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Abstract—The availability of stable chlorins bearing few or no substituents has enabled a variety of fundamental studies. The studies de-
scribed herein report absorption spectra of diverse chlorins, comparative NMR features of chlorins bearing 0-3 meso-aryl substituents,
and X-ray structures of the fully unsubstituted chlorin and the oxochlorin.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The preceding papers describe the synthesis and derivatiza-
tion of stable chlorins bearing no meso-substituents, a single
meso-substituent (5-, 10-, or 15-position), or two meso-sub-
stituents (10- and 15-positi0ns).1’2 The chlorins are stable
owing to the presence of a geminal dimethyl group in the re-
duced, pyrroline ring. The availability of stable chlorins
bearing few or no meso-substituents opens the door to a se-
ries of fundamental spectroscopic studies. Such studies may
provide data that serve as benchmarks for understanding
substituent effects in the naturally occurring chlorophylls
(which bear a full complement of B-substituents) and sup-
port the design of complex molecular architectures contain-
ing synthetic chlorins.

In this paper, we describe the examination of a collection of
sparsely substituted synthetic chlorins including the free
base chlorin bearing no meso- or B-pyrrolic substituents
(H,C), its zinc chelate (ZnC), and analogues thereof. The
studies include characterization of the 'H NMR spectral
properties of free base chlorins bearing 0-3 meso-substitu-
ents; full assignment of the '*C NMR spectral properties
of H,C and ZnC accompanied by comparison with data
for other model chlorins and for chlorophyll a; characteriza-
tion of the absorption spectra of H,C, metal chelates thereof
[MgI), Cu(Il), Zn(II), Pd(ID)], and the diprotonated chlorin
H,C?™; and determination of the X-ray structure of ZnC
and the oxochlorin Oxo0-ZnC. The results obtained from
the synthetic chlorins begin to fill a lacuna that exists
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between the structurally complex chlorophylls and the sim-
ple synthetic chlorin model compounds prepared to date.

2. Results and discussion

The spectroscopic features of chlorins depend in part on the
symmetry properties of the ligand. The m-chromophore of
a chlorin has C,, symmetry. The benchmark synthetic chlo-
rins such as meso-tetraphenylchlorin (H,TPC),? syn-octa-
ethylchlorin (syn-H,OEC),* and chlorin (H,Chlorin)>¢
also have C,, symmetry (Chart 1). However, the chlorin
H,C (and metal chelates thereof)! has C,; symmetry owing
to the presence of the geminal dimethyl group. The location
of the geminal dimethyl group at the 18-position and hydro-
gens at the 17-position results in the non-equivalence of the
protons/carbons (e.g., H'5 vs H2°, C7 vs C®) disposed on op-
posite sides of the vertical plane that bisects the N-N axis
and the pyrroline ring. The lower symmetry of H,C (and
metal chelates thereof) is manifest in the NMR spectrum
but not in the solution absorption or fluorescence spectrum.

The shorthand nomenclature for the chlorins described
herein employs the following abbreviations with super-
scripts to denote substituents and their positions: P (phenyl),
M (mesityl), and T (p-tolyl). The chlorins examined include
those bearing no meso-substituents [(H,C),? (ZnC)'’]; one
meso-substituent [(H,C-T5, H,C-M'°, H,C-P'°, H,C-P'5,
H,C-Br'%),> (ZnC-T5, ZnC-P'%),! (ZnC-M'""7]; two
meso-substituents (H,C-TSM'?, ZnC-T5M!%);3 and three
meso-substituents  (H,C-TSMP!5,  ZnC-TSM!0P15).10
Two oxochlorins [(Ox0-H,C),? (Oxo-H,C-T*M?)!1] also
were examined. The compounds are shown in Chart 2.
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Chart 1.

2.1. "H NMR spectra of chlorins

Smith and co-workers studied ring current effects in chlo-
rins versus porphyrins by comparing the NMR spectra of
H,TPC versus meso-tetraphenylporphyrin (H,TPP) and
H,OEC versus 2,3,7,8,12,13,17,18-octaethylporphyrin
(H,OEP).'? Although this fundamental study gave a full
assignment of the meso-protons for HOEC and the
B-protons for H,TPC, the presence of substituents at the
meso-positions (for HyTPC) or B-positions (for HOEC)
precluded a deeper understanding of the NMR properties
of chlorins. The only example that we are aware of concern-
ing assignment of the fully unsubstituted H,Chlorin was
reported in the early 1970s,'*> which left some uncertainty
due to the experimental limitations at that time.

The chlorins examined herein by 'H NMR spectroscopy
were free base species rather than zinc chelates owing to
the following reasons: (1) in general, the resonances of the
protons attached to the chlorin macrocycles (ZnC through
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ZnC-T*M'"P'5) tend to fall in a narrow range (with consid-
erable overlap) for the zinc chelates but not the free base spe-
cies. (2) The '"H NMR spectrum of ZnC in CDCl; shows
broadening of the resonances due to aggregation (which
can be suppressed in THF-dg). On the other hand, no aggre-
gation was observed in CDCIj; for free base chlorin H,C.

The resonances of all meso- and B-protons of six chlorins
with increasing number of aromatic substituents (from
H,C with no substituents to HyC-T M!*P'® with three sub-
stituents) were assigned by HH COSY and NOESY spectra.
A reversal of the chemical shift order of selected peaks was
observed upon increasing the concentration to 100 mM for
H,C-T3. Hence, all of the '"H NMR spectra were recorded
at identical concentration (20 mM) to avoid concentration
effects on the chemical shifts of the resonances. 'H NMR
spectra are displayed in Figure 1 and chemical shifts are
summarized in Table 1. See Chart 2 for the chlorin structures
and numbering system.

Our assignments are based on the following observations: (1)
coupling between B-protons in the same pyrrole ring (H>-H?,
H’-H8, and H'?>-H"?), (2) NOE between meso-protons and
adjacent B-protons (H>-H? and H>-H’; H'°-H® and H'’-
H'?2; H'S-H! and H'>-H'7"; H>-H? and H?’-geminal
dimethyl group at 18-position), and (3) NOE between meso-
aryl protons and adjacent pB-protons. Note that the introduc-
tion of three different aromatic rings with diverse resonances
(~7.1 ppm for mesityl, ~7.5 and ~7.9 ppm for p-tolyl, ~7.6
and ~7.8 ppm for phenyl) enabled assignment for H,C-
TSM!P'5, which bears only one meso-proton (20-position).

The major findings are as follows.

