, which
is a rather general argument pertaining in many cases. The
spatial shape and nodal characteristics of these four
orbitals are shown in Figure 3 for purposes of comparison.

There are basically two doubly-degenerate MO configura-
tions [97, (alu)z (azu)l (eg)1 and (alu)1 (a2u)2 (eg)l for
the two lowest excited states of the 7 -electrons emanating
from the porphyrin ground state configuration (alu)2 (aZu)Z.
It has been shown [10] that these two singly-excited con-
figurations give equally mixed linear combinations, as a
result of configuration interaction. Therefore, the x and
y components of the Q and B states can be extracted from the
relationships involving the CI parameter @ and the appropriate
50/50 mixtures of the excited configurations Qi, QS' and

0 0
Bx and By as follows:







Ci(eg) Ca(eqg)
X
a) Y Y
X
by (agy) — b (aw)
PORPHYRIN
C| (69) I
X — Cz (eg)
Y
b) b 4
X “— bz (ay)
by (OZU) =2
CHLORIN

Figure 2. Four orbital model (from reference # 7)






Figure 3. Shape and nodal characteristics of the
four orbitals. (from ref. # 7)
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Q, >= cosalqg >- sina mg >
0 " 0
>= > - >
le oosulqy sina By
B, >= cosa Bg >+ sinulQi >
B, >= cosulBg >+ sina\Q§>. (2.1)

Parameter o« was demonstrated to unmix the configurations,
and it differs for each central metal and porphyrin complex.
Gouterman [8] pointed out that consideration of the various
factors which influence o can give very fruitful results
with regards to the properties of porphyrin absorption or
emission spectra.

The Qo and B0 components are:

0
Q. =Y2 [a, e +a;e ]
X > 2u gy 1u gy
R =v3la, e -a e ]
v -3 2u gy 1u [
B0 = /3 [ap8y - 8148, ]
2 &x &y

0

B = V2 [a, e +a, e ] (2:2)

e 2u gy 1u -

2. Results

Metallochlorins [11] differ from metalloporphyrins
[12-15] merely by the reduction of one C, - C; bond of a
pyrrole ring in the conjugated macrocycle; however, this

gives rise to distinctly different absorption spectra.
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Isochlorins and bacteriochlorins, which have two saturated
CB - Cs bonds, also exhibit electronic spectra with great
differences in comparison with metallochlorins and metal-
loporphyrins.

Two consequences in the absorption spectra follow when
changing from a porphin to a chlorin, with the consequent
lifting of the degeneracy of the lowest excited configura-
tions (Figures 2 and 4): (1) the spectrum and mainly the
Q band shifts to the red, and (2) the Qy band intensifies
as in Figures 5, 7, 8, 10, and 11. However, the Qx band of
chlorins is not strengthened sufficiently to stand out from
the vibrational overtones of Qy [16]. Both consequences
mentioned above have been quantitatively shown by Platt
[17,18] and later by Gouterman [8], who predicted that the
"true" measure of intensity is the dipole strength q2 (in

square Angstroms) given by:

[N
|
(N
>
4

Q
i
N
W
O
ol
o
>

where ) is wavelength of band-peak, A\ 1is the halfwidth and
e is molar extinction coefficient of the sample in that
particular region.

The chlorin Soret band is found at almost the identical
energy as that of porphin and its Bx and By components are
almost degenerate in unsubstituted metal chlorins. Hence,
the CI pattern of chlorin as well as its spectrum likely

resemble those of tetrabenzaporphin [19-22].
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Figure 4. The 4-orbital model for OPP-THP
and ADJ-THP
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The x-allowed states, which are not constrained by
symmetry, appear to be lowered by CI more than y-allowed
states. Some calculations performed by McHugh et al. [23]
indicate that the Soret band of free base chlorins includes
three major allowed electronic transitions as in free-base
porphin.

Another very prominent feature of the chlorin substituted
spectra is the "split" Soret. This phenomenon is due to the
presence of an electron-withdrawing group such as a carbonyl
directly attached to the pyrrole ring - which makes forbidden
transitions allowed. These bands arise from transitions
between B and N states. The N band itself, as seen in
Figure 4, arises from transitions between the "a" orbital
and the ey orbital. The "a" orbital which lies below the
and a

a 2u orbitals is a descendant of a cluster of closely

1u
spaced orbitals such as 2a2u and.2b2u of porphin. The bands
that arise from the coupling of B and N are indicative of
the new m -n¥* state which involves the electron-withdrawing
group. They were also observed and identified by Caughey
et al. [24] in the spectra of metal 2,4-diacetyldeutero-
porphyrins.

A brief assignment of the visible and uv spectra
follows:

a) The Cu(OEC) optical spectra, as shown in Figure 5,
exhibit an intense band at approximately 615 nm, assignable
according to Gouterman [7], to the Qy(O—O) transition,

whereas the remaining weak bands around 500-600 nm are
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assignable to the Qx(O—O) and the Qy(O-l) and Qx(O—l)
transitions. The Soret band appears at 400 nm with a weak
shoulder to the blue, possibly arising from the lowering of

symmetry by the saturation of one C, - CB bond in Cu(OEC).

