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ABSTRACT: The diatropic ring current that characterizes the unexpectedly aromatic octaethyltrioxopyrrocorphins gets drastically
reduced upon chemical reduction of one and particularly two ketone moieties. With increasing reduction, the chromophores contain-
ing one pyrrole, one/two pyrrolinone, and one/two pyrrolines, respectively, become more similar to regular, non-macrocycle-aromatic
pyrrocorphins (hexahydroporphyrins). Single crystal diffraction shows the reduction products to be idealized planar. With increasing
reduction, their UV-vis spectroscopic signatures are those of conjugated but non-aromatic oligopyrroles. Their diatropic ring current,
as assessed by 'H NMR spectroscopy, showed them to possess largely non-aromatic n-systems. Dihydroxylation of select B,f3’-dioxo-
bacteriochlorin and B,f’-dioxoisobacteriochlorins also resulted in the formation of equivalent mixed pyrrole/two pyrrolinone/pyr-
roline chromophores. Computations were able to reproduce the experimental trends of the diatropic ring currents and filled in the
data for the regioisomers that could not be experimentally accessed. The work further highlights the electronic influence of the -
oxo-substituents and, more specifically, the origin of the aromaticity of the trioxopyrrocorphins. It also presents a series of chemically
robust pyrrocorphins, a chromophore class for which many chemically very sensitive members have been reported.

double bonds in blue. Conjugated, but non-aromatic, system in

INTRODUCTION

The sequential reduction of one, or both, cross-conjugated
f3,3’-double bonds of the porphyrins generates chlorins, bacte-
riochlorins or isobacteriochlorins, respectively (Figure 1).!
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Figure 1. Framework structures of the hydroporphyrin classes in-
dicated. The conjugation pathway of the central aromatic 18 n-elec-
tron system generally recognized to be present in (hydro)porphy-
rinoids is highlighted in red,' cross-conjugated, pseudo-olefinic

green.

The 18+4, 18+2, or 18 m-electron Hiickel-aromatic systems
of the (hydro)porphyrins are primarily responsible for their
characteristic optical spectra (i.e., electronic properties, in gen-
eral).” Removal of an additional double bond from the tetrahy-
droporphyrins results in the interruption of the Hiickel-aromatic
18 7 electron system and the formation of a non-aromatic pyr-
rocorphin or its leuco-form tautomer, a porphyrinogen.®

Eschenmoser and co-workers pioneered the studies of syn-
thetic B-alkylpyrrocorphins, such as compound 1Mg, in the
context of their vitamin By, total synthesis (Figure 2).3** Later
studies on synthetic pyrrocorphins expanded the understanding
of these hexahydroporphyrins.®®> Examples of pyrrocorphins
derived from meso-pentafluorophenylporphyrin emerged more
recently:**® For instance, triple-cycloaddition formed pyrro—
corphins 2/2Ni® and reduction of a bacteriochlorin-type bis-
adduct realized pyrrocorphin 3%; these pyrrocorphins formed
fortuitously next to the target compounds. Unlike the traditional
hexahydroporphyrins that were considered to be chemically
sensitive molecules, particularly with respect to oxidation by
air, no particular instability was noted for 2 and 3. 3-Oxo-func-
tionalization seems to be an additional stabilization factor, as
seen in porpholactone-based pyrrocorphin analogue 4.%



Arguably the synthetically simplest method to introduce
-oxo functionalities into -alkylporphyrins is a one-pot epox-
idation — epoxide opening — pinacol-pinacolone rearrange-
ment sequence induced by their treatment with H,O, in conc.
H>SO4 (Scheme 1). Going back to classic work by the group of
Fischer,” the major product of the treatment of octa-ethylpor-
phyrin OEP with H,0,/H,SOy is 7-oxochlorin 5-O”. The reac-
tion can take place multiple times on the same macrocycle.
Thus, chromatographic separation of the reaction mixture iso-
lates all possible isomers of the f3,3’-dioxo-derivatives (three
isomers of the isobacteriochlorin series 6; two isomers of the
bacteriochlorin series 7), and two (out of the four possible)
triketone isomers 8, as well as meso-oxo-substituted phlorins
and ring-opened products.” We recently presented a more di-
rected synthesis of the remaining constitutional isomers of the
triketones.'

M=2H,2
M = Ni(il)Lp, 2Ni

Figure 2. Structures of literature-known pyrrocorphins.

Scheme 1. Oxidation of OEP to the corresponding B-oxoderivatives.”!’ Note that the hydroporphyrin nomenclature-based
naming of the oxo-derivatives used here is descriptive of their architectures, but not their spectroscopic properties. Also shown
is the framework numbering system used.