(1) Chlorin H,C versus porphine: all of the resonances of
H,C are shifted upfield compared to that of porphine (meso-
position 10.37 ppm, B-position 9.53 ppm in CDCl3)!” due to
the diminished ring current resulting from the saturation of
the double bond at C'’—C'®. The order of the upfield shift
(Ad) in H,C compared to porphine is H', H?° (meso,
~1.3-1.4 ppm)>>H?, H"® (B, ~0.6 ppm)>H>, H'® (meso,
~0.5 ppm)>H’, H® (B, 0.45 ppm)>H?>, H'? (B, ~0.3 ppm).

chlorins oxochlorins numbering system
R10 M
V.
Oxo-H,C
H,C RS=H, RI=H, RIS=H Oxo-H,C-T°M"
H,C-T° R®°=T, RW=H, R"®=H
HoC-M'™° R®=H, R'"=M, R'=H
H,C-P10 R®=H, R'°=P, R'=H
H,C-P'® RS=H, R'=H, R'S=P
H,C-T°M™® R®=T, R'=M, R'™=H
H,C-T°M'°P'® R°=T, R'=M, R'=P
H,C-Br'S R®=H, R™=H, R"™=Br

Chart 2.
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Figure 1. "H NMR spectra of chlorins with 0-3 meso-substituents (H,C, H,C-T*, H,C-M'®, H,C-P"*, H,C-T°M"*, and H,C-T"M"*P') in CDCl; (20 mM) at

298 K.

In H,C, the resonances of H'> or H?® are shifted upfield
(~0.9-0.8 ppm) versus that of H> or H'®, which is com-
parable to the previous study of H,Chlorin (0.7 ppm).'® In
addition, the resonance of H?? is slightly shifted upfield
(0.1-0.07 ppm) compared to that of H'> due to the presence
of the geminal dimethyl group at the 18-position.

(2) Effect of meso-aryl groups: (a) introduction of meso-aryl
groups causes the B-positions adjacent to the aromatic ring
(H? and H’ for H,C-T5; H® and H'? for H,C-M' and
H,C-P'°; H'3 for H,C-P'%; H3, H’, HS, and H'? for H,C-
TSM!; H3 H7, H8, H'2, and H'? for H,C-T M'°P'%) to shift
upfield (~0.4-0.7 ppm) due to the ring current effect of the
aryl ring. The degree of shielding was more pronounced

with the mesityl versus the phenyl or p-tolyl group
(~0.6 ppm vs ~0.4 ppm).

(b) The presence of a meso-aryl ring shields the entire adja-
cent pyrrole ring, as indicated by the chemical shift of the
distal proton(s) of the adjacent pyrrole ring(s) [in H,C-T>,
H? and H® are shifted upfield (~0.12 pm); in H,C-M'°, H’
and H'? are shifted upfield (~0.17 pm); in H,C-P'5, H!? is
shifted upfield (~0.11 pm)]. For chlorins that bear more
than two meso-substituents, the shielding effect is additive.
For example, H'? in H,C-TSM!’P'S shows the greatest
upfield shift (0.78 ppm) owing to both the mesityl [Ad=
0.61 ppm for H'? in H,C-M'] and phenyl [A6=0.11 ppm
for H'? in H,C-P'5] groups.

Table 1. "H NMR chemical shifts for free base chlorins with 0-3 meso-substituents®

Position H,Cé H,C-T® H,C-M" H,C-P" H,C-P" H,C-T°’M"  H,C-T°M'P" H,C-Br'® Oxo0-H,C
6 (A®) 6 (AD) 6 (AD) 6 (A6) 6 (A®) 6 (A®) b6 (AD) 6 (A®)

meso 5 989  — 9.81 (—0.08) 9.86 (—0.03) 9.89 (0) — — 9.81 (—0.08)  10.03 (+0.14)
10 986  9.82(—0.04) — — 9.84 (—0.02) — — 9.74 (—=0.12)  10.11 (+0.25)
15 9.08 898 (—0.10) 8.99 (—0.09) 9.03 (—0.05) — 8.90 (—0.18) — — 9.98 (4 0.90)
20 898 891 (—0.07) 8.89(—0.09) 891 (—0.07) 8.99 (+0.01) 8.83 (—=0.15) 8.84 (—0.14) 8.89 (—0.09)  9.34 (+0.36)

8 2 899  887(—0.12) 893 (—0.06) 8.95(—0.04) 9.00 (+0.01) 8.80 (=0.19) 8.81 (—0.18) 8.95 (—0.04)  9.26 (+0.27)
3 926  8.84(—042) 921 (—0.05) 9.24(—0.02) 9.24 (—0.02) 8.76 (—0.50) 8.77 (—0.49) 9.17 (—=0.09)  9.41 (+0.15)
7 9.08  8.67(—041) 891 (=0.17) 8.97 (=0.11) 9.07 (—0.01) 8.45 (—0.63) 8.46 (—0.62) 9.02 (—0.06)  9.18 (+0.10)
8 9.08  895(—0.13) 847 (—0.61) 8.64(—0.44) 9.07 (—0.01) 8.32(—0.76) 8.31 (—0.77) 8.98 (—0.10)  9.23 (+0.15)
12 924 921(—0.03) 8.63(—0.61) 8.82(—042) 9.13 (—0.11) 8.58 (—0.66) 8.46 (—0.78) 9.19 (—0.05)  9.40 (+0.16)
13 894  8.89(—0.05) 8.77(—0.17) 8.82(—0.12) 842 (—0.52) 8.72(—0.22) 8.19 (—0.75) 9.26 (+0.32) 931 (+0.37)
17 466  4.61 (—0.05) 4.63 (—0.03) 4.64 (—0.02) 4.25 (—0.41) 4.59 (—0.07) 4.18 (—0.48) 4.67 (+0.01) —
18° 2.07  2.05(—0.02) 2.06(—0.01) 2.06 (—0.01) 1.99 (—0.08) 2.05(—0.02) 1.97 (—0.10) 2.04 (—0.03)  2.12 (+0.07)

? In CDCl; (20 mM) at 298 K. Large chemical shifts from the reference chlorin are displayed in bold.
® Protons of the geminal dimethyl group (18-position).
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(c) The introduction of the 15-phenyl group (H,C-P'S or
H,C-TM!°P15) shields the pyrroline ring: the resonances
of the adjacent H'7 (0.41 or 0.48 ppm) and geminal dimethyl
group at the 18-position (~0.1 ppm) shift upfield.

(3) Effect of the bromo group: introduction of the 15-bromo
group (H,C-Br!S) causes the resonance of the adjacent pyr-
role proton (H'?) to shift downfield (Ad=0.32 ppm), with no
effect on the resonance of the adjacent pyrroline protons (H'7).

(4) Effect of the carbonyl group: introduction of the oxo
group at the 17-position giving the oxochlorin (Oxo-H,C)
causes every resonance of the chlorin macrocycle to shift
downfield. A significant downfield shift (0.9 ppm) is ob-
served for the resonance of the adjacent proton (H'3), and
large downfield shifts (~0.3 ppm) are observed for the reso-
nances from the protons relatively close to the carbonyl
group (H?°, H'®) as well as H? and H'.

In summary, the resonances from the meso-protons are
strongly shifted upfield by the structure change from porphy-
rin to chlorin, while those from the B-protons are shifted up-
field by the presence of meso-aryl substituents. Knowledge
of the spectroscopic properties of these simple chlorins has
proved invaluable in clarifying the substitution pattern in
more substituted chlorin macrocycles.’