]
The Cu(OEC) absorption spectra recorded here are in agreement
with the spectra of Fe(OEC)Cl and [Fe(OEC)Imz]Cl and in
general of M(OEC), recorded by Kitagawa previously [25].

b) The absorption spectra of 2F - 6F are shown in
Figure 6. Due to the presence of the electron-withdrawing
formyl groups on positions 2 and 6, both Soret and Q bands
are shifted to the red as in cytochrome oxidase [26] and in
2-4 diformyl iron protoporphyrin IX [27].

The visible bands appear at 615, 580, 560 and 510 nm.
The lowest energy band at 615 nm probably corresponds to
the Qy(O-O) transition. The other three bands appear to
be extremely weak - especially the 580 and 560 nm bands -
which indicates cancellation of the dipole moments for the
corresponding transitions.

The Soret is very sharp but slightly split at 420 nm
and 415 nm, which possibly signifies the presence of the
two formyl groups.

c) The Cu-monoketo spectrum illustrated in Figure 7
clearly exhibits the "chlorin type" absorption. The two
most important features are the very intense Qy(O—O) band
at 618 nm and the strong "split type" Soret band at 415 nm.
The Qy(O-O) band is also accompanied by two - and not four -

not very well resolved humps at higher energies; 570 and 512

nm.
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The most striking feature, however, if the multiple
splitting of the Soret. This effect has been observed
previously by Weiss [16], who concluded that the multiple
splitting of the Soret band is attributable to the existence
of a substituent on the porphyrin ring which lowers the
symmetry and makes "forbidden" bands allowed. These bands,
which appear in the spectrum at energies above that of the
Soret band (see Figure 6), are forbidden in square (Duh)
symmetry.

d) As illustrated in Figure 8, the Cu(2-3) diketo
spectrum is characterized by a very intense Qy(O—O) transition
at 688 nm and a dramatically "split Soret". Again the
Qy(O-O) transition is accompanied by three higher energy
peaks at 630 nm, 580 nm and 540 nm. The 580 nm band appears
to be somewhat more intense than either of the other two.

The experimental Soret band is rather complex. It
shows three obvious components, at 442 nm, 430 nm and 395
nm, with the middle component being most intense. This
pattern of splitting is again attributable to the existence
of two carbonyls on two adjacent pyrroles.

Another striking effect to be observed in the Cu(2-3)
diketo spectrum is the dramatic shift of the Qy(O—O} band
to 688 nm, and also its increase in intensity relative to
the Soret intensity.

e) The Cu(2-4) diketo optical spectrum is shown in
Figure 9. The most obvious characteristic of the spectrum

is the band which lies farthest to the red. This band,
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which has been assigned [9] to the Qy(O-O) transition, is
of lower intensity than the band to its blue. Due to this
anomaly we will refrain from any discussion of this parti-
cular optical spectrum.

f) Figure 10 illustrates the spectrum of Cu(2-35)
diketo, where the two carbonyls are on opposite pyrroles.
Again, the two most prominent features of the spectrum are
the very intense Qy(O-O) band and the quadruply split Soret.
The Q transitions occur at 670 nm, 615 nm, 585 nm and 540
nm, whereas the Soret bands occur at 442 nm, and 420 nm,
with two satellite bands at 398 nm and 380 nm.

In the visible region the band at 585 nm appears to
be more intense than either the 615 nm or 540 nm bands.

The same effect was previously seen by Seely [28] in the
hexahydrotetraphenyl porphin spectra, and by Coyne et al.,
[29] in bacteriochlorphyll a. Magnetic circular dichroism
studies that followed [30] assigned this band to the
Qy(O-l) overtone.

The Soret band is the most dramatically split of all
the observed spectra, which indicates tremendous lifting
of the degeneracy where "forbidden" bands become "allowed".

g) Similarly, the Cu(2-6) diketo spectrum shown in
Figure 11 reveals the same effect, particularly the increased
intensity of Qy(O-O) in comparison to the Soret. The
visible bands occur at 702 nm (the most highly intense and
red shifted Qy band of all the recorded spectra) and as

small humps at 666 nm, 648 nm and 520 nm.
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The Soret is doubly split into a very intense component
at 427 nm - with a shoulder to its blue at 400 nm - and a
weaker component at 380 nm. Again, this spectrum needs
further investigation by fluorescence [31] and MCD [38]
studies.

h) Finally, the Cu (a-y) dimeso spectrum shown in
Figure 12 is atypical of chlorin and typical of porphin
spectra, with a rather broad Soret band at 440 nm and a
visible transition at 600 nm, with a satellite band at 560 nm.

The Soret band is more intense than the low energy Q
band and very broad, possibly due to the burial of one weak
B component within the other. The most interesting feature,
however, is the very slight hump at 400 nm. This hump could
signify the existence of an electron-withdrawing group
attached to the ring. (The wavelengths and energies of
the various absorption bands are listed in Table 1 for
purposes of comparison.)

