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Abstract—The meso (methine) substituent chemical shifts (SCS) of a range of common functional groups
have been obtained both for the neutral porphyrin molecule, and for the corresponding dications, in
substituted octaethylporphyrin (OEP), etioporphyrin-I, and pyrroetioporphyrin-XV derivatives. The SCS
are discussed in terms of both ring current variations and specific effects at the neighboring beta-
substituents and the meso-proton opposite the perturbing substituent, using a ring current model to
quantify the former. In the neutral molecules, meso substitution in OEP (Me, NO,, CN, CHO) causes
a 10% decrease in the macrocyclic ring current, and marked anisotropic shifts at the beta-positions
flanking the meso function. The meso-NH, group introduces a much larger decrease (ca 35%) in the main
ring current, due to conjugation of the amino group with the porphyrin n-system. In the porphyrin
dications, SCS are much larger and there is some evidence of a concomitant decrease in the ring current
of the adjacent pyrrole subunits. The meso-NMe, substituent at the y-meso-position in pyrro-
etioporphyrin-XV has only small SCS in the neutral molecule, but a large shift (similar to that of NH,)
in the dication, due to the different orientation of the substituent with respect to the porphyrin plane in
each case. The meso-OH substituent in the oxophlorin from etioporphyrin-I behaves as a conjugated OH
group in the dication. The anomalous position of the meso-proton opposite to the perturbing substituent
is noteworthy, and this could be due to electronic (resonance) effects, or to some protonation at this

position.

The large m-electron ring current of the porphyrin
macrocycle dominates the proton NMR spectra of
the porphyrins,? and thus provides a sensitive probe
of any perturbations of the macrocycle by extraneous
influences. Using an accurate model of the ring
curent,>> we have shown in previous parts of this
series how the effects of chlorin formation® and
protonation® can be explained quantitatively, and
these studies have provided a ring current model for
the chlorin (7,8-dihydroporphyrin) system of the
chlorophylls.® In this paper we utilize the same ap-
proach to quantitatively evaluate the effects of some
meso-substituents on the porphyrin ring current.
Scheer and Katz? have defined three consequences
of the effects of meso substitution on porphyrin
proton chemical shifts. These are: (a) the ring current
is reduced; (b) the methine proton “opposite” the
meso substituent is more strongly shifted to higher
field than the *“adjacent™ methines; and (c) protons in
the vicinity of the substituent experience direct mag-
netic anisotropic effects. These conclusions stem from
a variety of investigations with different meso substi-
tuents. Most of the early studies used trifluoroacetic

tNote that throughout this paper the meso-substituents
are drawn such that they occupy the y- rather than
a-meso-position; this choice was dictated by the usual
nomenclature used to depict pyrro-ctioporphyrin-XV and
y-phyllo-etioporphyrin-XV, two derivatives of natural por-
phyrins in which the meso-substituents are located at the
y-position.

acid (TFA) as the solvent,? mainly for solubility
reasons, in which solvent the porphyrin exists as the
dication. Inhoffen et al.” examined the effects of some
magnetically anisotropic meso substituents in neutral
solution. However, there has been no comparative
study of the effects of meso-substituents in both acid
and neutral solution. This is of relevance for those
substituents which may either protonate or conjugate
with the macrocycle, because the substituent may
have very different effects in the porphyrin dication
than in the neutral molecule. The exceptional behav-
ior of meso-NH, and meso-OH groups noted by
Scheer and Katz? are particularly relevant to this
question.

In meso-NH,-OEP (1)t in TFA solution, the me-
thine proton resonances are considerably shielded to
high field (by ca 1 ppm) compared with other substi-
tuents, and it has been suggested? that the presence of
imino-phlorin structures (e.g. 1A) in which the ring
current is interrupted, could be responsible for these
effects. The conventional formula (1B) and the
phlorin-like structure (1A) are, in this situation, reso-
nance contributors, as distinct from the equivalent
structures for the neutral molecule, which are
tautomers.

Although the imino-tautomer of the neutral meso-
NH,-porphyrin (1) has not been described, the meso-
OH-porphyrin analogues in neutral solution are
present as the keto-tautomers, the oxophlorins (e.g.
2A).2 Because of severe line broadening, the NMR
spectra of oxophlorins are difficult to observe in
neutral solution;® this is a consequence of their low
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oxidation potential and the presence in solution of
small quantities of the corresponding n-cation radi-
cal’ In contrast, the oxophlorin mono- and di-
cations give sharp, well-resolved NMR spectra. Jack-
son et al® followed the acid titration of some
oxophlorins, both spectrophotometrically and by
proton NMR, and interpreted their results in terms
of the oxophlorin structure for the neutral molecule
(2A) and the mono-cation (2B), but the hydroxy form
(2C) for the dication. They also estimated the proton
chemical shifts of the neutral oxophlorin (2A) by
extrapolation.