2.2. 13C NMR spectra of chlorins

The assignment of the '>*C NMR spectra of chlorins has been
challenging due to three factors: (1) the complexity derived
from the lower symmetry of the macrocycle versus porphy-
rins, (2) the presence of a large number of substituents, at least
for naturally occurring chlorins, and (3) the large number of
quaternary carbons. Recent advances in heteronuclear corre-
lation 2D NMR techniques, such as HSQC (heteronuclear
single quantum correlation) or HMBC (heteronuclear multi-
ple-bond multiple quantum correlation), now make it possible
to assign all carbon resonances, including those from quater-
nary carbons, of the chlorin macrocycle. Indeed, the complete
assignment of methyl chlorophyllide has been carried out.'®
Although a handful of synthetic chlorins have been examined
by '*C NMR spectroscopy as benchmarks for chlorophyll,'®
full assignments of '3C NMR spectra have so far been reported
only for meso-tetrakis(m-hydroxyphenyl)chlorin (H,-m-
THPC),"> ZnOEC,'®* and meso-tetramethylchlorinato-
nickel(I) (NiTMC).2!-?? The tetraarylchlorins are not ideal
for fundamental studies of chlorin '*C NMR spectra owing
to the presence of four meso-substituents. By contrast, chloro-
phyll bears three unsubstituted meso-positions. On the other
hand, the octaalkylchlorins bear a full complement of B-
pyrrolic substituents. Again, the '*C NMR spectrum of a
benchmark chlorin lacking meso- and B-substituents has here-
tofore not been reported.

The resonances of all meso, a-, and B-carbons of a series
of six synthetic chlorins were assigned on the basis of
the results from gHSQC and gHMBC experiments. The
representative gHMBC spectrum of H,C-T*M!? is shown
in Figure 2.

Tertiary carbons [meso-(unsubstituted)- and B-carbons]
were assigned in a straightforward manner by gHSQC

experiments, aided by the assignment of all of the protons as
discussed in the prior section. Quaternary carbons [meso-
(substituted)- and o-carbons] were assigned by gHMBC
experiments on the basis of the following observations:

(1) a-Pyrrole carbons were assigned on the basis of the cross
signals between B-protons on adjacent carbons [e.g., C!4—
H'2 (3J), C*-H'" (2))]. In the case where adjacent meso-
positions were unsubstituted, the cross signal between
meso-protons [e.g., C'*~H'> (2])] was also used for assign-
ments (Fig. 2, see cross signals 4a—4c).

(2) Quaternary meso-carbons: in gHMBC, cross signals be-
tween the meso-carbons and a chlorin macrocycle proton
were not observed (a similar observation was reported by
Hynninen and co-workers for bonellin dimethyl ester??).
This makes the assignment of quaternary meso-carbons
somewhat difficult. In the chlorins examined herein, the as-
signments of these quaternary meso-carbons were performed
on the basis of the cross signal between meso-aromatic pro-
tons and the meso-carbon. For example, for a chlorin that
bears a p-tolyl group at the 5-position (H,C-T°, H,C-
TSM!'°, or H,C-TSM'YP15), the resonance of C> can be read-
ily assigned by the cross signal between the p-tolyl protons
adjacent to the chlorin macrocycle and C> (*J). In the case
where the 15-position bears a phenyl group (H,C-P'5 or
H,C-TSM'P'5), the resonance of C!5 can be readily as-
signed by the cross signal between the phenyl protons adja-
cent to the chlorin macrocycle and C'® (°J), together with the
cross signal between H'” and C'3 (3J). For the case where the
10-position bears a mesityl group, C!® was not directly as-
signed because no cross signals were observed. In this case,
C!% was assigned indirectly by elimination given the assign-
ments of the other meso-carbons.

The «- and PB-carbons were unambiguously assigned for
H,C and ZnC (when Aé for pairs of resonances is
<0.2 ppm) with the exception of carbons in the pyrroline
ring (C'%, C'7, C'3, and C'°). The chemical shifts of a given
pair of carbons at similar positions with respect to the pyrro-
line ring (but not equivalent owing to the presence of the
geminal dimethyl group, e.g., C? and C'3, C! and C'#) are
almost identical. When the chlorin bears meso-aryl substitu-
ent(s) (e.g., H,C-TM! and H,C-TSM!’P'%), the reso-
nances were fully assigned including each quaternary
carbon, because such substitution imparts chemical shifts
to the otherwise nearly identical resonances of the carbons
in the chlorin macrocycle.

The assigned chemical shifts of 3C NMR spectra for por-
phine (H,P), H,C, Hy-m-THPC, ZnP, ZnC, and ZnOEC
are summarized in Table 2 (in THF-dg). The major findings
are as follows.

(i) meso-Carbons: the resonances of H,C or ZnC at C'> and
C?%, which flank the pyrroline ring, are shifted upfield
(~10 ppm) compared to that of the corresponding porphy-
rins H,P or ZnP. On the other hand, the resonances of C°
and C'°, which are distal to the pyrroline ring, do not
show any significant changes.

(i1) B-Carbons: the resonances of all chlorins at the saturated
site in the pyrroline ring (C'7 and C'®) are shifted upfield
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(5b) H*°—C" (2)). The correlations of cross signals are noted only for quaternary carbons. The other cross peaks are from the correlation of tertiary carbons,

which were already assigned by gHSQC.

compared to that of the corresponding B-pyrrolic carbons
in porphyrin H,P or ZnP. The upfield shift is 80.8 and
86.2 ppm for H,C, and 89.3 and 94.7 ppm for ZnC. In
H,C, the resonances of C? (C'3) and C? (C'?) are also
shifted upfield, while C” (C®) does not show significant
changes, versus that of H,P. In ZnC, the resonances of all
the B-carbons are shifted upfield (7.7-13.1 ppm) versus that
of ZnP.

(iii) a-Carbons: the resonances from the pyrroline ring (C'®
and C') are shifted downfield (16.7 and 28.2 ppm for H,C,
6.6 and 18.1 ppm for ZnC, respectively) compared to that of
the porphyrin H,P or ZnP.

(iv) Effects of meso-substituents in chlorin macrocycles: the
resonances of the meso-carbons of m-THPC are shifted
downfield (~15 ppm) compared to that of H,C, due to the
presence of meso-aryl substituents. To assess the effects of
meso-substituents on the chemical shifts of carbons at sites
other than the substituted carbon, the chemical shifts of
a- and B-carbons for H,C versus m-THPC (excluding the
carbons adjacent to the pyrroline ring wherein the geminal
dimethyl group gives a B-effect) were compared. The order
of the chemical shifts of H,C and m-THPC match each
other (C?, C"3<(C3, C2<(C7, C¥«C?, C''<(C!, C'*<CS,
C®). In addition, the respective chemical shift values are
very similar in each case. These results indicate that, at least

for the meso-phenyl groups compared herein, the meso-
substituents typically alter the chemical shifts at the site to
which they are attached, but have negligible effect on other
carbons in the macrocycle (vide infra).

