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NMR Spectra of the Porphyrins. Part 40." Self-aggregation in Zinc(u1) and
Nickel(n) 2-Vinylphylloerythrins
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The large concentration dependence of the '"H NMR spectrum of nickel(n) 2-vinylphylloerythrin has
been recorded and analysed in terms of both monomer-dimer and monomer—dimer—trimer equilibria.
The equilibrium constant obtained from these analyses is ca. 2560 dm® mol~' which is large enough
to give significant concentration shifts at concentrations of 2 x 10~* mol dm™.

The complexation shifts are almost identical to those obtained previously for zinc(n) 2-vinylphyllo-
erythrin, showing, in this porphyrin, the independence of the aggregate structure to the central metal
atom.

The aggregation shifts obtained were analysed using a previous well-defined ring-current model and
considering all possible modes of aggregation, including face-to-face and back-to-face structures.
The aggregation shifts are best reproduced on the basis of a model in which the porphyrin ring current
is reduced by ca. 5% on aggregation. In this model the separation of the porphyrin planes is ca. 5.0 A
with some lateral displacement. Both face-to-face and back-to-face structures give almost identical

calculated shifts in complete agreement with the observed shifts.

The aggregation behaviour of porphyrins and chlorophylls
has been well reviewed ># and intensively studied, in previous
parts of this series*® and elsewhere,”® as this behaviour is
of both practical and intrinsic importance in porphyrin chem-
istry. Even simple characterisation of the NMR spectra of
metalloporphyrins can be hazardous if the complexation tend-
encies of the molecules are not considered,’ furthermore, a
knowledge of the mechanism of aggregation may lead to a
better understanding of the chemistry of metalloporphyrins,
and particularly chlorophylls, in vivo.3'° In the porphyrins,
three types of aggregation have been proposed.”!! (i) A weak
n—7 aggregation in free base porphyrins. (if) A stronger n-n
aggregation in metalloporphyrins. (iii) In some cases a strong
metal to side chain complexation.

The geometry of the first two is of interest, in that the
preferential stacking of these large flat molecules is via an offset
geometry rather than one vertically above the other, in both the
free bases and the metalloporphyrins. Introduction of the metal
increases the strength of the binding but does not affect the
geometry and this has been observed in both inter- and intra-
molecular complexation.” A very useful summary of porphyrin

2a M=2Zn
b M=Ni

1a M=2n
b M=Ni

Fig. 1 Structure (Fischer numbering) of 2-vinylphylloerythrin (1) and
anhydro-rhodoporphyrin XV methyl ester (2)

interactions combined with a quantitative rationalisation of
most of the above trends has recently appeared.’!®

In previous parts of this series the aggregation of the zinc 2-
vinylphylloerythrin (1a) was investigated by 'H NMR spectro-
scopy,® using pyridine to break up the aggregates by competi-
tive binding to the zinc, and a ring-current model to analyse the
observed proton shifts. More recently, in an investigation of
the ring current in anhydroporphyrins,'? it was observed that
although the corresponding nickel 2-vinylphylloerythrin (1b)
also showed aggregation shifts, the proton spectrum being
affected by dilution, the very similar molecule nickel anhydro-
meso-rhodoporphyrin XV methyl ester (2b), and also the
corresponding nickel chlorins, showed no evidence of aggreg-
ation. The 'H NMR spectrum was completely unchanged upon
dilution. It was therefore of some interest to investigate the
aggregation behaviour of 1b in more detail, in order to try and
identify those characteristics which were responsible for the very
different behaviour of compounds 1 and 2.

As nickel porphyrins (unlike the corresponding zinc por-
phyrins) do not form diamagnetic complexes with extraneous
ligands (the addition of strong bases e.g., pyridine causes the
hybridisation to change from planar to tetrahedral and in
consequence the metal becomes paramagnetic'?), the only
method of obtaining the complexation shifts is by analysis of the
proton chemical shifts vs. dilution plots. Here we give the
complete assignment of the proton spectrum of 1b together with
the analysis of the observed dilution equilibria. The aggregation
shifts obtained are analysed using the refined ring-current
model and the resulting aggregate structure considered with
respect to both the analogous zinc complex and the similar
nickel compound 2.