During the course of synthetic studies on the
mechanism of the Cu(Il) catalyzed cyclization of
1’,8’-dimethyl-a,c-biladiene salts,'® we observed some
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unusual NMR effects of the meso-NMe, group in the
derivative (3) of pyrroetioporphyrin-XV (4) in acid
solution, as compared with neutral media; in this
example the competing effects of NMe,-group conju-
gation and steric hindrance of the N-Me groups with
the neighboring beta substituents are well illustrated.
This study was expanded to include other common
meso substituents, and we present here a quantitative
examination of the influence of a number of meso-
substituent groups on the porphyrin ring in both the
neutral and dication species. Our procedure follows
that adopted previously,® which is to compare the
chemical shifts of the meso-substituted porphyrins
with those of the corresponding unsubstituted ana-
logue under identical conditions.

EXPERIMENTAL

The meso-NMe; (3),'° meso-Me (5),'° (6),!' meso-NO,
(7)," meso-CHO (8)," meso-CN (9),'2 meso-NH, (1), and
meso-OH (oxophlorin) (10),' porphyrins were prepared
according to published procedures.

Proton NMR spectra were recorded on a Nicolet NT-360
FT spectrometer; typical conditions were 16 K data points,
sweep width 5 KHz, pulse width 2 us, aquisition time 2.0s
and ca 60-200 accumulations. The spectra of the free bases
were measured in CDCI; solution, and the protonated
species were obtained by addition of ca 200 equivalents of
TFA to these solutions. The results obtained are presented
in Tables 1-3.

SPECTRAL ASSIGNMENTS
The assignments of the various peripheral substitu-
ent_groups on the macrocycle are not unequivocal,
apart from the symmetric parent compounds, octa-
ethylporphyrin (OEP) (11) and etioporphyrin-I (12).

Table 1. Proton chemical shifts (8) of some meso substituted octacthylporphyrin free bases and dications

Free Basesd D1'cat10nsS
Me N0, CHO N e N, CHO N
8,6 10.022 10.221 10.058 '10.172 10.255 10.581 10.436 10.552
Meso *
« 9.819 10.061 9.952 10.062 10.088  10.498 10.391  10.540
(1,4 4.067 4.034 4.019  4.019
4.056 4.038 l 3.987  4.063
2,3 4.086 4.065 4.011  4.046
beta-CH2
5,8 4.077 4.125  4.018  4.100 3.844  3.962  3.870  4.056
6,7 4.021  3.731  3.865  4.337 3714 3.586  3.493  4.13]
(1.4 1.895 1.929  1.887 1.695  1.660  1.665
1.893 ] 1.667
2,3 1.88 1.919  1.880 1.668  1.639  1.684
beta-CH3
5.8 1.839  1.911  1.838  1.904 1.524  1.557  1.494  1.650
6.7 1.820 1.691 1.722  1.916 1.433  1.37%6  1.354  1.582
2.8 358 2882 3.0 2622 2672 _2.282 -2.a5°
N-H
22,902 o372 2,922 307 23,482 3082 L2972 2,890
Meso
Substit. 4.605 12.778 4.734 12.514

Footnotes: 2 In C0C14 solution, ca. 10

-2

M b Broad signals; € As in a + 100-200 equiv. TFA
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Table 2. Proton chemical shifts (6) of meso substituted etioporphyrin-I free bases and dications

Free Based DicationsE

H NH2 H NHZ OH

9.400 10.116
B,6 : 10.740 9.231

Meso 10.095 9.3N 10.104
a 9.073 8.744 9.817
3.630 3,951
3.610 3.930
B-CH2 4.103 3.820 4.182 3,590 3,878
3.405 3.784
3.181 3.482
3.368 P 3.140 3.470
B-te 3.646 3730 3698 37076 3421
2.935 3.327
1792 (2) 1580 1.606
8-(2“2C[1_3 1.873 };gg 1.767 1.563 1.584
: 1.415 1.515
c
c -0.17¢ :gg?—

N-H -3.75 d -4,34~ :
- -0.24 290
. -3.14

Footnotes: 2 In €0C14 solution, ca. 102w 2 oas a + 100-200 equiv TFA;

o

(§) R=Me
[7) R=NO2
{8) R=CHO
(9) R=CN
(1 R=H

€t Me £t Me
Me 0 Et Me Et
-
Et Me Et Me
Me £t Me Et
Y OH
110)

In the meso-substituted OEPs (Table 1), the only
unambiguous assignment, on symmetry grounds, is
that of the meso protons. Also, by symmetry, there
are four non-equivalent pairs of Et groups, 1,4; 2,3;
5,8; and 6,7. In the meso-NQO,- and meso-CHO-OEPs
(7 and 8, respectively) the beta Et resonances at these
applied fields are resolved into three almost identical
resonances, with one Et appearing at higher field.

Broad signals; d Not observed, meso-NH2 6.42 §.