(v) Effects of B-substituents in chlorin macrocycles: the res-
onances of the B-carbons of ZnOEC are shifted downfield
(~11 ppm) compared to that of ZnC. The respective chem-
ical shift values of the a-carbons for H,C and m-THPC are
very similar, and the order of the chemical shifts of the a-car-
bons in ZnC and ZnOEC match each other (C*, C''~C5,
C°<C!, C'%. On the other hand, the resonances of the
meso-carbons (C5 and C10) are shifted upfield by 7 ppm.
Similar effects of B-alkyl substituents on the chemical shift
of meso-carbons are observed for porphyrins: the resonance
of the meso-carbon is shifted upfield ~9 ppm by the intro-
duction of B-substituents (H,P gives 106.0 ppm whereas
H,OEP gives 96.4 ppm,?* ZnP gives 106.5 ppm whereas
ZnOEP gives 97.4 ppm?*). Understanding the effects of
[-substituents would require the synthesis of a variety of
B-substituted analogues of ZnC. In this regard, only a few
analogues of ZnC bearing one or two B-substituents have
been prepared to date.”?>

The '3C NMR spectral resonances for five chlorins with in-
creasing number of aromatic substituents (from H,C with no
substituents to HyC-T M!’P'5 with three substituents) and
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Table 2. ">C NMR chemical shifts for H,C and ZnC
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Position H,P* 6 H,C 6 (AS)° m-THPC 6 (A6)° ZnP* 6 ZnC® 6 (A6)° ZnOEC' § (A5)°

meso 5 106.0 107.4 (+1.4) 122.0 (+16.0) 106.5 1082 (+1.7) 100.9 (-5.6)
10 107.0 (+1.0) 107.9 (+1.4)
15 97.2 (-8.8) 112.1 (+6.1) 95.7 (-10.8) 93.1 (-13.4)
20 95.3 (~10.7) 93.5 (-13.0)

8 2,13 133.6 124.4 (-9.2) 123.6 (-10.0) 140.0 126.9 (-13.1) 137.8 (-2.2)
3, 12 128.7 (—4.9) 128.0 (-5.6) 132.3 (-7.7)¢ 143.0 (+3.0)
7,8 133.3 (-0.3) 131.7 (-1.9) 128.0 (-12.0)¢ 139.5 (-0.5)
17, 18 52.8 (-80.8) 35.4 (-98.2) 50.7 (-89.3) 543 (-85.7)

474 (-86.2) 45.3 (-94.7)

a 1, 14 1472 141.0 (-6.2) 139.8 (-7.4) 151.8 153.5 (+1.7)¢ 151.9 (+0.1)
4,11 135.9 (-11.3)¢ 134.1 (-13.1) 146.2 (-5.6)¢ 1443 (-7.5)
6,9 153.0 (+5.8)¢ 151.5 (+4.3) 146.5 (-5.3) 144.6 (-7.2)
16 163.9 (+16.7) 167.6 (+20.4) 158.4 (+6.6) 163.9 (+12.1)
19 175.4 (+28.2) 169.9 (+18.1)

Ref. 14 (in THF-dg at 298 K).
In THF-dg at 298 K.

Ad=0 of chlorin—d of H,P.
Ref. 15 (in DMSO-dg).

* A6=6 of Zn chlorin—¢ of ZnP.
" Ref. 16 (in THE-dy).

6 a6 o s

€ For clarity, the chemical shifts shown are the average of the two chemical shifts. Typically, the differences of the chemical shifts are less than 0.2 ppm.

oxochlorin (Ox0-H,C) are summarized in Table 3. The
spectra were obtained in CDCI;. However, we note that
the '3C NMR spectrum of H,C measured in either CDCl;
or THF-dg showed neither a significant solvent effect on
chemical shift (within 1.5 ppm) nor reversal of the chemical
shift order. The introduction of a meso-aryl group causes
a downfield shift of the meso-substituted carbon; the value
of the Ad is ~16 ppm for the p-tolyl group and ~14 ppm
for the mesityl group. The effects of such meso-aryl substit-
uents are insignificant on the chemical shifts of the o- and B-
carbons (A6<1.5 ppm). Introduction of the 17-oxo group
(oxochlorin Ox0-H,C) gives significant chemical shifts

only at the reduced pyrrole ring: C'¢ and C'° are shifted up-
field by 16.6 and 6.8 ppm, respectively.

The chemical shifts of ZnC and H,C were compared to
those of 13%(R)-Chl a®° and bonellin dimethyl ester??
(Fig. 3). Bonellin dimethyl ester contains only one B-alkyl
substituent in each of rings A and B. By contrast, H,C has
no such substituents, whereas HOEC contains a full com-
plement of four B-alkyl substituents.

(a) H,C versus bonellin dimethyl ester: the chemical shifts
of H,C and bonellin dimethyl ester are generally quite

Table 3. '*C NMR chemical shifts for free base chlorins with 0-3 meso-substituents”

Position H,C 6 (A6  HoC-T° 6 (A6)° H,C-MY 6 (A6)° H,C-T°M'™ 6 (A6)° H,C-T°M' P 5 (A6)®  Oxo0-H,C 6 (AS)°
meso 5 1069 122.3 (+15.4) 107.2 122.5 (+15.6) 121.9 (+15.0) 105.8
10 1065 107.1 120.1 (+13.6) 120.4 (+13.9) 121.2 (+14.7) 107.7
15 96.7 96.4 9.8 96.5 111.9 (+15.2) 96.3
20 94.7 95.1 94.4 94.8 95.0 95.7
2 1237 123.4 123.4 123.3 123.8 126.6
13 1237 123.6 123.9 1235 123.4 1263
8 3 1281 128.6 1283 128.8 1285 129.0
12 1282 128.6 127.4 127.7 127.2 127.9
7 1326 132.6 133.0 132.7 132.4 134.0
8 1328 132.4 1313 130.8 131.2 134.9
17 522 52.0 522 51.9 52.1 210.6 (+158.4)
18 46.8 46.8 46.7 46.6 46.2 50.4 (+3.6)
1 1405 140.4 139.8 141.0 140.8 140.0
14 1398 140.5 141.1 140.4 141.0 137.6
a 4 1347 1354 134.4 135.2 135.8 137.0
11 1350 134.6 134.9 134.6 134.2 135.8
6 1516 152.8 151.3 152.4 153.1 154.4
9 1519 1513 152.8 152.3 151.9 153.1
16 1633 163.9 163.0 163.5 162.8 146.7 (—16.6)
19 1749 174.5 175.3 174.9 174.7 168.1 (—6.8)

% In CDClj; at 298 K. The assignments within selected pairs of carbons (2,13; 3,12; 7,8; 1,14; 4,11; 6,9) given in italics could not be unambiguously distin-
guished and may be interchanged.