Now that the various transitions have been assigned,
one may consider the relative positions of the bands in
relation to the conjugation pathway of each molecule.

Note, first, that when two adjacent rings are reduced,
such as in Cu(2-3) and Cu(2-4) diketo, the two x-polarized
transitions are nearly equal in energy. The very distinct
feature about the optical spectra of both of these compounds
is the dramatic shifting of the Qy band towards the red.
This effect is clearly illustrated by the increase of the

"box" - or of the conjugation pathway - to 22 = instead of
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18 m, as illustrated in Figure 13.

On the other hand, the Cu(2-5) and Cu(2-6) spectra,
where two opposite pyrrole rings I and III are reduced,
exhibit an even more pronounced behavior (especially the
Cu(2-6) diketo spectrum). In the latter, the Qy(O—O) band
is shifted even farther to the red, at 702 nm. The resonance
pathways containing 22 = bonds for both Cu(2-5) and Cu(2-6)
diketo, exemplify this dramatic shifting by the lowering
of the Q(0-0) transition energy.

Another prominent feature that these two chlorins
exhibit was also observed in the OPP-THP optical spectra
[33]. This is the increase in intensity of the Qx band due
to the cancellation of the degeneracy of the x-polarized

transitions.
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Cu(2-4)

Figure 3. 22 m electron conjugation pathway.
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B. RESONANCE RAMAN SPECTROSCOPY OF CHLORINS AND RELATED
COMPOUNDS

1. Some general theoretical aspects

Raman spectroscopy has shown great resurgence during
the past few decades with the development and use of lasers
as monochromatic tunable radiation sources. It has been
proven through the years that Raman spectroscopy can be a
powerful tool for the understanding of electronic structure
and molecular interaction, including application to such
complicated systems as proteins [34,35,36,37]. Raman
spectroscopy enjoys certain natural advantages over infrared
spectroscopy, such as the possibility of working with glass
or silica cells, weak scattering from HZO’ polarization
studies, etc. [38].

Resonance Raman spectroscopy involves an experiment

where the excitation wavelength, A used corresponds to

exc’
a molecular transition in the sample, i.e. the energy of the
incident light approaches that of an absorption of the
sample.

In general the total intensity RSS2 4 radiation
scattered into a solid angle of 4 ndue to a Raman transition
in a particular system is [39]:

12815(\;0 G vkn)u 2

Ikn N 3¢ nz,o(uoa)kn IO (2.3)

where I, vo are respectively the intensity and frequency

of incident, exciting radiation, and VotV is the

kn
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frequency of the scattered radiation, which we will abbre-
viate vyi where the (+) sign refers to anti-Stokes scattering
and the (-) sign to Stokes scattering. Finally, (qu) is
the po Cartesian coordinate component of the polarizability
tensor, and which relates the initial to the final eigen-

states [40] according to:

x XX Xy Xz X
By = e %9y % Ey
Pz “2x azy “2z Ez (z.4)

where Pi and Ei are the polarization i.e., induced dipole,
and electric field respectively.

This scattering tensor takes the following form
according to Kramers and- Heisenberg-Dirac, being derived

by a second order perturbation (dispersion) formula:

13 o <k1uo\m><m|u0 n> : <nludlm><mluolk>

(8500 ' S : :
po’kn hc m Vi VoLt lrm Ve + Vo + lrm

where HgrHs are the electric dipole moment operators;
ieev, u, = -E e(Sl)D and (Sl)p is the pth component of
the 1th electron's position vector. rm is the natural
half-width of the state |m>. The summation runs over all
intermediate states |m>, neglecting states |k> and In>.

In Equation (2.4) above, both terms in the brackets
must be considered in the case where Yo is far from

resonance, i.e., when Y = %y >> 0, whereas the energy
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denominator of one vibronic manifold decreases, thus
dominating the summation over states m, as resonance is
approached.

One of the major challenges that many scientists
[41,42,43] successfully met was the elucidation of the
vibronic nature of the states and operators in the scattering
tensor. For this purpose the adiabatic Born-Oppenheimer
(ABO) approximation will be used [44], in which the vibronic
states are formed as products of pure vibrational states

i(R5)>, with pure electronic states lk(RE,q)>. R, and q

3
are the vibrational normal coordinates and the electronic

coordinates respectively. Writing:

k> = 1k(RE,q)>[i(RE)>, (2.5)

then

i(Rg) = ve (U) (2.6)
3

where UE is a set of normal coordinates and bgare the
harmonic oscillator eigenstates.

By substitution of the ABO approximation into Equation

(2.4), @p d)kg*ki for the.resonance case becomes:
L ik gle
@odkgri T ¢ h W Fu poohvoeIT (2.7)
9:%58 kg, ki™V0" Mnw

where
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"km(U) = Ilc(Uz,q)upm(UE,q)da (2.8)
and similarly:
o) = 1(u,,@)u,m(U, ,a)da. (2.9)

Equations (2.8) and (2.9) both represent the electronic
transition dipoles between the two electronic states |k >
and |m> respectively.