Theory—The ring-current model used has been described
previously,>® thus only a brief summary is given here. The
porphyrin macrocyclic ring current is broken down into smaller
current loops which are then replaced by their equivalent
dipoles. The parameterisation for the zinc (1a) and nickel
porphyrins given previously® [, 16.1, p, 18.1 (pyrrole and
hexagon dipoles)] may be used for 1b, and for the inter-
molecular distances considered subsequently (ca. 4-6 A), the
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Fig. 2 'H NMR spectra of nickel(11) vinylphylloerythrin at various
concentrations: (@) 17.7 x 1073 mol dm™3; (b) 3.5 x 10> mol dm3; (¢)
0.59 x 10-3 mol dm™3

short range approximation is not required. As in previous
applications in this series, the calculations are restricted to
aggregate structures in which the planes of the macrocycles are
parallel. This is both convenient and generally accepted, but
nevertheless an assumption. The program has been further
developed than when first applied to zinc 2-vinylphylloery-
thrin,'* and can now handle (within the restriction of parallel-
plane dimer complexes) any type of aggregate. This includes, for
a dimer complex, a two-fold symmetric dimer which is a one
molecule calculation, as both molecules of the dimer are equiv-
alent, and face-to-face (both sides) and back-to-face models
in which the shifts of each molecule need to be calculated
separately. The ‘base’ molecule, i.e., the porphyrin ring from
which the ring-current shift is calculated, is fixed in the xy plane
of the coordinate system used, with the centre at the origin, the
z-axis being the four-fold symmetry axis of the porphyrin. If this
is labelled molecule A, then the shifts of the molecule B of
the dimer due to molecule A are calculated simply from the
displacement co-ordinates (x, y, z) and rotation of B about the
z-axis (0). Then the program automatically calculates the ring-
current shifts of the molecule A due to molecule B by a series of
translations and rotations which preserve the dimer geometry
but result in molecule B being the base molecule with A
displaced and rotated accordingly. The options available allow
for the three possible types of structure mentioned above,
although in the case of a planar porphyrin molecule face-to-face
and back-to-back are equivalent.
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The porphyrin aggregates exchange rapidly on the NMR
time scale, thus to compare the observed shifts with those
calculated, the separate calculated shifts for any proton in
molecule A and B are averaged. Also, in order to allow for the
possible formation of higher aggregates than the dimer the
observed and calculated shifts can be compared directly (i.e., for
a dimer) or the calculated shifts can be normalised (i.e.,
multiplied by an agreement factor) and thus compared with
observed shifts.

The computational iteration to the best fit of the observed
and calculated (or normalised) shifts is performed by a simple
scanning and elimination process. Although computationally
much more efficient procedures could be adopted, it was not
considered worthwhile to introduce them, particularly as the
definition of the aggregate geometry is not particularly striking
(see later).

Experimental

The nickel 2-vinylphylloerythrin (NVP) was prepared as previ-
ously described,'* and dissolved in CDCIl, which had been
filtered through activated alumina in order to remove traces of
acid and water. The solution was diluted by the incremental
addition of CDCl;. The spectra were obtained on a Bruker WM
250 (250 MHz, 'H) fitted with an Aspect 2000 computer.
Typical operating conditions were: probe temperature 20 °C,
sweep width 2.5 kHz, in 8 K data points, zero filling to 16 K,
giving a digital accuracy of 0.32 Hz per point (<0.0013 ppm).
The pulse width was 7 ps (60° flip), with an acquisition time of
1.5 s. The NOE experiments were carried out on a Bruker AM
200, fitted with an Aspect 3000 computer. The automated
NOEDIFF.AU program was used (see Bruker manual part
number Z30345), assuming a #, relaxation of 0.5 s for the B-
methyls (C-1, C-3, C-5 and C-8 methyls).!*

Results

In order to minimise the formation of aggregates larger than the
dimer the NVP spectra were recorded at concentrations from
2 x 102 mol dm™ to the lowest attainable concentrations of
2 x 10* mol dm™3. The 'H NMR spectra of NVP showed large
complexation shifts upon dilution (Table 1 and Fig. 2).