> Aé=6 of chlorin—é of H,C (given where the value is >3 ppm).
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1347 1516
128.1 &me,g} 132.6
1405 —= --—— 151.9 139.3 —=

94.7 106.5

133.1 1516
102.5

132.1 (+a.41)26'1 &('4'4) J

141.7 (+9.1)

102.1 (-4.4)

1745 — -« 135.0 171.8 — - 133.7
46.8 128.2 497 134.2 (+6.0)
522 f 96.7 \ 123.7 57.8 (45.6) 131.6 (+7.9)
163.3  139.8 5 7
HycoOC 1648 1373 CoocH, > PP
H,C (in CDClg) Bonellin dimethyl ester (in CDCl5) 201 910
148.9 189 1:2
146.1 146.4 152.7 (+6.3) 1
Z 17 16 15 14 13
127.9 &108-2J 132.2 139.5 (+11.6) 134.0 (+1.8)

126.8 132.3

1446 (+12.3)

153.2 —» gy iR RN < 1466
935 107.9 93.4 108.2
169.9 —» -~ 1463  169.4—» ~— 1481
453 128.1 b 134.3 (+6.2)
50 7/‘ 957\ 1269 : / 130.9 (+4.0)
158.4  158.7 gt | o
156.3 1058 1624 R'=COOCH;
(+10.1) R2 = CH,CH,COO-phytyl

ZnC (in THF-d)

132%(R)-Chl a (in acetone-dy)

Figure 3. BCNMR assignments of ZnC, H,C, methyl chlorophyllide 13%(R)-Chl a, and bonellin dimethyl ester. The italicized numbers shown for H,C or ZnC
indicate resonances that were not unambiguously assigned (e.g., C’ and €%, C? and C'?) as described in Table 3. The parenthetic numbers denote Ad of the
resonance versus that in the corresponding free base chlorin H,C or zinc chlorin ZnC (upfield shift given in red; downfield shift given in blue).

comparable. Bonellin dimethyl ester contains several pairs
of adjacent quaternary carbons, for which assignments are
made with difficulty using HMBC given that both carbons
show the same cross peaks. By analogy with the simpler
NMR spectrum of H,C, where no such pairs are present,
we have tentatively revised the previous assignments>? for
two pairs of adjacent quaternary carbons (C' and C?, and
C® and C7) in bonellin dimethyl ester. The revised assign-
ments are shown in Figure 3. Further comparisons of the
spectra are as follows: (i) the resonance of C> or C!°
(102.3 ppm average) of bonellin, each of which is flanked
by a single B-alkyl substituent, is shifted upfield by 4.4 ppm
compared to that of H,C. This upfield shift can be explained
by the substituent effect of a B-alkyl group on the chemical
shifts of meso-carbons as described above. The resonance of
C3 (=C'9,98.3 ppm'?) of H,OEC, which is flanked by two
B-alkyl substituents, is shifted upfield by 8.4 ppm compared
to that of H,C. Thus, the presence of one alkyl substituent
adjacent to a meso-position causes a ~4 ppm downfield shift
of the resonance of the meso-carbon. (ii) The chemical shifts
of B-pyrrole carbons can be easily explained by the a-effect
of alkyl substitution (e.g., the methyl group causes a 9.3 ppm
downfield shift?”). (iii) The chemical shifts of a-pyrrole
carbons are closely matched in H,C and bonellin dimethyl
ester.

(b) ZnC versus 13*(R)-Chl a: there are several discrepancies
between the chemical shifts of ZnC and those of 13*(R)-Chl
a that do not stem from the different metalation states (zinc
vs magnesium). The largest discrepancies are observed for
the following carbons: (i) C% 146.4 ppm (H,C) versus
152.7 ppm (13%(R)-Chl a). The effect of B-substitution on

the chemical shift of the a-carbon is very small. The
chemical shift of the resonance of C® of 13%(R)-Chl a should
be similar to that of C° of 13%(R)-Chl a (~146 ppm). (ii) C’;
132.2 ppm (H,C) versus 134.0 ppm (13%(R)-Chl a). Upon
considering the expected a-effect of the 7-methyl group
(~9.3 ppm downfield shift?”), the resonance of C’ should
appear near 140 ppm. (iii) C'%; 107.9 ppm (H,C) versus
108.2 ppm (13*(R)-Chl a). The chemical shift of the reso-
nance from C'° of 13%(R)-Chl a should be similar to that
of MgOEC (~101 ppm?®°). Indeed, there are many reports
of chlorophyll analogues wherein a resonance at
~100 ppm is assigned to C'°.?3* These discrepancies
might be attributed to the presence of the isocyclic ring in
13%(R)-Chl a. Further studies using chlorin benchmarks
containing an isocyclic ring are required to resolve such
apparent discrepancies.

2.3. Absorption and fluorescence properties

2.3.1. Comparison of spectral features of chlorin bench-
marks. The fully unsubstituted chlorins H,C, MgC, and
ZnC exhibit absorption and fluorescence spectral features
similar to those of the corresponding derivatives of chlorin
itself (H,Chlorin, MgChlorin, and ZnChlorin), where
data are available (Table 4). On the other hand, the synthetic
chlorins prepared herein lack auxochromes at the 3- and
13-positions, which accentuate the long-wavelength transi-
tion of chlorophylls (which contain a 3-vinyl group and a
13-keto group).” Hence the spectra of the synthetic chlorins
typically exhibit less red absorption than the chlorophylls.
The availability of the synthetic chlorins enables these dif-
ferences to be probed in detail.
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Table 4. Spectral properties of chlorins®

Compound Ag in nm (log ¢) Aq, in nm (log ¢) IB/IQb Aem in nm &

H,C 389 (5.20) 634 (4.82) 24 636 0.19
H,Chlorin 388 (5.11)¢ 638 (4.70)° 26 — 0.20°
Pheo a 409 (5.06)° 667 (4.74)° 21 — 0.175%
MgC 402 (5.35) 607 (4.65) 44 610 0.26
MgChlorin 402 (5.49)" 610 (4.75)" 55 — —
Chla 429 (5.05)' 661 (4.94)! 13 666 0.325%
ZnC* 399 (5.38) 603 (4.84) 3.5 605 0.062
ZnChlorin 402' 603' 3.6 — —
Zn-Pheo a 423 (5.09™ 653 (4.96)™ 14 657 0.23
Ox0-ZnC 412 (5.19) 602 (4.65) 3.5 605 0.026"
PdC 390 586 1.7 — —
CuC 397 596 39 — —

a

In toluene at room temperature unless noted otherwise.

® Ratio of the intensity of the B and Q, bands.

¢ Each &, value was determined in toluene at room temperature with Ay at
the B band maximum using chlorophyll a as a standard (®#=0.322) unless
noted otherwise (see text).

Ref. 5 (in benzene).

Ref. 36 (in propanol).

' Ref. 37 (in diethyl ether).

¢ Ref. 38 (in benzene).

? Ref. 5 (in benzene).

' Ref. 35 (in diethyl ether).

I Ref. 39.

X Ref. 7.

! Ref. 40 (in n-octane).

™ Ref. 41 (in diethyl ether).