This is assigned, following Ref. 7, to the 6,7-groups
flanking the meso-substituents. In the meso-CN-OEP
(9) this becomes the lowest field Et resonance, and in
meso-Me-OEP (6) all of the resonances are very close
together. In Table 1, the most constant resonances
have been assigned to the 1,4 and 2,3 pairs, as any
perturbation of the macrocycle should decrease with
increasing distance from the meso-substituent. This is
not unequivocal (¢f the meso-protons), but the chem-
ical shift separations are so small within these groups
that the subsequent analysis is not dependent on this
assignment.

In the protonated OEP derivatives, the Et groups
are more separated, into a 2:1:1 pattern, and the
assignment follows similarly, the least affected reso-
nances being assigned to those on pyrrole subunits A
and B.

The meso-substituted etioporphyrins (Table 2)
were assigned in a similar manner. The meso-OH
analogue [i.e. oxophlorin (10)] in neutral solution
gives a broad unresolved NMR spectrum®® for rea-
sons outlined above. In the free base meso-
NH,-etioporphyrin-I (1), although all the resonances
are considerably shifted from the parent compound
12 (see later), the separations within the individual
groups of resonances are too small to make any
definitive assignments, apart from the meso protons
in which, by analogy with the OEP derivatives, the
separate high-field resonance is assigned to the
a-proton.

Both of the protonated etioporphyrin species give
sharp well resolved spectra in which, as in the OEP
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Table 3. Proton chemical shifts (8) of meso substituted pyrro-etioporphyrin-XV derivative free bases and

dications
Free Based Dications®
H Me Ne, H Me NMe,,
6.6 10.039  10.056 10.696 10.480 9.059 (8)
Meso 9 110.135(2)10.035 10.041 10.691  10.467 8.969 (Rr)
o (10.103 g 855 g g75 10.674  10.341  8.511
B-H-6 9.091  9.325 9.139 9.414  9.228 8.062
2,4 4.103 4.095 3.987 4149 4:088 3.52
4.008 : 4.063 3.484
8-CH,
7 4125  3.995 4.210 4180  3.855  3.200
5 3.762  3.722 3.77 3.787  3.630 2.992 (5)
6-Me 3.668  3.634 3.646 3688 3-599 3.088 (1)
1,3,8{ 3.653  3.607 3.620 . 3.577  3.051 (3)
3.625  3.572  3.559 3.672(2) 3.452 2.748 (8)
1.857 1.712 1.568
oo 2.4{ 1.887  1.868 g3 1756 1'6e7  1nes
23 1.871  1.882  1.688 1.735  1.689  0.805
c -3.70 -2.99 0.84%
) ) a.c -3.3E -3.81  -3.47 0.53%
N-H 379 -3 3asc 2392 -3
-3.97  -3.97
Meso 10.036  4.661 3.886 10.701  4.730 4.29%
Substit. . . . . . .
Footnotes: < In (:DCI3 solution, ca. 10'2 M; b As a but plus 100-200 equivalents

of TFA; £ Broad signals.

spectra, the beta resonances are more separated. It is
tempting to assign as previously the least shifted
signals to those on subunits A and B, but in view of
the larger general substituent effects in these mole-
cules, this can only be a provisional assignment.

The assignment of the peripheral resonances in the
pyrro-etioporphyrin-XV (4) spectrum (Table 3) fol-
lows previous work in assigning the substituents next
to the unsubstituted C-6 position (i.e. the y-methine
and C-5 beta methyl)to the low-field resonance within
their respective groups.? The remaining resonances
within the separate groups are too close together for
any unambiguous assignment. The assignment of the
meso-Me  derivative, [y-phyllo-etioporphyrin-XV
(5)), follows by comparison, as the entire spectrum is
very similar to that of the parent compound; in the
meso-NMe, derivative 3 an analogous assignment
can be made, except that in this case the C-7 ethyl
resonance is assigned as the most shifted line (com-
pared with the parent compound 4).

The assignment of the spectra of the dications of
the pyrro- and y-phylloetioporphyrins 4 and 5, re-
spectively follow similar considerations; however,
that of the -NMe, derivative 3 differed appreciably
and was considered in greater detail. In this case
much larger relative shifts occurred within the substi-
tuent group resonances, and this enabled a complete
study to be performed on the beta Me signals. By

irradiating each of the beta Me signals separately and
observing the differential nOes of the methine and
C-6 protons it was possible to arrive at an un-
ambiguous assignment of these signals.'® This is given
in Table 3 and will be considered subsequently.

RESULTS AND DISCUSSION

The data recorded in Tables 1-3 may be compared
with the less well resolved data from previous in-
vestigations using lower applied fields and more
concentrated solutions in various solvents. Consid-
ering the lower concentrations used here, the data for
the neutral meso CHO- (8), and CN- (9), and Me-
(10) OEPs (Table 1) are in good agreement with those
previously recorded.? Interestingly, in all three com-
pounds, only one distinct NH resonance was ob-
served, compared with the two resolved peaks ob-
served here, and predicted by symmetry
considerations. Meso NO,-OEP (7) does not appear
to have been previously recorded as the neutral
molecule, but our data is in complete agreement with
that recorded for the zinc(II) derivative (using pyr-
rolidine to disaggregate the metalloporphyrin).'’