The proton spectrum of the most dilute species (17.5 x 10~
mol dm~3), Fig. 2(c), was assigned by comparison with the
proton spectrum of the analogous zinc 2-vinylphylloerythrin
(ZVP) monomer, obtained upon the addition of excess pyrid-
ine.'* The similarity between these two sets of chemical shifts
suggests that at this concentration the NVP solution consists
predominantly of the monomeric species. [The calculated
monomeric chemical shifts (see later) differ only slightly from
those observed at this concentration, agreeing with this.] The
only difficulty in the assignment arose from ambiguity over the
assignment of the four B-methyl resonances (C-1, C-3, C-5 and
C-8). The remaining methyl, the (7d) ester methyl, can easily be
distinguished by its smaller line-width and concentration inde-
pendence compared to the other methyls. The ambiguity in the
assignment of the B-methyls was simply resolved by NOE ex-
periments. (This method was previously found to be successful
in the assignment of the B-methyls of methyl pyrrochlorophyl-
lide-a®9). Fig. 3 shows the observed enhancements upon the
irradiation of the B-methyl signals. Irradiation of the
low-field methyl resonance at & 3.5 gave an enhancement to the
B-meso proton (8 8.9) [Fig. 3(a)], confirming it as the C-5 methyl
resonance. Irradiation of the resonance at 6 3.3 gave an en-
hancement of the 8-meso proton (& 8.4) and a small enhance-
ment of the C-2a vinylic proton, hence this resonance must be
the C-1 methyl [Fig. 3b)]. The methyl resonance at § 3.2 upon
saturation gave an enhancement to the a-meso proton (6 9.5)
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Table1 Observed proton chemical shifts® (§/ppm) for nickel(u) vinylphylloerythrin methyl ester versus concentration (10~ mol dm™3)
Concentration®/10~3 mol dm3
Proton 17.73 14.78 12.66 11.08 9.85 886 806 6.82 591 443 447 295 253 209 1.77 148 1.26 1.11 098 0.81 0.59 0.17
Meso « 909 912 914 9.17 9.18 920 922 924 9.27 932 9.37 940 942 945 948 9.50 9.53 9.55 9.56 9.59 9.62 9.70
B 891 895 897 9.01 9.02 9.04 9.04 9.09 9.12 9.19 926 929 9.35 9.37 941 945 949 9.52 9.55 9.59 9.64 9.78
8 844 848 8.51 855 857 860 862 866 870 879 896 892 895 995 9.07 9.12 9.17 9.21 9.24 9.29 9.36 9.55
2a-H 783 7.84 785 7.87 7.88 788 790 7.90 7.92 794 796 797 798 7.99 8.00 801 802 802 803 803 804 805
2b-H 6.15 6.16 6.17 6.17 6.17 6.17 6.18 6.18 6.19 620 620 621 6.21 621 622 6.22 622 622 622 622 622 622
2b’-H 609 610 6.10 6.10 6.11 6.13 6.12 6.12 6.12 6.13 6.13 6.13 6.14 6.14 6.14 6.14 6.14 6.14 6.14 6.14 6.14 6.14
10-H, 425 430 434 438 440 443 446 451 455 4.66 4.75 480 4.84 492 498 503 509 513 5.17 522 530 5.51
7d-OMe 371 371 371 3.74 372 3.72 372 3.72 3.72 3.73 3.73 3.73 3.74 3.74 3.74 3.74 3.75 3.75 3.75 3.75 3.76 3.76
5-Me 351 353 355 356 3.57 359 360 3.62 3.63 3.66 3.69 3.71 372 3.74 375 3.76 3.78 3.79 3.79 3.81 382 385
1-Me 332 334 335 337 337 339 340 341 343 346 349 3.51 3.52 3.54 3.56 3.58 3.59 3.61 3.62 3.64 3.66 3.72
3-Me 324 325 327 328 329 329 330 332 3.33 336 338 3.39 340 342 343 344 345 346 347 348 349 352
4a-H, 3.15 316 317 319 3.19 320 321 3.23 324 327 329 330 3.30 3.32 233 3.34 335 335 336 3.37 3.38 3.39
7a-H, 291 296 299 3.03 305 209 311 3.16 3.19 329 337 344 346 3.54 3.58 3.62 3.67 3.71 3.75 3.79 3.82 301
8-Me 264 267 269 272 273 2.76 277 2.80 2.72 290 295 299 3.01 3.05 3.09 3.12 315 3.17 320 3.23 226 3.38
7b-H, 234 237 238 240 241 243 244 246 240 253 258 2.60 2.62 266 2.69 271 274 276 2.78 281 284 294
4b-Me 1.63 163 164 164 1.65 165 166 1.66 1.64 168 169 1.69 1.70 171 171 1.72 172 1.72 1.73 173 174 175