" Ref. 42 (in diethyl ether).

o o

An example of the difference in absorption spectra is pro-
vided by H,C and pheophorbide «, the free base and dephy-
tylated analogue of chlorophyll a (Pheo a), as is shown in
Figure 4. The ratio of the intensity of the B and Q, bands
(Is/lq ratio),>® which provides a measure of the relative
amount of blue:red absorption, is greater for the synthetic
chlorins than the chlorophylls. The most pronounced differ-
ence occurs in the magnesium chelates, where MgC exhibits
an I/l ratio of 4.4 versus 1.3 for that of chlorophyll a.

The fluorescence quantum yields of the synthetic chlorins
can be compared with those of other chlorins, including
chlorophyll and its metalated analogues. The fluorescence
quantum yield of H,C is nearly identical with that of Pheo a
(9¢=0.19 vs 0.175), the yields for MgC and chlorophyll
a are similar (0.26 vs 0.325), but a sizable disparity occurs
for ZnC and Zn-Pheo a (0.062 vs 0.23). The zinc-

150,000 —

2~ 100,000
£ 4

50,000 —

300 400 500 600 700
Wavelength (nm)

oxochlorins (Ox0-ZnC, Oxo-ZnC-B®) exhibit even lower
fluorescence yields (0.026, 0.029). The fluorescence quan-
tum yield for H,C is nearly identical with that for
H,Chlorin (®=~0.20). To our knowledge, fluorescence
yield data are not available for MgChlorin and ZnChlorin.

Thus, the geminal dimethyl-substituted chlorins exhibit
spectral attributes resembling those of the less stable ana-
logues that have been prepared previously. The availability
of diverse synthetic chlorins enables a number of spectral
studies. The comparisons presented here concern the effects
of core modification (metalation, protonation) and the ef-
fects of increasing number of meso-substituents in free base
chlorins.

2.3.2. Absorption spectra of metallochlorins. The absorp-
tion spectra of several metallochlorins (ZnC, CuC, MgC,
and PdC)? are shown in Figure 5. The absorption spectra
of CuC, MgC, and ZnC exhibit the following characteristic
features: (i) blue shift of the Q, band (27-38 nm) compared
to H,C, (ii) narrower B band (fwhm=10-13 nm) compared
to H,C (fwhm=33 nm), (iii) larger Ig/l ratio (3.5-4.4)
compared to H,C (2.4). PdC shows the following distinctive
features versus ZnC: (i) a further blue shift of the Q, band
(17 nm), (ii) broadening of the B band (fwhm=26 nm),
and (iii) a smaller I/l ratio (1.7).

Absorption (normalized)

300 400 500 600 700
Wavelength (nm)

Figure 5. Absorption spectra of metallochlorins in toluene at room temper-
ature. Legend: PdC (a, purple), CuC (b, red), ZnC (c, blue), MgC (d,
green), and H,C (e, black).

=
0 ocH,

H,C

OH
Pheophorbide a
800

Figure 4. Absorption spectra of H,C (solid line, in toluene) and Pheo a (dashed line, in diethyl ether).
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Wavelength (nm)

Figure 6. Absorption spectra at room temperature of H,C (dashed line) in
toluene and putative H4C2+ (solid line) in acidified toluene.

2.3.3. Absorption spectra of protonated chlorins. A solu-
tion of H,C in toluene upon treatment with TFA (~1% v/v)
underwent protonation to form the putative H4C>*. The ab-
sorption spectrum is shown in Figure 6. The chlorin dication
exhibits a red shifted B band [H,C, 388 nm (log ¢=5.20);
H,C>*, 404 (log e=5.45)] and slightly blue shifted Q,
band [H,C, 632 nm (log e=4.71); H4C?*: 623 nm (log e=
4.57)]. The disubstituted chlorin H,C-T M (A3=414 nm,
log eg=4.95; Aq=641 nm, log e;=4.45) upon diprotonation
exhibited similar spectral shifts (Ag=425 nm, log eg=5.06;
A@=622 nm, log e;=4.09). In each case the spectrum of the
free base chlorin was reobtained upon neutralization with
triethylamine. Similar features were observed with the di-
protonated tetraphenylchlorin (HsTPC?%).3

2.3.4. Absorption spectra of meso-aryl-substituted free
base chlorins. The absorption spectra of free base chlorins
with 0-3 substituents are displayed in Figure 7 and summa-
rized in Table 5. The B band and Qy band of the free base
meso-substituted chlorins are steadily red shifted with in-
creasing number of aryl substituents from O to 3, while the
I/l ratio increases from 2.4 (unsubstituted) to 3.8 (trisub-
stituted). The following observations concern the additive
effects of meso-aryl groups giving rise to the red shift for
both the B and Q, bands: (i) the Q, band of chlorins is red

1

Absorption (normalized)
o
(6]
|

300 400 500 600 700
Wavelength (nm)

Figure 7. Absorption spectra of free base chlorins with 0-3 meso-substitu-
ents in toluene at room temperature. Legend: H,C (a, black), HZC-T5 (b,
green) H,C-M"* (c, purple), H,C-P* (d, light blue), H,C-P* (e, blue),
and HyC-T"M" (f, yellow), and H,C-T"M""P"* (g, red).

Table 5. Spectral properties of free base chlorins with 0-3 substituents®

Number of Compound AB AABb AQ), AAth (nm) Ig/ly°
substituents (nm) (nm) (nm)

0 H,C 389 — 634 — 24

1 H,C-T® 403 +14 637 43 29

1 H,C-M" 400 +11 638  +4 25

1 H,C-P" 403 +14 637 43 2.8

1 H,C-P" 395 46 638  +4 26

2 H,C-T°M" 414 425 641  +7 33

2 H,C-P'’P" 408 +19 641 47 3.1

3 H,C-T°M™P" 418 +29 645 +11 3.8

? In toluene at room temperature unless noted otherwise.
® Shift in peak wavelength from that of H,C.
¢ Ratio of the intensity of the B and Q, bands.

shifted ~4 nm by the introduction of each meso-aryl substit-
uent regardless of the type or position of the substituent. This
effect was additive, giving a total red shift of ~11 nm for the
Q, band of the triaryl-substituted chlorin H,C-T*M"°P'3.
(i) The magnitude of the red shift of the B band depends
on both the type and position of the substituents: 5-position
(14 nm for p-tolyl), 10-position (14 nm for phenyl, 11 nm
for mesityl), and 15-position (6 nm for phenyl). The
magnitude of the red shift for multiple meso-aryl-substituted
chlorins can be calculated by adding these numbers (e.g.,
H,C-T’M'°, calculated red shift 25 nm (14+11 nm), ob-
served 25 nm; H,C-P°P'5, calculated red shift 20 nm
(1446 nm), observed 19 nm; H,C-T’M'P'5, calculated
red shift 31 nm (14+11+6 nm), observed 29 nm).

Spectral trends similar to those described herein for chlorins
also have been observed with porphyrins. Senge and co-
workers reported absorption spectra of porphyrins that
bear 1-4 meso-aryl substituents*> and noted a continual
red shift of the absorption spectra with increasing number
of aryl substituents. The correlation between the number
of substituents and the ratio of the intensity of the Soret
band and that of the dominant visible band (Ig/lq ratio)
should also be noted: the I/l ratio increases from 14.7 in
porphine to 50 in tetramesitylporphyrin due to the four
aryl substituents (on the basis of data from Ref. 39).