The chemical shifts for the protonated meso-NO,-
and meso-Me-OEP species (7 and 10, respectively) in
CDCIL,/TFA solution given in Table 1 differ appre-
ciably, where they have been measured, from the
results of previous workers using neat TFA as sol-
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vent, as we have noted previously. We have evaluated
the effect of varying the TFA concentration on the
chemical shifts, and within the limits used (ca
100-200 equiv of TFA) the solute chemical shifts are
all within 0.01-0.02 ppm. However, the early in-
vestigations in neat TFA often obtained different
d-values, particularly for the NH protons (which
could vary by as much as 0.5 ppm), due perhaps to
concentration and possibly exchange effects. The
meso-CHO (8) and meso-CN (9) OEPs have not been
recorded previously as the dications.

Our data for the dication and meso-NH,-
etioporphyrin-I (Table 2) differs from that reported
for the dication of meso-NH,-OEP'" in that we do
not observe a NH signal at ca 1.06, but two NH
signals at ca — 0.25. Bonnett and Stephenson' and
Johnson and Oidfield"” both recorded NH signals in
neat TFA at ca 1.0 and —0.44. In view of the
similarity of OEP (11) and etioporphyrin-I (12) we
would only expect, at most, two resolved NH reso-
nances in the dication, and this suggests that the
lower field NH signal recorded previously is extra-
neous.

Substituent chemical shifts (SCS) of meso substituents

Before discussing the SCS in terms of any possible
ring current changes, it is convenient to consider the
effect of varying the ring currents in the porphyrin on
the different protons in the molecule. This may be
evaluated very simply from the ring current model of
the porphyrin ring presented * and parameterized*® in
previous Parts of this Series. In this model, the
various ring current loops in the macrocycle are
replaced by their equivalent dipoles, and the total
ring current shift at any point (R) is obtained as the
sum of the contributions from the equivalent dipoles,
using the standard dipole-dipole equation. This gives

eqn (1),

Op = z I‘Hif(iR)*"z up,f(JR) 1)

1=18 j=18
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where f(R) depends only on the coordinates of R, and
iy and up are the values of the equivalent dipoles for
the hexagons and pyrrole rings, respectively. A close
range approximation was included® to extend the
calculation to points within the current loop and
thus, for our purposes, to include the NH protons.
The effective symmetry of the meso substituted por-
phyrins considered here is such that there are two
different sets of pyrrole rings [i.e. (A&B) and
(C&D)), and thus the effect of varying the ring
current of each of these sets needs to be considered.
However, the main macrocyclic ring current can only
be considered as one integral path (although, for
computational purposes, this is broken down into
eight separate loops of current, four above and four
below the ring plane), as the electron flow past any
of the four meso positions must always be equal.

These factors, when considered in terms of the
equivalent dipole formulation of eqn (1), mean that
only variations in (a) every uy together, (b) pyrrole
dipoles A, B and (c) pyrrole dipoles C, D, need to be
evaluated, i.e. differentiating eqn (1) with respect to
these separate equivalent dipoles gives the chemical
shift changes (06/0u) for any given position (R).
Using the standard porphyrin geometry given
previously* these partial differentials may be immedi-
ately calculated, and these are given in Table 4 for all
the protons on the porphyrin ring. Note that as the
geometry of any substituent on rings C and D with
respect to the pyrrole equivalent dipoles is merely
transposed to that for the same substituents on rings
A and B, the calculated shifts for substituents on C-35,
6, 7, 8 are given immediately from Table 4. Note also
that the NH differential shifts with respect to both the
inner loop (i.e. the hexagons) and the pyrrole rings
are obtained from the close range approximation
given previously. This has been shown to be a good
approximation, even for those compounds (e.g. the
chlorins) in which one pyrrole ring has zero equiv-
alent dipole moment.**

The results in Table 1-3, together with the equiv-

Table 4. Calculated ring current shifts (38/3x x 10) at the porphyrin protons for variation in the
equivalent dipoles