“ All chemical shifts referenced to TMS. ® Initial concentration 1.77 x 10-2 mol dm* (4.85 mg in 0.5 cm3).

(c)

(d)
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Fig. 3 NOE:s observed upon the irradiation of (a) 5-Me, (b) 1-Me,
(c) 3-Me, (d) 8-Me proton resonances of nickel(11) vinylphylloerythrin
(17 x 1073 mol dm™3)

confirming it as the C-3 methyl [Fig. 3(¢)]. The remaining
methyl resonance must be that of the C-8 methyl and this is
confirmed by the observed enhancement, upon irradiation, of
the 5-meso proton at & 8.4 [Fig. 3(d)].

The assignment of the remaining resonances in the aggregate
spectra follows directly from that of the disaggregate. It can be
seen that upon dilution some crossing of resonances occurs (Fig.
2), one of the most prominent being the crossing of the B-meso
proton, with the «-meso proton [Fig. 2(a)]. Other resonances
also show remarkable complexation shifts. The most noticeable
is the C-7a methylene triplet which, upon dilution, moves down-
field from & 2.91 to 4.01 (see Table 1) crossing over all the -
methyls, the C-7d methyl and eventually the C-4a quartet
(which also crosses the C-7d methyl). It is worth noting that the
C-7d methyl has very little complexation shift which implies
that the side-chain plays no role in the binding mechanism and
sticks out into the solvent.

The complexation shifts [§(monomer) — § (dimer)] were
obtained by analysis of the aggregate—disaggregate equilibrium.
If this equilibrium is considered to be due solely to a monomer-
dimer equilibrium [according to eqn. (1)], the observed shift of
any given proton is the weighted average of the corresponding
shifts in the dimer (8;) and the monomer (8,,), given by eqn. (3)
where x [eqn. (1)] is the fraction of the monomer converted into

INVP ==L (NVP),

M
a - x) x/2
NVP + (NVP), =2 (NVP), @)
1—y y
Oops = (1 — X)8, + 2(x/2)84 (3)

dimer. Combining eqns. (1) and (3) gives the observed shift as
a function of the monomer and dimer chemical shifts and the
equilibrium constant [eqn. (4)], where K is the equilibrium

Ops = Oy + (84 — 6,)[1 + 4aK — (1 + 8aK)}]/4aK (4)

constant and a is the concentration. A consequence of this
analysis is that the concentration dependence of any one proton
is linearly related to that of all the other protons. This indeed
was found to be so, and the & values in Table 1 were all plotted
against those of the C-10 methylene protons to give good linear
correlations (all correlation coefficients >0.99 except for those
protons with little concentration dependence). Thus we only
need to analyse one curve, and we will use the C-10 methylene
protons, as these have the largest concentration dependence. An
iterative analysis of the dilution plot for the C-10 methylene
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Fig. 4 Plot of 'H chemical shift versus concentration for the 10-CH,
resonances. Observed points and calculated curve (rms error = 0.006)
(84 3.65 ppm, &, 5.65 ppm for monomer—dimer equilibria; §; 4.30 ppm,
8, 5.60 ppm for monomer—dimer—trimer equilibria).