Now expanding p(UE) or o (UE) in a Taylor series about
the equilibrium nuclear coordinates will enable us to
perform the integration over these coordinates, i.e.,

p(U,) = p(U)y., + L .

= + p! +
P rJU‘E

After truncation and substitution of the above expression

into Equation (2.7) we obtain:

- Xz s -1
(apc)kg*ki T mweg (hvsw,kg = hvg ¢+ 1me)

.
X p5n0o <i|w<wlg> + pkmg[?nk<i|U£ |w><w |g >

+ p;moék<ilw><wlU£lg >

+ okmdmk<ilUE|w><w\U€lg> (2.10)
' 3
where o, = (—;%L))U:O y p°= D(Ug)U=O = p(0).
3
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The first term in the square brackets of Equation
(2.10) above corresponds to the so called Albrecht A term
[41] and the second and third terms (neglecting the fourth
term as too small relative to them) correspond to the
Albrecht B term.
As resonance is reached by simply allowing the energy

hvo to approach hv the denominator of expression (2.7)

sw,kg’
becomes extremely small, which makes L very large. Hence,

when hv - hv, becomes of the order of a vibrational

sw,kg
energy level difference, hy, then neglecting the dependence
of the denominators on the excited state vibrational quantum
numbers is no longer valid or appropriate.

Basically two types of expansions can be derived from
Equation (2.10) (the expansion of the polarizability
tensor), the Franck-Condon Oth order [45] and the Herzberg-
Teller 1lst order [46] perturbation terms. The former term
involves no vibronic coupling and is the A-term mentioned
previously, whereas the latter term involves vibronic
coupling of states D;m' cék, is called the B-term, and

takes the form:

) U 3K N -1
®km "¢ pin°hp <pla———uglm>(E E) (2.11)

m p
where H is the Hamiltonian for the total electronic energy
of the molecule, |p> corresponds to other than | k> and

|m> states, and E%E is the vibronic coupling operator [47].
£
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The mixing of states by this operator depends upon the
energy separation between these states and upon the relative
laH

coupling strength of < p| Wl m>.

The form that « takes now is:

-1
. s L o
(uoc)kgki = MWauxg - Mo * il Prem mk
x<i lugl wo<wlg > (2.12)

'
Now substituting the expression for °ym into the above

expression we obtain:

<i|lw><w| g >

= 1
hvo irow

° km%mk

( 132
mw h“kg,mw

0loc)kg,ki = c
o weg, -Es7t
E P

PR
m p¥m w hy, p(h\’kg mw

- hvo + ir‘mw)

pkmomk<ilw>(w|UE|g> + 0 <il Uglw><w]g >

mk® pk
where the first term is the A-term and the second and third
the B-term again.
Far from resonance, the F-C vibrational integrals
could take the form:
<i|w><w £ >

T = . a<i|g>=6_ ;. (2:13)
o h"kg nq hvo AT g,1

ol

The above term signifies the application of closure
to the F-C vibrational integrals far from resonance, where

the A-term contributes only to Rayleigh scattering; closure
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vanishes as the resonance denominator is affected by the
vibronic energy separations.

The F-C overlap integrals for Raman scattering become
non-zero with the removal of orthogonality between a ground
state vibrational level and an excited state level with a
different vibrational quantum number [38]. Hence, the
orthonormality of the vibrational levels is preserved and
the F-C integrals give rise to Rayleigh scattering even at
resonance, if and only if, along some particular coordinate,
the potential curve for nuclear vibration in the excited
electronic state can be obtained from that for the ground
state; this is accomplished by a translation along the
energy axis by a purely electronic excitation energy.
Therefore, the removal of orthogonality and the occurrence
of Raman-scattering may be due to: a) the shift in equilib-
rium position upon excitation and b) a difference in
vibrational frequency between the ground and excited states.

In reference to preceding Equation (2.12) large
scattering intensities are affected by a strong intrinsic
transition moment, c;k, where the modes enhanced in resonance
are those most responsible for a "forbidden" intensity
contribution in an allowed electronic band. This is true
in the case where the H-T term dominates the scattering
mechanism, which implies that totally symmetric modes are
enhanced when two allowed electronic bands of the same

symmetry vibronically couple.
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2. Resonance Raman results

The resonance Raman spectra of Cu(OEC), Cu(2F-6F),
Cumonoketo, Cu(2-3), Cu(2-4), Cu(2-5), Cu(2-6), and
Cu(e-y) in CH2012 upon excitation at 406.7 nm are shown
in Figures 14 through 21.

The Raman lines between 1500 and 1750 cm_l appear to
be most enhanced, with the exception of Cu(a-y) where the

lower frequency lines between 600 and 800 cm_l

and 1300-
1500 en™! are most enhanced.