He xagons Pyrrole Subunits
A,B c,D

a 1.056 0.106
Meso-H 1.294

8,8 0.581 0.581

1,4 1.290 0.153
beta-H 0.670

2,3 1.350 0.093

1,4 0.507 0.119
beta-Me 0.408

2,3 0.55% 0.067

1,4 0.151 0.080
beta-CHZ(:ﬂ3 0.23

2,3 0.172 0.052

A,B -0.418 0.291
N-H -5.295

c,0 0.29 -0.418
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Table 5. Substituent chemical shifts (§y — d,) of meso substituents in the neutral porphyrins

cale® w2 w2 oo o w2 meS et
a -0.33 -0.09 -0.20 -0.09 -1.02 -0.18 -0.06
Meso -0.24
3,6 -0.13 0.07 -0.09 0.02 -0.70 -0.10 -0.15
¢ [1-4.5.8 -0.07 -0.05 -0.17 -0.07 -0.28 0.00%f -0.10f
beta-CHz— -0.08 f f
6,7 <0.12 -0.4 -0.27 0.20 :0.31 -0.13- 0.08—
1-4,5,8 -0.08 -0.02 -0.07 -0.04 -0.14 -0.02 -0.03
beta-CH,CH, -0.05
6,7 -0.12 -0.25 -0.22 -0.02 -0.21 -0.03 -0.18
0.87 0.28 1.02 0.85 0.49
N-H 1.00 0.60
1.04 0.07 1.06 0.79 0.37
beta-H-6 -0.13 0.24 0.06
Footnotes: 2 In OEP; b In etioporphyrin-1I; £1n pyrro-etioporphyrin-Xv;
d Includes e-CHz and CH3; € Calculated for a change in uy of 1.9 (see text);
f (}12'5 only.

alent data for OEP (11), allow the calculation of the
SCS of the meso-substituents at the porphyrin pro-
tons in both the neutral molecule and the dication.
The SCS for the neutral molecules are given in Table
5. In this table we have recorded merely the average
SCS of the methyl (and methylene) substituents at
positions 1, 2, 3, 4, 5, 8. The individual SCS at these
positions are so small that the variations within the
group are hardly significant. In contrast, the SCS on
the beta-substituents at positions 6 and 7 (adjacent to
the meso perturbation) are significantly different, and
these are recorded separately. The methyl signals of
the beta-ethyl groups have been treated similarly.

Inspection of Table 5 shows that, for the OEP
derivatives (i.e. meso-Me-NO;-, CHO-, CN-) al-
though many of the SCS are small, they present a
consistent pattern. The general effect is one of a
high-field shift on all the peripheral protons, which
decreases with increasing distance from the macro-
cycle, and a much larger low-field shift of the NH
protons. The obvious explanation for this is a de-
crease in the main macrocyclic ring current upon
meso substitution, and this explanation is supported
by the fact that, apart from the exceptional substitu-
ents at positions 6 and 7, all the beta substituents
behave similarly. Thus, there is no specific effect, for
example, on pyrrole rings C and D as compared with
A and B. Quantifying this explanation, we give also
in Table 5 the calculated shifts at the various protons
for a change in y,; of 1.9 units, representing a
decrease of ca 10% in the main ring current. It can
be seen that the calculated shifts are in very good
agreement with the observed SCS, especially when it

is considered that ring current changes are only one
possible mechanism for the SCS.

The meso-Me and meso-NMe, derivatives (8 and 3,
respectively) of pyrroetioporphyrin-XV (4), in which
the meso substituent is flanked by a beta-ethyl and a
beta-proton, behave similarly, except that the SCS
are much smaller than in the corresponding OEP
analogues. This is clearly observed for the meso-Me
derivative, é-phyllo-etioporphyrin-XV (5), in which
all the SCS are, to a good approximation, 50%, of
those for meso-Me-OEP (6). This offers some support
for the concept of a steric origin of the ring current
shifts, at least for the meso-Me group, as the replace-
ment of one beta Et group by hydrogen would
considerably reduce the steric strain in the macro-
cycle. Interestingly, the NMe, substituent also shows
very small SCS in contrast to the meso-NH, substi-
tuent (see later). In the proton NMR spectrum of the
neutral molecule, the NMe, substituent shows no
temperature dependence,'s in contrast to the dication
(see later), and our interpretation of these facts is that
the NMe, substituent is orthogonal to the porphyrin
ring and in consequence has no conjugative effect on
the macrocyclic n-system. This is clearly demon-
strated by comparison of the NMe, and meso-NH,
SCS (Table 5). The meso-NH, SCS are considerably
larger than those for any other substituent recorded.
Unfortunately, the NH protons could not be ob-
served in this molecule, probably due to fast exchange
with the meso-NH, protons. Even in this case, how-
ever, there is no evidence of any difference between
rings A and B and rings C and D, and the observed
shifts are in very good agreement with those calcu-
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lated for a 35%, decrease in the main macrocyclic ring
current. The increase in the meso-NH, SCS would
thus appear to be due entirely to conjugation of the
amino group with the n-electron system of the mac-
rocycle, which of course will hinder the free flow of
the m-electron ring current. This provides quan-
titative support for the original postulate of Scheer
and Katz? on the effect of the meso-NH, substituent,
though it should be noted that it is not necessary to
postulate tautomeric imino structures to account for
these effects; dipolar resonance contributions are just
as effective in breaking the macrocyclic conjugation
pathway.