protons according to eqn. (4), (varying the three unknowns &,
8, and K) gave the best solution with an rms error of 0.006 ppm,
with K = 225 dm® mol! and 6, and &, values of 5.65 and
3.65 respectively, ie., a complexation shift (Ad) for the C-10
methylene protons of 2.00 ppm. Fig. 4 shows the calculated
curve and the observed chemical shifts for the C-10 methylene
protons.

The excellent agreement of Fig. 4 is, however, somewhat
misleading as a range of solutions can be obtained, all with
acceptable rms errors. This range of solutions can be restricted
by fixing &, by simple extrapolation of the observed plot to zero
concentration, which gives a value of §,, 5.63, almost identical
with the best solution above. This two-parameter equation still
gives a range of acceptable solutions, e.g., with &4 equal to 4.0
and K 360 dm>® mol™! the rms error is 0.06 ppm, still within
acceptable limits.

Thus, analysis of the dilution curves on the basis of the
monomer—dimer equilibrium gives a range of solutions with J,
3.6-4.0 ppm and K 220-360 dm?® mol. It was also found
that the calculated complexation shift, assuming this simple
monomer—dimer equilibrium, could not be calculated directly
using the ring-current model (see later), but needed to be
multiplied by a normalisation factor in order to obtain agree-
ment. This implied that the initial aggegate solution had a
significant percentage of the larger trimer aggregate present.

Many previous workers have deduced the presence of large
aggregates in such metalloporphyrin solutions. A good example
is given by the very well-documented case of chlorophyl-a,
in which the aggregation number is two in solutions <0.01
mol dm™? increasing to ca. four in 0.1 mol dm=3 solutions.
Chlorophyll-b aggregates even more strongly than chloro-
phyll-a, with ‘a trimer-hexamer equilibrium in which the
hexamer becomes important in solutions more concentrated
than 0.01 mol dm3.6-1¢

Consequently the dilution data was analysed again, this time
assuming the presence of the second equilibrium ie., eqn. (2), as
well as the first. In this case y is the mole fraction of dimer
converted to trimer. The observed chemical shift is now also a
function of the trimer chemical shift () and is given by eqn. (5)

Oobs = N10m + 21364 + 3n30, (%)

where ny, n, and n, are the mole fractions of each species. In
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order to analyse this more complex equilibrium it is necessary to
make some simplifying assumptions to reduce the number of
unknowns. We assume that K, = K,, i.e., the association of a
third molecule takes place in exactly the same manner as that of
the dimer. The second assumption is that the trimer complex-
ation shift (5, — J,,) is equal to 1.5 x (&, — &,). This assump-
tion holds true if the formation of the trimer occurs by the same
binding geometry, and consequently the same binding mechan-
ism, as that present in the dimer. Assuming the above, the
observed shifts can be given by eqn. (6), i.e., in terms of the three

Oobs = Om = {8 — 8ulx(1 + ») + 450:»)]}  (6)

unknowns &,, &, and K. Iterative analysis of the dilution plot for
the C-10 methylene protons gave good agreement (rms error
0.006), with a calculated equilibrium K (K; = K;) of 255 mol
dm=3, and monomer and dimer shifts of 5.60 and 4.20,
respectively (the trimer shift being 3.65). The inclusion of the
presence of the trimer in the equilibrium significantly reduces
the calculated complexation shifts (1.30 ppm) compared to
those calculated assuming the simple monomer—dimer equili-
brium (1.4-2.00 ppm). The estimated complexation shift for the
C-10 protons (1.3 ppm) is fortuitously very similar to the
observed dilution shift given previously for ZVP® (1.26 ppm). It
is therefore convenient to compare both ZVP and NVP and
analyse these observed dilution shifts directly (Table 2), as
described below.