A deep understanding of the origin of the differences in spec-
tral attributes and fluorescence yields will require additional
spectroscopic and other physical studies. Such studies are
now possible given the availability of the benchmark chlo-
rins described herein as well as analogous chlorins bearing
substituents at designated locations.

2.4. X-ray crystal structures

More than 75 crystal structures of chlorins have been re-
ported.** To our knowledge, however, there are no reported
X-ray crystal structures of a chlorin lacking any substituents
at the meso- and B-pyrrolic positions, nor are there crystal
structures of chlorins possessing relatively few (1-3) substit-
uents. The typical synthetic chlorins that have been exam-
ined by X-ray crystallography contain a full complement
of aryl or alkyl substituents at the meso- or B-positions.
Moreover, only a few crystal structures of oxochlorins have
been reported, and these are for the iron or nickel chelate.®
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Single crystals of unsubstituted chlorin (ZnC) and unsubsti-
tuted oxochlorin (Ox0-ZnC) were grown from dichloro-
methane/cyclohexane and subjected to X-ray crystallographic
analysis. Key structural parameters are listed in Table 6.

ORTEP drawings of ZnC and Oxo-ZnC are shown in
Figure 8 together with the bond distances. The carbon-
carbon bond lengths in the pyrroline ring (ring D) are distinct
from those in three pyrrole rings due to the sp> versus sp?
hybridization. In ZnC, for example, the C17-C18 distance
(1.507 A) or the C16-C17 distance (1.500 A) is longer
than the average of the corresponding bond distances in
the pyrrole rings (1.340 or 1.434 A, respectively). The
distances between the zinc atom and the four nitrogen atoms
resemble those of other chlorins. The distance between
the zinc atom to the pyrroline mtrogen atom (2.103 A for
ZnC and 2.098 A for Oxo0-ZnC) in each case is longer
than that between the zinc atom and a pyrrole nitrogen
atom by ~0.04 to ~O. 09 A. Similar observations were
reported for other metallochlorins (e.g., ZnTPC,*°
PAOEC,*” FeOEC,*® NiTMC*’). The core size (pairwise
distances between the four nitrogen atoms N1-N2, N2-
N3, N3-N4, N4-N1) of ZnC, Oxo0-ZnC, and ZnTPC*
give values that are similar to each other, with average

Table 6. Summary of crystal data for ZnC and Oxo-ZnC

nitrogen—nitrogen distances of 2.896, 2.908, and 2.906 A,
respectively. In each molecule, the N3-N4 and N4-NI1 dis-
tances are slightly longer (~0.03 A) than those for N1-N2
and N2-N3.

The distances of atoms in the chlorin macrocycle from their
least-squares plane (24 non-hydrogen atoms) are listed in
Figure 9. The degree of distortion of the macrocycle (calcu-
lated by the sum of the averaged positive displacement and
the averaged negative displacement) is nearly identical for
ZnC (0.122 A) and Oxo0-ZnC (0.119 A) The largest devia-
tion was observgd for C18 of Oxo0-ZnC, which is out-of-
plane by 0.256 A. This is mainly due to relief of strain in
the pyrrohne ring owing to the adjacent 17-oxo group. The
zinc atom is displaced 0.219 and 0.152 A out-of- plane in
ZnC and Oxo-ZnC, respectlvely These dlsplacements are
51gn1ﬁcantly less than that in ZnTPC, where the zinc atom
is displaced 0.39 A out-of-plane.*® The latter molecule
may be somewhat more strained owing to the two meso-
phenyl groups flanking the pyrroline ring.

ZnC and Ox0-ZnC crystallized with inclusion of cyclo-
hexane in the unit cell (ZnC:cyclohexane=2:1; Oxo-
ZnC:cyclohexane=1:1). Each unit cell of ZnC contains

ZnC+0.5 cyclohexane

0Ox0-ZnC+cyclohexane

Formula

Formula weight (g/mol)
Crystal dimensions (mm)
Crystal color and habit
Crystal system

Space group

Temperature (K)

a (A)

b (A)

c (A)

a ()

B ()

v ()

V(A%

Number of reflections to determine final unit cell
26 for cell determination (°)
Index range

VA

F(000)

p (g/cm)

A (A, Mo Ka)

p(em™)

Scan type(s)

Max 26 for data collection (°)
Measured fraction of data
Number of reflections measured
Unique reflections measured
Rmerge

Structure refined using
Weighting scheme

Number of parameters in least-squares
Final R indices

R indices (all data)
GOF

Maximum shift/error B
Min and max peak heights on final AF map (e /A)

C25H24N4Zl’1
445.87
0.34x0.16x0.01
Purple plates

C23H28N4OZ[1
501.91
0.30x0.14x0.04
Purple plates

Monoclinic Monoclinic
C2lc P2,/c
110 110
27.186 (3) 15.4858 (14)
12.2685 (14) 13.5067 (11)
12.0438 (14) 11.5020 (9)
90.0 90.00
93.878 (4) 98.838 (4)
90.0 90.00
4007.8 (8) 2377.2 (3)
7067 7685
5.60<260<53.48 5.10<260<50.06
—34<h<34 —18<h<18
0<k<I15 —16<k<15
0<i<15 —13<I<13
8 4
1859.40 1048
1.478 1.402
0.71073 0.71073
1.25 1.062
Omega and phi scans Omega and phi scans
53.60 50.2

0.992
25,380 133,290
4287 4216
0.034 0.0516
Full matrix least-squares based on F' Full mdtrlx least-squares using F
Sigma® Calcd®
271 309
R=0.063 R=0.0819
Rw=0.070 Rw=0.2274
R=0.074 R=0.0986
Rw=0.071 Rw=0.2455
223 1.015
0.000 0.000
—0.82,2.22 —0.788, 4.770

2 yw=1/[sigma’F+0.004F"].

® w=1/[sigma(F3)+(0.1485P)*+10.9233P), where P=(Fg+2F2)/3.
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Figure 8. Projection view of ZnC (left) and Oxo-ZnC (right) showing bond distances. The thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms are omitted for clarity. Estimated standard deviations on bond distances are 0.002-0.005 A.

eight chlorin molecules and four cyclohexane molecules,
whereas each unit cell of Ox0-ZnC contains four chlorin
molecules and four cyclohexane molecules. The molecular
packing patterns in the unit cell of ZnC (left) and Oxo-
ZnC (right) are shown in Figure 10. The ZnC macrocycles
are arranged as slipped cofacial dimers without any apical
ligand at the zinc site; each zinc atom is tetracoordinate
with a very slight out-of-plane distortion from square planar
geometry. The presence of the 17-oxo group profoundly
changes the packing pattern. The Ox0-ZnC macrocycles
are arranged in a polymeric network owing to coordination
of the carbonyl oxygen atom of one oxochlorin to the apical
zinc atom of an adjacent oxochlorin. Each oxochlorin in
a given polymer also forms a cofacial interaction with an
oxochlorin in a neighboring polymer.