The general effects of meso substitution in the
neutral porphyrins considered here are seen to be in
good overall agreement with the suggestion of a
decrease in the main macrocyclic ring current upon
introduction of the substituent. However, there are
specific effects which are clearly due to other factors.
The most obvious example is the large SCS of the
neighboring beta substituents on positions 6 and 7.
The data in Table 5 show clearly the additional
low-field shifts on the 6,7 methylene protons in the
meso-NO, and meso-CHO-OEPs [(7) and (8), re-
spectively], which contrasts with the high field shift of
these protons in meso-CN-OEP (9). These specific
effects have been noted previously and explained in
terms of the known magnetic anisotropies of the
NO,, CHO, and CN groups.? (In these explanations,
the meso-NO, and meso-CHO groups are considered
to be perpendicular to the porphyrin ring plane). In
accord with this explanation, the meso-Me and
-NH, groups, which are much less anisotropic,
show much smaller specific effects at the 6 and 7
positions. Interestingly, the introduction of the meso-
Me group into pyrro-etioporphyrin-XV (4) (to give
y-phyllo-etioporphyrin-XV §) causes a downfield shift
of the C-6 beta proton, in contrast to the upfield

shifts observed at the C-6,7 methylenes in § and 6.

This low-field shift is in the correct direction for a
steric (van der Waals) shift, which is not unexpected.
However, the meso-Me/beta-Me steric interaction is
far larger than the meso-Me/beta-H one, and one
may therefore have expected larger low-field shifts in
this case. The relative orientations of the interacting
C-H bonds are very different in the two cases, and in
C-13 NMR, steric shifts in both directions have been

documented.?

The other specific effect is the high-field shift of the
«-meso proton {opposite the meso substituent) com-
pared with the f- and &-meso protons. This was
noted previously for the meso-Me group in porphyrin
dications?' and was explained in terms of a possible
deformation of the macrocycle. The dication system
will be considered subsequently, but the results in
Table 5 show that the effect is both general for all
meso substituents (except NMe,) and also that the
SCS of the a-meso proton agrees just as well with the
calculated ring current shifts as those of the S,
d-protons. Thus, the reasons for the difference in the
a-meso and B, 6-meso SCS may well be a combina-
tion of ring current and long-range electronic effects.

The corresponding SCS for the the meso substitu-
ents in the porphyrin dication are given in Table 6.
The data here compare reasonably well with the data
in pure TFA. For meso-Me-octamethylporphyrin,
the «, § and NHSCS in pure TFA are —0.50,

3269

—0.36, 1.3 and 0.5 ppm,* all somewhat less than the
data for meso-Me-OEP (6) in Table 6. For meso-
NO,-OEP (7), the corresponding values are — (.22,
—0.13, 1.5, 1.0 ppm,? in quite good agreement with
our data, considering the possible concentration
shifts in these much more concentrated solutions.

More interestingly, the SCS for the OEP deriva-
tives are seen to be much larger in general than the
corresponding values for the neutral molecules. The
large meso-Me SCS is particularly significant inas-
much as the Me SCS is very likely the result of steric
interactions, and this suggests that steric effects are
more important in the dication than in the neutral
molecule. This is entirely reasonable in that pro-
tonation already causes a considerable increase in
steric strain in the macrocycle. Furthermore, in the
dications, in direct contrast to the neutral molecules,
there is now a pronounced asymmetry of the SCS at
the pyrrole subunits. The SCS on the beta substitu-
ents on pyrrole rings A and B differ markedly from
those on rings C and D, even when the anisotropic
effects of the meso substituents on the nearest neigh-
bors is removed. A rough measure of the direct
anisotropic shift is the difference in the SCS at
positions 6, 7 and 5, 8. Inspection of Table 5 and 6
shows that this difference is almost identical for the
neutral molecules and dications for the meso-Me-
and meso-NO,-OEP [(6) and (7), respectively], whilst
for the CHO group the anisotropy is much more
pronounced in the dication and for the CN group it
is considerably decreased. These specific effects will
be considered subsequently. The differential shifts
between the substituents on rings A and B and those
on C and D are most simply explained in terms of a
decreased mobility of the n-electron ring current of
pyrrole rings C and D, leading to a decrease in the
effective equivalent dipole. In the light of the proba-
ble occurrence of steric strain in the macrocycle, some
deformation of the porphyrin around rings C and D
may well be expected, and on this basis it would be
anticipated that pyrrole rings A and B would be
essentially unperturbed by the meso substituent. Fol-
lowing this criterion, we give in Table 6 the calculated
ring current shifts for a change in the equivalent
dipoles of both the hexagons and pyrrole rings C and
D representing a ca 16%, decrease in the main macro-
cyclic ring current and a ca 129/ decrease in the ring
current of rings C and D. Comparison of these
calculated shifts with those observed for the meso
substituted OEPs shows at least the correct pattern of
SCS. It would hardly be expected that merely one
mechanism would explain these SCS, as not only
specific anisotropic shifts, but also charge differences,
solvation, and direct steric effects could all be con-
tributing to the observed SCS.