The Aggregate Structure—The observed relative dilution
shifts for ZVP 6 and NVP are compared in Table 2, and it can be
seen that the agreement is complete. This is of some interest in
that the dilution shifts, and therefore the aggregate geometry, is
not a function of the particular metal in this metalloporphyrin.
The ZVP dilution shifts were analysed previously assuming
only a symmetric dimer (i.e., a one-molecule calculation) and
good agreement between the observed and calculated shifts was
obtained from a normalised calculation.®

The one-molecule calculations could not, however, distin-
guish between two possible modes of aggregation, a centro-
symmetric dimer Fig. 5(a) and a two-fold symmetric dimer Fig.
5(b) as these gave identical calculated shifts. As the program can
now handle both these structures it was of interest to consider
all the possible modes of aggregation to see whether the
extent of the agreement could distinguish between them. We
note that the general face-to-face and back-to-face structures
[which are the general structures of which Fig. (@) and (b) are
particular representations] will not necessarily possess any
symmetry.

The ‘one-molecule’ calculation is only an approximation, as it
assumes that the dimer has either a two-fold axis of symmetry or
a centre of symmetry. This is only true for displacements in the
xy plane which do not involve any rotation of the molecule. As
this calculation is included in the more general face-to-face and
back-to-face structures we will not consider it separately any
further.

In Table 2 are given the observed shifts for ZVP and NVP,
together with the calculated shifts obtained from a comput-
ational search for the best agreement factor on the basis of three
different treatments of this data. We consider first the face-to-
face structure (the back-to-face structure will be dealt with
subsequently). The observed shifts for NVP (Table 2) were used
as input for the iterations, although those for ZVP would give
identical conclusions. Also, only the protons of well-defined
geometry were used in the search procedures, ie., the meso
protons, the B-methyls and the C-10 methylene protons. The
protons in the side-chains can be included after the dimer
geometry is established, with the side-chain orientation varied
for the best agreement with the observed shifts. These are
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Table 2 Observed and calculated complexation shifts (Ad/ppm) for zinc(ui) and nickel(n1) 2-vinylphylloerythrin methyl ester

Calculated
Observed Face-to-face Back-to-face

Proton ZvVp* NVP? NORM* DIRECT® REDUCE* REDUCE”’
meso « 0.60 0.61 0.58 0.40 0.56 0.56

B 1.08 0.87 0.88 0.70 0.84 0.81

5 1.32 1.10 1.09 1.07 1.10 1.13
1-Me 0.23 0.28 0.33 0.18 0.25 0.26
3-Me 0.23 0.25 0.16 0.01 0.12 0.13
5-Me 0.39 0.39 047 0.29 0.37 0.41
8-Me 0.73 0.74 0.74 0.55 0.68 0.64
10a-H, 1.25 1.26 1.24 1.39 1.24 1.22
4a-H, 0.33 0.34 0.26
4b-Me 0.15 0.12 0.12
7a-H, 099 1.11 0.96
7b-H, 0.63 0.59 0.63
7d-Me 0.03 0.05 0.02
2a-H 0.20 0.23 0.32
2b-H 0.10 0.07 0.11
2b’-H 0.02 0.05 0.03
rms 0.06 022 0.06 0.07

aRef. 6.% §(17.73 x 103 moldm™3) — §(17.5 x 10-* mol dm™3), Table 1. Displacement co-ordinates: ¢ ~0.2,1.2,5.8,® —30°.90.4,1.4,5.6,® ~40°.

©-02,14,50,0 —35°.7 —-0.8, —1.2,5.0, © 215°.

Fig. 5 Calculated dimer structures for nickel(ir) vinylphylloerythrin,
using normalised shifts. (¢) Centrosymmetric dimer; (b)) Two-fold
symmetric dimer; (¢) Face-to-face; (d) Back-to-face.

illustrated for one case, full details of these calculations are given
elsewhere.!’