In previous studies the high frequency bands above
1400 cm™! were found to contain significant CoCp» Cg=Cyg
and C,Cy contributions [(48,49]. The band at 1580-1590 cm_l

was found to be mostly due to the CB_C
1

g stretching [50,51].

Also, the band between 1620-1650 cm — was found to contain
a great deal of CaCmCa contribution. In the present study
we will focus our attention primarily on the carbonyl
stretching frequency itself. We will also investigate the
effect of the position of the carbonyl around the pyrrole
rings, and its implications on the resonance Raman spectra.
Assignment of the various other bands at this point cannot
be made without normal coordinate analysis (NCA) [52,53];
thus it will be omitted.

The Cu(OEC) Raman spectrum exhibit no bands above
1650 cm'l, where the carbonyl stretch is expected. This
is due to the absence of a C=0 group on the ring, as

illustrated in Figure 14.
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The Cu(2F-6F) spectra, however, exhibit a low intensity
band at 1671 cm'l, as shown in Figure 15. This band is
attributed to the H-C=0 stretching frequency itself. ILutz

[ 54] observed a similar line at 1664 en™t

in the type b
chlorophyll spectra which he also assigned to the C=0
stretching of the formyl group. A similar line was observed
by Gradyushko, et al. [55], and by Fischer, et al. [ 56]

for the type P chlorophylls. Kitagawa [27] recently

1 in the RRS of

reported a similar line around 1650-1670 cm~
monoformyl and diformyl iron protoporphyrin IX. This Raman
line, as noted earlier, is assignable to the formyl C=0

group stretching mode and corresponds to the characteristic

line of reduced cytochrome oxidase at 1670 em™1

observed

by Salmeen, et al. [26]. The stretching frequency of the
C=0 bond depends on the delocalization of the formyl =
electrons to the porphyrin ring which affects the bond order
of the C=0 bond. Thus the higher the delocalization of the
formyl m electrons to the porphyrin the less the bond order
and hence the lower the stretching frequency. This effect
is observed on going from Cu(2F-6F) to (2F-4F) iron proto-
porphyrin IX, to chlorophyll P.

The Cumonoketo spectra, as illustrated in Figure 16a, b
exhibit a broad band at 1710 em™t. A similar band was also
observed by Lutz [ 54] in chlorophyll b spectra between
1695-1705 en™t which he assigned to the ketone C=0
stretching motion. We assign the band at 1710 cm_l to the

same motion.
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The Cu(2-3) spectra are shown in Figure 17a, b. A
prominent feature is the band at 1705 cm_l which is again
assigned to the carbonyl stretching motion. This band is
broad and appears symmetric which indicates that the two
carbonyls on positions 2 and 3 are symmetrically located;
i.e. there is a mirror plane in the molecule as shown in
Figure 22.

On the contrary, the Cu(2-4) spectra as shown in
Figure 18 exhibit a highly unsymmetrical band at 1718 cm_l.
which corresponds to the C=0 stretching frequency. The
fact that this band is unsymmetrical suggests that the two
carbonyls are non-equivalent and that there is no mirror
plane through the molecule as seen in Figure 22.

Similarly, the Cu(2-6) spectra illustrated in Figure
20 show a very broad unsymmetrical band at 1700-1708 cm_l
which again indicates the non-equivalence of the two
carbonyls and the lack of a mirror plane in the molecule.

However, the Cu(2-5) spectra, as shown in Figure 19
exhibit a low intensity rather symmetrical broad band at
1707 cm'l assignable to the carbonyl stretching motion.
This indicates again that the two carbonyls are equivalent,
due to the presence of a mirror plane as shown in Figure 22.

Finally, the Cu(a-Y) spectra show absolutely no
scattering above 1650 em™t (see Figure 21) for reasons
that are at the present unknown to us. We also checked the
region where -OH stretching occurs (3000-4000 cm'l), in

case enolization of C=0 via hydrogen bonding occurred
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during preparation of the sample, and again no signal
was detected.

Upon excitation at 413.1 nm the corresponding Raman
lines for Cumonoketo and Cu(2-3) appeared at 1710 and 1710
cm_l respectively. The spectra for the remaining chlorins
with N 5 413.1 nm were not recorded in the present study.

Let us now examine how the position of the exciting
line effects the relationship of the absorption spectra to
the observed Raman vibrational frequencies (see Table 2).

The Cumonoketo spectra exhibit a uniform enhancement
pronounced in both the high and low frequency modes. The
Cu(2-3) spectrum exhibits enhancement of the modes around
1300 cm'l and mainly towards the higher frequency region.
The Cu(2-4) and Cu(2-6) spectra show enhancement of the
modes around 1100 <:m_l (middle region) in resonance with
the Soret (A max. = 426 nm). The most prominent feature of
the latter spectrum is the high intensity of the bands

1

around 1500-1600 cm™~ and the uniformity of the remaining

high and low frequency modes. Finally, in the Cu(2-35)

spectrum under A, . = 406.7 nm with A = 442 nm the

XC ax
1

high frequency modes around 1960 cm™~ should be enhanced
in resonance with the Soret. The spectrum though between

1100-1700 em™t appears to be uniform.
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Figure 22. Structure of isobacteriochlorin
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C. INFRARED SPECTROSCOPY - RESULTS

Infrared spectroscopy has received some attention as
a means of determining the physicochemical properties of
various metal chelates of porphin [57,58], TPP [59,601,
OEP [61,62], etc. In all these cases the recorded spectra
serve mainly to characterize the compounds investigated,
rather than to deduce bonding and structural information.