The results for the meso-NH, and meso-OH sub-
stituents in the etioporphyrins are particularly strik-
ing, as the SCS clearly reflect, as in the neutral
meso-NH,-etioporphyrin-I (1), the restraints on the
macrocyclic ring current due to conjugation with the
meso substituent. In the case of the meso-NH, di-
cation, the SCS are twice those of the neutral mole-
cule and they are in reasonable overall agreement
with those calculated for a decrease of 40% in the
macrocyclic ring current. The calculated shifts are
—1.04, —0.32, —0.18, and 4.2 ppm for the meso,
beta-Me, beta-Et, and NH protons, respectively.
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There are, as expected, some significant deviations
(e.g. the meso-proton), which will be considered
subsequently.

In the meso-OH-etioporphyrin-I (10), the results
demonstrate very clearly the lower propensity of the
meso-OH compared with the meso-NH, group to
conjugate with the porphyrin ring. The observed SCS
are essentially identical with those of the meso-NH,
group in the neutral porphyrin (Table 5), and a
precisely analogous explanation follows. It is further
support for the ring current explanation that in this
case the NH protons can be observed clearly in acid
solution and their SCS agree very well with those
predicted. The meso-OH group in the porphyrin
dication is thus very clearly demonstrated to be a
conjugated OH group and not a keto (oxophlorin)
type of system, as was likewise concluded by Jackson
et al® in their early studies on these molecules. This
study reinforces all of their structural conclusions, as
well as quantifying the influence of the meso-OH
group.

The pyrro-etioporphyrins studied are also of some
interest. The meso-Me group in the dication has
much less effect than in the OEP series, exactly as was
found for the neutral porphyrins and presumably for
precisely similar reasons. Note however that the
beta-C-6 proton SCS is now negative, in agreement
with the prediction for a decrease in the ring current,
rather than positive as in the neutral molecule. The
observed SCS are clearly a combination of ring
current and steric effects which alter relative to each
other in the two cases.

_The NMe, substituent in this series is of particular
interest. Inspection of Table 6 shows immediately
that the NMe, group in the dication, in complete
contrast to the neutral molecule, has very large SCS,
comparable in all respects with those of the meso-
NH, group. Clearly, therefore, the NMe, group is
now conjugating efficiently with the porphyrin, and
this can only occur if the NMe, group is planar, or
nearly so, with the porphyrin magrocycle. This con-
clusion has considerable support from the results of
variable temperature measurements on the proton
NMR spectrum, which will be detailed in full else-
where.'* To summarize, the signals of the NMe,
group, which are a broad band at room temperature,
resolve into two sharp signals (T. approx. 15°
4G # 13.6 kcal/mole). The observation of two non-
equivalent Me groups can only be consistent with a
planar (or nearly so) system, and the observed barrier
to rotation is entirely consistent with that for a partial
C:N double bond (e.g. dimethylacetamide, 4G #
17.5 kcal/mole?), especially when one considers that
the planar (ground) state has greater steric interactions
and will therefore be raised in energy compared with
the transition state, hence lowering the observed bar-
rier height.

There is some evidence for this additional steric
interaction in the NMe, case, compared with meso-
NH,-etioporphyrin-I (1) in that the SCS of the beta
substituents (excluding C-7) are more asymmetric
than those for the meso-NH, case. In view of the
presence of other possible shift mechanisms in this
very crowded system, further calculations were not
deemed necessary. However, the very large SCS of
the C-7 beta Me (— 0.93 ppm) is strong support for
the existence of extra steric interactions. Such a large

32N

SCS is unlikely to arise from electronic effects or the
anisotropy of the NMe;, substituent, and any positive
charge on the NMe, group would produce a low-field
shift, contrary to that observed. The observed SCS
has an obvious explanation as steric interactions with
the “effectively planar” NMe, group may well force
the C-7 Et group to be orthogonal to the porphyrin
plane. In this orientation the Me protons could
experience an upfield ring current shift, as is
observed.

Thus, the general trends of the meso SCS in
porphyrin dications as well as the neutral molecules
are consistent with changes in the various current
loops. There are, however, a number of specific
factors which do not fit into this generalization and
are worthy of note. The obvious one is the high-field
shift of the w«-meso-proton compared with the
B,6-meso protons. On a ring current basis, decreasing
the macrocyclic ring currents affects all the meso
protons equally, and any decrease in the ring current
of pyrrole subunits C and D will only serve to move
the B,0-protons to high field of the a-proton, the
reverse of the observed shifts. It has been suggested
previously? that in the case of the meso-Me substit-
uent, deformations of the macrocycle could cause this
high field shift, i.e. buckling along the a, d-axis, and
certainly this is one possible method for relieving the
steric interactions at the meso substituent. In che
absence of a definitive crystal study of the dication,
such an hypothesis cannot be confirmed or disproved.