The three separate treatments are: (a) the normalised search
procedure considered previously,® (b) an identical search pro-
cedure using the observed shifts directly and (¢) the same
procedure as (b) but with the inclusion of a 5% reduction in the
porphyrin ring current on aggregate formation. The assump-
tions and limitations of these separate treatments will be
discussed at each stage.

The results of the normalised search procedure on the basis of
the face-to-face model are given in column 4 of Table 2. This
homes, as expected from the results of reference 6, on a good
solution with an rms error of 0.07 ppm, well below the ex-
perimental uncertainty. The dimer geometry obtained is illus-
trated in Fig. 5(d). This is the general (unsymmetrical) structure
which is similar to the two-fold symmetric structure in Fig. 5(5).
The difference is that one molecule is rotated ca. 40° with respect
to the other molecule in the dimer. This could not be predicted
from the ‘one-molecule’ calculation. The calculations for the
side-chain protons are included in this case and are also in good
agreement with the observed shifts, which again would be
expected from reference 6.

There are, however, problems with this treatment. The dis-
tance between the molecules in the dimer is rather large (5.8 A)
and, more seriously, the normalisation factor is ca. 1.5, i.e., the
calculated dimer shifts have to be multiplied by this factor to
obtain the values in Table 2. This analysis was appropriate in
the earlier work ® as there was at that time no analysis of the
observed shifts in terms of the monomer—dimer equilibrium ezc.
However, the results of the previous section show clearly that
the observed shifts of Table 2 are good approximations to the
actual shifts in the dimer. Certainly the factor of 1.5 is not
appropriate.

Thus we next analysed these shifts on the basis of the same
face-to-face model but now on a direct treatment without any
normalising factor. These results are given in column 5 of Table
2. The solution obtained is virtually identical in geometry to
that of the normalised solution, except that the intermolecular
separation, as may have been expected, is decreased to 4.6 A.
This is encouraging in that the normalisation procedure ap-
pears to give the correct geometry of the aggregate. The agree-
ment for this direct solution is rather poor. The rms error of the
observed and calculated shifts is 0.22 ppm, too large to be
acceptable. Also, comparison of the observed and calculated
shifts is of interest in that all the calculated shifts for this
solution are less than the observed shifts, some considerably
less. Yet this is the best solution obtained by this treatment, as
decreasing the intermolecular separation does not solve this
problem and gives poorer solutions.

This intriguing result led us to consider other possibilities.
How could the observed aggregate shifts all be greater than the
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calculated values? As noted, the solution is not improved if the
inter-nuclear separation is decreased, because the ring-current
field of the porphyrin is so anisotropic that the peripheral
protons now start to experience low-field shifts, giving poorer
solutions. It is possible that the act of aggregating two por-
phyrin molecules could affect their ring currents, since there is
considerable interaction between the m systems of the two
molecules. Indeed Hunter et al,''® in their recent work sug-
gested that the electrostatic interaction between the nt electrons
of the porphyrins is the dominant mechanism in determining
the dimer geometry. Thus it is conceivable that a small decrease
in the aromatic ring current could occur on dimer formation.
Therefore we give (column 6, Table 2) the results of an identical
search to the preceding one except that the ring current of the
porphyrin is decreased by 5% on dimer formation. Calculations
with different percentage decreases of the ring current gave
poorer solutions. The major effect of this is that the protons on
the same porphyrin molecule experience an upfield shift which is
0.2 ppm for the meso protons and 0.09 ppm for the B-methyl
protons. These shifts are subtracted from the observed shifts
before the search procedure commences, and then added to
the calculated shifts for direct comparison with the observed
shifts.

These results are of some interest. Again the geometry of the
face-to-face model obtained is identical with that obtained from
the other methods, the only change is in the intermolecular
separation (5.0 A), which is slightly larger than in (b). What is
encouraging is the extent of the agreement. The rms error (0.06
ppm) shows that this treatment provides a complete account of
the observed dilution shifts on the basis that these are the dimer
shifts. The agreement is excellent for all the observed shifts
except for 3-Me. Intriguingly, in the dimer structures obtained
[Figs. 5(c) and 5(d)] the C-3 methyl group is situated over the
carbonyl group of the neighbouring molecule. In this orient-
ation the anisotropy of the carbonyl group would be expected to
produce an additional high-field shift at the methyl protons '8
which explains the observed deviation.