Ogoshi, et al. [61] have taken infrared spectra of
metalloporphins and performed normal coordinate analysis.
They concluded that the bands between 1700-950 cm'l
correspond to C-H in plane bending, C-C stretching, C-N
stretching, CCN in plane bending, as well as various coupled
vibrations between these modes. Earlier, Thomas and Martell
[59,60] performed studies on metal chelates of TPP and found

1

that the bands near 1000 cm™~ may be associated with M-N

-1 1

vibrations and that the bands near 350 cm —, 530-550 cm —,

and 970-920 cm™t

of metal chelates of protoporphyrin IX
are metal sensitive.

We have also employed infrared spectroscopy as a means
for specifically detecting the carbonyl signal(s). Our
infrared spectra support and verify the results of our
resonance Raman spectra.

The Cumonoketo, Cu(2-3), Cu(2-5) and Cu(2F-6F) spectra
(shown in Figures 23a,b,d,f) gave a single sharp band at
1710, 1709, 1707 and 1670 cm_l respectively, differingvby
1

0, 0, *1, and 0 cm™~ from their corresponding resonance

Raman counterparts. The sharp band in each case between
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Figure 23a. IR spectra of Cu (monoketo).
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Figure 23b. I-R spectra of Cu(2-3)
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Figure 23d. I-R spectra of Cu (2-5)
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1670-1710 cm'l signifies the presence of a mirror plane of
symmetry in the molecule and the equivalence of the two
carbonyls.
On the other hand, the infrared spectra of Cu(2-4),

and Cu(2-6), as illustrated in Figures 23c and 23e show a

1

broad split band at 1712 em™~ and 1725 em™ ! for the former

1 and 1706 cn™t for the latter. These

il

and at 1700 cm”
carbonyl stretching frequencies differ by +2 cm™ ~ from their
resonance Raman counterparts. (For purposes of comparison,
the experimental results are summarized in Table 3.)
Finally, the Cu (a-y) infrared spectrum showed neither

carbonyl nor hydroxyl signals. Thus we conclude that the

dimeso compound should be re-investigated.
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2000 1900 18CO 1700 1600
Figure 23f IR spectra of Cu (2F - 6F).
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TABLE 3 - Energies of the carbonyl signals in both I.R.
and RRS.
IR Aoge = X06.7 nm A . = 413.1 mm
Cu mono 1710 em™L 1710 cm-l 1709 cm_l
cu(2-3) 1709 em™t 1709 1710 en™t
Cu(2-4) 1712 om™t
1720 cm* ———

1725 cm
cu(2-5) 1706 cm™t 1707 em™t gas
Cu(2-6) 1700 cm™t 1700 em™t¥ ——-

1706 cm™t 1708 cm™1
Cu(2F-6F) 1670 cm™t . 1670 cm™t
Cu(a-y) absent absent absent

*asymmetrical band

---- indicates that the corresponding value has not been
recorded.
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D. COMPARISON OF RESONANCE RAMAN BANDS OF Cu(OEC) UPON
EXCITATION AT 413.1 NM WITH THOSE OF OZAKI, ET AL.

AT A xc = 488.0 NM AND OTHER MODELS.

E.

The resonance Raman spectra of Cu(OEC) in CH2012 upon
excitation at 413.1 nm and 488.0 nm are shown in Figure 24.
Within experimental uncertainty, most of the Raman bands
were not shifted, but new lines appeared under Soret excita-
tion. These lines fall at 1141, 1171, 1232, 1275, and 1293

em™l. The Raman lines at 703, 741, 1400, 1583, and 1643

cm'l were the most prominent, in contrast to the spectrum

recorded by Ozaki, where the strongest scattering was
observed between 1100-1300 cm_l. The Raman lines between
1300-1650 cm_l appeared to be the most enhanced upon
excitation at 413.1 nm. (A careful excitation profile is
needed to determine the excitation wavelength at which
intensity enhancement is the strongest.) Another very
important characteristic of our spectra compared to those
of Ozaki, et al. is the decrease in overall intensity, and

the very intense low frequency bands at 741 cm_l

cm'l upon excitation at 413.1 nm. In Ozaki's spectra, also,

and 703

the 1643 cm'l band is the most prominent, but in our spectra
the 1583 cm_l band is the most prominent. The peak positions
and relative intensities of the a-8- and Soret-excited
Raman spectra of Cu(OEC) are listed in Table 4.