The results in Table 6 do suggest an alternative
possibility. The shift difference between the «- and
B.6-meso protons is very dependent upon the nature
of the meso substituent. The shift difference is in the
order CN = NO, ~ CHO < Me < OH < NH, =
NMe,. This is precisely the order expected for an
electronic resonance effect at the «- (i.e. “para”)
position, and there is a rough correlation between this
shift difference and the Hammett o, value of the
substituent. One would not expect any more than a
rough correlation in this complex system, but this is
suggestive of a direct electronic effect of the substitu-
ent at the a-meso position. Certainly, the increased
nucleophilicity at the a-position compared with 8,6 is
well documented in these systems. In both the meso-
NH, and meso-OH (oxophlorin) comnpounds, '"H-’H
exchange occurs rapidly in acid solution at the posi-
tion opposite the meso-substituent,? but this might
also be related to the stability of the intermediate
phlorin dication.® Indeed, this raised an alternative
description of both the observed reduction in ring
current in these molecules and the high field shift of
the a-proton. Any protonation at the a-position
would block the macrocyclic ring current and shift
the a-proton upfield. If the resulting phlorin dication
was in fast exchange with the porphyrin dication, the
observed spectrum could result. However, the meso-
NH,-etioporphyrin-I (1) in neutral solution shows
this decrease in the macrocyclic ring current, and a
considerably shifted a-meso proton, and it is not
likely that any significant protonation is occurring in
this case.

Acknowledgements—We thank the National Science Foun-
dation (CHE-81-20891), the National Institutes of Health
(HL 22252}, and the Scientific Affairs Division of N.A.T.O.
(RG 256.80) for generous support of this research.



3272

REFERENCES

'Part 24: R. J. Abraham, J. E. Plant and G. R. Bedford,
Org. Magn. Reson in press.

*H. Scheer and 1. J. Katz, Porphyrins and Metal-
loporphyrins (Edited by K. M. Smith), p. 433. Elsevier,
Amsterdam (1975).

’R. J. Abraham, S. C. M. Fell and K. M. Smith, Org..
Magn. Reson. 9, 367 (1977).

“R. J. Abraham, G. R. Bedford, D. McNeillie and B.
Wright, /bid. 14, 418 (1980).

R. J. Abraham, K. M. Smith, D. A. Goff and J. -J. Lai,
J. Am. Chem. Soc. 104, 4332 (1982).

5K. M. Smith, D. A. Goff, R. J. Abraham and J. E. Plant,
Org. Magn. Reson. 21, 505 (1983).

'H. H. Inhoffen, J.-H. Fuhrhop, H. Voigt and H. Brock-
mann, jr., Justus Liebigs Ann. Chem. 695, 133 (1966).
8A. H. Jackson, G. W. Kenner and K. M. Smith, J. Chem.
Soc. 302 (1968).

%J. -H. Fuhrhop, S. Besecke and J. Subramanian, J. Chem.
Soc. Chem. Commun. 1 (1973).

K. M. Smith and O. M. Minnetian, manuscript in prepa-
ration.

''M. J. Bushell, B. Evans, G. W. Kenner and K. M. Smith,
Heterocycles 7, 67 (1977), K. M. Smith, G. M. F. Bisset
and M. J. Bushell, Bio-org. Chem. 9, 1 (1980).

KEVIN M. SMITH ¢! al.

2K. M. Smith, G. H. Barnett, B. Evans and K. M. Smith,
J. Am. Chem. Soc. 101, 5953 (1979).

13J.-H. Fuhrhop and K. M. Smith, Porphyrins and Metal-
loporphyrins (Edited by K. M. Smith), p. 818. See also Ref.
7. Elsevier, Amsterdam (1975).

“B. Evans and K. M. Smith, Tetrahedron 33, 629 (1977).

5G. H. Barnett, M. F. Hudson, S. W. McCombie and K.
M. Smith, J. Chem. Soc. Perkin Trans. 1, 691 (1973).

SR. J. Abraham, K. M. Smith, F. Bobe and O. M.
Minnetian, manuscript in preparation.

"R. J. Abraham, B. Evans and K. M. Smith, Tetrahedron
34, 1213 (1978).

18R. Bonnett and G. F. Stephenson, J. Org. Chem. 30, 2791
(1965).

A. W. Johnson and D. Oldfield, Tetrahedron Letters 1549
(1964).

®G. J. Martin, M. L. Martin and S. Odiot, Org. Magn.
Reson 7, 2 (1975).

UR, J. Abraham, A. H. Jackson, G. W. Kenner and D.
Warburton, J. Chem. Soc. 853 (1963).

2R. J. Abraham and P. L. Loftus, Proton and Carbon-13
NMR Spectroscopy, pp. 171-172. Heyden, London (1979).