Precisely similar results to those detailed above for the face-
to-face model are obtained for the back-to-face model. Again
the normalised solution gives good agreement (rms error 0.08
ppm), the direct calculations much poorer agreement (0.17
ppm) and the direct calculations with 5% reduction in the ring
current complete agreement (rms 0.07 ppm). Also, as the
geometries for all these solutions only differ in the inter-
molecular distance (which is in all the cases the same as for the
face-to-face solutions given previously), in Table 2 column 7 we
give the calculated shifts and geometric parameters only for the
last treatment. The full results for the first two cases are given
elsewhere.!”

The geometry obtained for the back-to-face model is shown
in Fig. 5(c). Although the centrosymmetric structure [Fig. 5(a)]
is included within this search routine, it is clear that in this case
the search homes on a quite different structure. Note that the
carbonyl groups in the dimer are not anti-parallel as in Fig. 5(a)
but in a similar orientation to that of the face-to-face structure
[Fig. 5(c)].

This result clearly demonstrates the inadequacies of the one-
molecule approach, as in the one-molecule calculation the
structures in Figs. 5(a) and (b) give identical calculated shifts.

Discussion
Inspection of the two dimer structures obtained from the search
routine [Fig. 5(c) and 5(d)] shows clearly their general
similarity and this is also observed in the calculated shifts (Table
2, columns 6 and 7) which are too similar to be able to
distinguish between them.

These structures confirm the previous hypothesis® that the
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most stable aggregate is that in which the electron-deficient
pyrrole rings A and C (Fig. 1) overlap with the electron-rich
rings B and D. At the intermolecular distances involved (ca. 5 A)
the dimer structure will be determined by long range n-n and
electrostatic forces,'! rather than by localised bonding. The
fact that the similar chlorins do not aggregate may be due both
to the removal of the electron-rich ring D from the &t system (it is
saturated in the chlorins) and also to the non-planar
substituents. The lack of aggregation in the anhydroporphyrins
may also be due to non-planarity of the ring, as the steric
interactions between the C-6 methoxycarbonyl substituent and
the carbonyl group (Fig. 1) could be severe.

What is of interest about the aggregation in the 2-
vinylphylloerythrins is the strength of the aggregation. Even
at 10-* mol dm™ the molecules are strongly aggregated in solu-
tion.

The equilibrium constant for dimer formation (200-300 dm?
mol™') compares with that found in previous studies of zinc
protoporphyrin IX (240 dm3 mol!) in which a full analysis of
the dilution curve was carried out.'® These results also provide
considerable support for the proposed decrease in the ring
current on aggregation. In this case both 'H and !3C dimer
shifts were obtained. It was found that although the !3C shifts of
the B-methyls correlated closely with the data set of proton
dimer shifts (meso protons and P substituents), the dimer shifts
of the meso carbons were much less than expected, and all of
them by the same factor (ca. 2).

The explanation given was that molecular motions in the
dimer structure could be responsible. However, these anomalies
can be very simply explained on the basis of a small decrease in
the zinc protoporphyrin IX ring current on aggregation. The
effect on the meso carbon nuclei will be much larger than on the
peripheral nuclei and this could give precisely the result
obtained. Unfortunately it is not possible on present models to
attempt a calculation of the ring-current shift of a meso carbon
due to the ring current of the same molecule as neither the
dipole nor current-loop approximations are likely to be valid at
these distances.

The proposed 5% decrease in the ring current on
association would also affect ring-current analyses of
porphyrin stacking in which the two porphyrin moieties are
bound intramolecularly rather than intermolecularly.” This
decrease has the effect of increasing the estimated inter-
porphyrin separation, but only by ca. 0.1-0.2 A, well within
the uncertainty in these calculations.
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