The molecular structure of Cu(OEC) is shown in Figure

25, where we also define the Cartesian coordinate system.
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Figure 25. Chemical structure of metallo-trans-
octaethylchlorin. (from ref. # 61)
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TABLE 4 - RRS peak positions and intensities of the Cu(OEC)
bands under Soret and visible excitation.

VISIBLE* SORET

Band Position Iband ¥ Band Position Iband
Tinon Tiy23
1023 0.28 1020 0.20
1129 0.19 1130 0.37
1141 0.69
1154 0.43 1156 0.60
1171 0.40

1199 0.19
1211 0.24 1210 0.26
1232 0.43
1264 0.19 1262 0.46
1275 0.51
1293 0.57

1314 0.34
1362 0.55 1357 0.69
1372 0.52 1371 0.74
1390 0.47 1390 0.94
1402 0.66 1400 1.00
142k 1.00 1423 1.00
1464 0.38 1464 0.34
1506 0.33 1507 0.43
1546 0.65 1544 0.66
1584 0.86 1583 1.14
1602 0.57 1598 0.97
1643 1.24 1643 0.80

*Values taken from Reference

fRatio of the intensity of each Raman line to the
intensity of the solvent Raman line.
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Due to the lowering of symmetry - from DUh to C2V - by the
reduction of a double bond in one pyrrole ring for Cu(OEC)
(see Figure 25) we have a totally different picture from
that of Cu(OEP) with regard to the vibrational modes. The

A and Blg vibrations of M(OEP) as illustrated in Table 5,

1lg
being symmetric to the C2 axis, give rise to the totally
symmetric Al modes of Cu(OEC). Similarly, the antisymmetric
modes AZg and B2g give rise to the non-totally symmetric

B2 modes. A consequence of the above is the expectation of
more bands group theoretically for Cu(OEC) than for Cu(OEP)
due to the lowering of symmetry.

According to Ozaki, there are eight cucm stretching
vibrations -4A; + 4B,- for Cu(OEC); four of them are extremely
weak since they correspond to the Eu mode in Duh symmetry.
Three of the most obvious modes of this type are observed
at 1643, 1583, and 1507 en™t upon excitation at 413.1 nm,
being shifted by 0, -1, and +1 en™L respectively from their
counterparts under 488.0 nm excitation. The Raman lines of
Cu(OEC) at 1130, 1156, 1357, and 1371 cm_l correspond to
these of Ozaki at 1129, 1157, 1362, and 1372 cm_l which
showed frequency shifts upon 15N substitution. These
lines, which also appear in the Ni(OEP) spectra [49] at
1121, 1159, 1348, and 1383 cm ' and which also showed 15N
isotopic frequency shifts, were assigned to the Ca—N
stretching modes. The Cu(OEC) bands at 1598 and 1544 em™t
upon excitation at 413.1 nm are shifted by -4 and -2 em™1

respectively under 488.0 nm excitation. These lines
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Cu (OEP) Cu (OEC)
D4h sz
Aig .
symmetric
to — A, modes

Big C. axis

Azq . :
anti- symmetric
to C, axis —— B2 modes

Bag

TABLE 5. from Ref. # 6l.

Symmetry correlation between Czy and Dan groups for
the in-plane vibrations.
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correspond to those of Ni(OEP) at 1602 cm_l

and 1576 cm™t

which were assigned to the CB_CB stretching mode.

Lutz, et al. [54] studied the resonance Raman spectra
of chlorophyll and its isotopically substituted derivatives.
The Raman lines of chlorophyll a at 1115, 1147, 1290, 1350
and 1380 cm“l recorded by Lutz are consistent with the
lines of Cu(OEC) which fall at 1130, 1156, 1293, 1362 and
1371 cm'l. The small differences in frequency may be
attributable to differences in the peripheral substituents,
the central atom, and/or the number of reduced rings.

Thus it becomes obvious that under preresonance

enhancement for Ae = 413.1 nm both the low and high

xc
frequency modes are enhanced and the spectrum appears more

or less uniform.
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CHAPTER 3

Conclusions

The results obtained from the application of a variety
of spectroscopic methods to chlorins, isochlorins and iso-
bacteriochlorins have been described in the preceding
chapter. These methods provide insight into the structure
of the molecules and offer help to others who study similar
compounds .

This chapter serves as a synopsis of the involvement
of the carbonyl moiety in the compounds investigated, in
an effort to provide a consistent picture of each molecule.

Three major aspects are summarized:

1. Absorption spectra
2. Resonance Raman spectra
3. Infrared spectra

1. Absorption spectra

The most prominent feature of the optical spectra of
all the carbonylated derivatives of chlorin is the shifting
to the red of both the Soret and Q bands (as in cytochrome
oxidase [26]) due to the presence of the electron-withdrawing
ketone group. This effect is most notably observed in the
Cu(2-6), Cu(2-3) and Cu(2-4) diketo spectra, where the
visible band can be clearly distinguished at 702, 688, and
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688 nm respectively; in Cu(OEC) the Q band maximum lies at
615 nm. This tremendous shift towards lower energy indicates
1lifting of the degeneracy of the eg states. The effect of
carbonylation on the Soret band is rather hard to distinguish
because the latter is multiply split.