Greater insight into the stacking is provided in Figure 11. In
ZnC, the cofacial interaction entails opposite faces of the
two macrocycles, with rings A and C (B and D) of one
chlorin juxtaposed against rings C and A (D and B), respec-
tively, of the facing chlorin (see Chart 2 for ring labels and
recall that the ZnC molecule has C, symmetry). The two

macrocycles are laterally offset by 2.0 A along the axis
that bisects the nitrogen atoms of rings B and D, with no off-
set along the axis that bisects the nitrogen atoms of rings A
and C. Such offset positions the geminal dimethyl groups
outside the region of cofacial overlap, and the pairing of op-
posite faces gives an anti-type relationship of the respective
geminal dimethyl groups. Thus, the nitrogen atom of ring D
of a given chlorin projects over the midpoint of the f,'-bond
of pyrrole ring B of the facing chlorin. Such 7t—1t interaction
is typical for a variety of porphyrinic macrocycles.’® The
shortest contact between two chlorin molecules in ZnC is
2.827 A, which occurs between the zinc atom of one chlorin
molecule and an inner nitrogen (N2) of the other chlorin
molecule. Although this distance is short, both the zinc atom
and the nitrogen atom lie toward each other, very slightly
(~0.2 A each) out of their respective macrocycle planes.
The distance between least-squares planes (~3.2 A) is
shorter than typical for porphyrinic macrocycles that bear
peripheral substituents, but is comparable to that observed
in the nickel chelate of porphine [porphinatonickel(ID),
3.355 A], which also lacks sterically encumbering peri-
pheral substituents.”!

Figure 9. Deviations of the carbon atoms in ZnC (left) and Oxo-ZnC (right) from the least-squares plane of the chlorin macrocycle (Ax10%). Hydrogen atoms

are omitted for clarity.
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Figure 11. Views of the stacking of ZnC (left) and Ox0-ZnC (right).

In Oxo0-ZnC, the cofacial interaction also entails opposite
faces of othe two macrocycles. However, the lateral offset
(by 1.5 A) occurs along the axis that bisects the nitrogen
atoms of rings A and C, with no offset along the axis that
bisects the nitrogen atoms of rings B and D. Such pairing
of opposite faces and lateral offset also positions the geminal
dimethyl groups in an anti-configuration outside of the re-
gion of cofacial overlap. Thus, the two a-carbon atoms of
pyrrole ring A of a given chlorin overlap with the two B-car-
bon atoms of pyrrole ring C of the facing chlorin. The dis-
tance between a zinc atom and the ligated carbonyl atom
is 2.248 A, which is the shortest contact between two neigh-
boring oxochlorin molecules. The closest cofacial approach
of two atoms is 3.230 A (C'? of one macrocycle and C* of
the facing macrocycle). The t—7t interaction in Ox0-ZnC
remains significant, albeit less than that in ZnC, given the
slightly longer average interplanar distance in the oxochlorin
(~3.3 A) versus the chlorin (~3.2 A).

3. Conclusions

The unsubstituted chlorins (H,C, ZnC), oxochlorin (Oxo-
ZnC), and sparsely substituted analogues constitute
benchmark macrocycles against which more complex hy-
droporphyrins can be compared. The absorption spectral data
provide quantitative reference points for understanding how

substituents alter electronic properties and shift spectral
bands. The "H NMR and '*C NMR data may prove useful
for characterizing more highly substituted chlorins. The
X-ray data may establish the foundation for studies of crys-
tal engineering, where substituents are employed to alter
crystal-packing patterns and elicit desirable photophysical
and electronic features.

4. Experimental section
4.1. General methods

"H NMR (400 MHz) and '*C NMR (100 MHz) spectra were
collected at room temperature in CDCl; unless noted other-
wise. Absorption and fluorescence spectra were obtained in
toluene at room temperature.

4.2. Molar absorption coefficients

Molar absorption coefficients were calculated through use
of the Beer—Lambert law (A=e x cxI). The absorption spec-
trum of a chlorin was recorded at room temperature in tolu-
ene maintaining the intensity of the absorption maximum (B
band, 389-412 nm) within the range of 0.8-1.2. A typical
procedure is as follows: (1) a known quantity of the chlorin
[e.g., 19.3 mg (56.7 pmol) of H,C] was dissolved in 25 mL
of toluene (spectroscopic grade) using a 25 mL volumetric
flask. (2) A 1.00-mL aliquot of this solution was removed
and diluted with toluene in a 25 mL volumetric flask (25
times dilution). (3) A known quantity (typically ~1 mL,
0.600 mL for H,C) of this solution was removed and diluted
with toluene in a 10 mL volumetric flask (~10 times dilu-
tion). (4) This solution was placed in a 1-cm pathlength
cuvette, and the absorption spectrum was recorded. The
absorption spectrometer was a diode array instrument with
resolution of 1 nm.

The molar absorption coefficient for MgC in toluene
was initially determined as e4p,m=159,000 M~!cm~! and
611nm=32,100 M~ ! cm~!. However, 'H NMR spectroscopy
(in C¢Dg) of the same sample of MgC revealed the presence
of H,O (~six molecules of H>O per molecule of MgC, after
taking into account the background H,O in the NMR sol-
vent) and THF (~one molecule of THF per two molecules
of MgC) attributed at least in part to association with mag-
nesium. We could not remove such solvent molecules from
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the sample despite prolonged drying under high vacuum.
Therefore, the corrected values for the molar absorption
coefficients in toluene are e40pnm=220,000 M~!cm™!
(log £=5.34) and ¢ 1;m=45,000 M~ cm~! (log £=4.65).

4.3. Fluorescence quantum yields (®y)

The @y values for the chlorins were determined with chlorin
samples in toluene at room temperature as described previ-
ously (see Supporting Information of Ref. 7) using chloro-
phyll a as the standard (®=0.325 in benzene),*® which
gives @;=0.322 in toluene.

4.4. X-ray crystallographic analysis of chlorins

4.4.1. Data collection and processing. The samples were
mounted on a nylon loop with a small amount of NVH
immersion oil. All X-ray measurements were made on a
Bruker-Nonius X8 Apex2 CCD diffractometer at 110 K.
The frame integration was performed using SAINT+.>2 The
resulting raw data were scaled and absorption-corrected by
multi-scan averaging of symmetry equivalent data using
SADABS.>?

4.4.2. Structure solution and refinement. The structures
were solved by direct methods using SIR92.>* All non-
hydrogen atoms were obtained from the initial E-map. The
hydrogen atoms were placed at idealized positions and
were allowed to ride on the parent carbon atom. The struc-
tural model was fit to the data using full matrix least-squares
based on F (for ZnC) or F? (for Ox0-ZnC). The calculated
structure factors included corrections for anomalous disper-
sion from the usual tabulation. The structure was refined us-
ing the XL program from the SHELXTL package,> and
graphic plots were produced using the version of ORTEP in-
cluded in the NRCVAX crystallographic program suite.>®
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