The Cumonoketo spectra project a different and less
dramatic picture than the compounds mentioned above. The
Qy(O-O) band appears minimally red shifted, at 618 nm. This
is an indication that the carbonyl mono-substitution causes
little apparent perturbation on the ring with respect to
the energy of the Qy(O—O) transition. The Soret also appears
to be split for both Cumonoketo and Cu(OEC), but with a
higher degree of splitting for the former, which indicates
the presence of an electron withdrawing group. This less
dramatic red shifting can be attributed to the smaller
conjugation pathway (involving 20 = bonds) for Cumonoketo
in comparison to the disubstituted ketoporphyrins.

In contrast, carbonyl disubstitution causes more
extensive effects (see Figure 22) which are translated as
a skewing in the structure of the molecule. This effect
is more obvious for Cu(2-4) and Cu(2-6) diketos as was

revealed by RRS and IRS.

2. Resonance Raman spectra

The presence or absence of the ketone vibrational
band(s) was interpreted in terms of the involvement or
non-involvement of the C=0 in the conjugation pathway of

the ring.
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The most prominent feature of the diketo Raman spectra
is the broadness of the C=0 band, which indicates the
presence of both carbonyls. The Cu(2-4) and Cu(2-6) diketo
spectra gave the broadest C=0 signal. Recently, Tsubaki,
et al. [27] showed that when both positions 2 and 4 are
occupied by formyl groups, donation of electrons from the
individual C=0 groups becomes less than in the case of
monosubstitution, probably due to mutual repulsion of the
electrons. The C=0 groups may possibly have a similar
stretching frequency, giving rise to one broad band. Indeed,
a single C=0 stretching frequency was observed, at higher
wavenumber (1668 en™!) than either of the absorptions for
mono-substitution at position 2 or 4 (1648 and 1660 cm_l
respectively). This effect is clearly shown in the spectrum
of Cu(2F-6F) (1661 cm_l), and also in the spectrum of
Cu(2-4) diketo, where the carbonyl signal is at 1720 cm_l
which is higher than the signal for Cumonoketo which is
at 1710 em™t.

The carbonyl signal for Cu(2-4) and Cu(2-6) diketos
also appeared to be split in the Raman spectra, which
indicates non-equivalence of the two carbonyls. This non-
equivalence of the two carbonyls for each molecule can be
translated into the ring as a higher degree of perturbation
of these structures in the form of skewing or bending, and
the lack of a mirror plane through these molecules. (Note,

however, that the splitting for Cu(2-6) is much less

dramatic due to the CZ axis which makes the two carbonyls
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"interchangeable".)

The two marker bands for CB'CB and CaCmCu stretching
are worthy of special mention. The CB'CS stretching
frequency is normally found between 1580-1590 em™t [50,51].
In our Raman spectra, this band fluctuates greatly (16 cm'l)
which indicates a varying pattern of perturbation from one
molecule to the other.

The methine bridge, CquCa stretching frequency
appears to be approximately the same for each molecule
(1640-1646 cm-l). This could indicate a slight or negligible
perturbation of the methine bridge by the carbonyl mono-
or disubstitution at the CS_CB bond. The frequency
difference is largest between Cumonoketo and Cu(2-3) diketo
in comparison to the remaining diketos.

When all the above postulations are considered one
may see that the structure-sensitive region (above 1500 cm'l)
primarily is perturbed under carbonyl mono- or disubstitution.
This region includes CaCmCd CB-CB and CaCe stretching
vibrations.

3. Infrared spectra

Infrared spectroscopy was employed in order to
specifically detect the carbonyl band(s) and to supplement
resonance Raman spectroscopy. In this regard IRS proved
to be very fruitful. The bands for Cumonoketo, Cu(2-3),
Cu(2-5) and Cu(2F-6F) were broad but not split, whereas
the bands for Cu(2-4) and Cu(2-6) were doubly split. The

splitting signified the non-equivalence of the carbonyls




is?lolbn.l Actie

ar oad o aiuoslom ¥

5
£y ¥



788

and also the structural differences between the molecules.

Suggestions for Further Research

Although all the vibrational spectra recorded during
this project are of good quality, additional work is needed
for further justification of our results. More Soret
excitation lines should be utilized and a resonance Raman
excitation profile should be obtained in order to accurately
determine which Raman lines are resonance enhanced. Isotopic
(15N, 170) substitutions should be made in order to clearly
distinguish the various vibrational stretching frequencies

of the various bonds such as C=0, CG—N, [o] _CB’ etec.

8
Different metals should also be used such as Sn, which will
tell us which bands are metal sensitive. (A detailed and
complete normal coordinate analysis should be also performed
for specific assignment of each spectroscopic line to a
normal mode.) Finally, the Cu(2-4) diketo and Cu(a-y)

dimeso must be reinvestigated due to the anomalies observed

in their spectra, which we attributed to impure samples.
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