18 2
basis for naming of o =0 o]
compounds
+ +
O
1. conc. H804/3% H,0. ©
. - H2504/3% H20;
5-07 6-027 + 2 additional isomers ~ 7-07'7 + 1 additional isomer

2. HO/NaOAc, extraction

3.Chromatography __ (T-oxochlorm)

of the dioxoisobacteriochlorins dioxobacteriochlorin

OEP + meso-ketones and

meso-ring-opened products

o o] o

8.027/18 8.027:12

(2,7,18-trioxopyrrocorphin) (2,7,12-trioxopyrrocorphin)

The general electronic influences of the B-oxo-substituents
have been well-described within the realm of mono- and bis-f3-
oxo-substituted porphyrinoids (including the ketone functiona-
lities of the porpholactones).®*!" These studies also revealed
regiochemical influences and effects on the aromaticity param-
eters of the chromophores.’*'> We recently presented work on
all isomers of the pyrrocorphin B-triketones.'” We showed that
they exhibit an aromatic macrocycle, expressed through a 16-
membered, 18 m-macrocycle anion chromophore along a so-
called inner-inner-inner-outer conjugation pathway, whereas all
constitutional isomers of the triketones exhibit much different
degrees of aromaticity.!” The chemistry of the mono- and
diketones was explored to some extent;*'* however, the

chemistry of the B-triketones 8 was, aside from limited coordi-
nation chemistry studies,'* largely ignored.

We present here the regioselective reduction of one or two
ketone functionalities of the two most common -triketones,
2,7,12- and 2,7,18-trioxopyrrocorphins 8-0*™'? and 8-Q*™'8,
The crystal structures of select reduction products are reported.
The reduction of the B-triketones is complemented by the OsOs4-
mediated dihydroxylation of select 3-diketones, resulting in the
synthesis of alternative mixed-pyrrole/pyrrolinone/pyrroline
chromophores of equivalent electronic properties. The novel
chromophores represent the redox-state intermediates between
the classic non-aromatic pyrrocorphins and the aromatic pyrro—
corphintriketones. Their UV-vis and fluorescence spectra,

( Field Code Changed




experimental and computational investigations of their dia-
tropic ring currents, and halochromic properties provide clear
evidence for the electronic influences of the -oxo-substituents.
In particular, the work provides evidence that all three 3-oxo-
substituents are needed to maintain the unique aromaticity of
the pyrrocorphintriketones.

RESULTS AND DISCUSSION

Chemical Reduction of B-Trioxopyrrocorphins and the
Optical Spectra of the Reduction Products

The regioselective reduction of one of the two ketone func-
tionalities of the dioxo-chromophores 6-O and 7-O to the cor-
responding alcohols with NaBH4 was previously shown to be
possible.!® Likewise, we find now that the reduction of the pyr-
rocorphin trioxoisomers 8-0*™'? or 8-0*"'® with NaBH, over
the course of several hours generates the mono-reduced

products 9-O*'2(OH)-rac and 9-O™'®(OH)?-rac, respectively
(Scheme 2). The presence of only a single diagnostic pyrroline
hydrogen atom in the 'H NMR spectra of both 9-O*2(OH)’-
rac and 9-0""¥(OH)?-rac is clear evidence that a regioselective
mono-reduction had taken place. Similarly, the two carbonyl
carbon signals in their '*C spectra indicate mono-reduction. No-
tably, upon reduction, the meso-protons appear in the "H NMR
spectra of the product significantly upfield shifted compared to
the position of the corresponding protons in the starting material
(for a detailed discussion of the trends observed in the "H NMR
spectra of the mixed-pyrrole/pyrrolinone/pyrroline chromo-
phores, see below). The composition of the products, as deter-
mined by HR-ESI+ MS, also confirmed mono-reduction
(C36H4sN40; for M) (for details to the spectroscopic character-
ization of all new compounds, see SI). Single crystal X-ray dif-
fractometry provided unambiguous evidence that the ‘middle’ -
oxo-group was regioselectively reduced (see below).

Scheme 2. Mono- and bis-reductions of the tri-oxopyrrocorphin isomers shown.
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The UV-vis spectra of the mono-reduced products show sig-
nificant blue-shifts (Figure 3). The observed reductions in ex-
tinction coefficients (for the non-normalized spectra, see SI) is
contrary to the general trends observed upon the reduction of
regular porphyrins or porpholactones.™!' Both regioisomers
show, as expected,’**'® significant differences in their optical
spectra. The reduced chromophores remain to be strongly emis-
sive, with chlorin-like single emission bands, and the small
Stokes shift typical of porphyrinoids.

When we subjected triketones 8-O*™'? and 8-0*"'® to 15
equiv. of LiAlH,, i.e., conditions we showed earlier to lead to

9-02"2(OH)7-rac (77%)

10-0%(OH)""2-anti (42%) 10-0%(OH)""'2-syn (40%)

o OH
9-0718(OH)2-rac (80%)

Multiple
inseparable fractions

the bis-reduction of the B-diketones,'** we saw differences in
the outcome between the two regioisomers. The myriad of re-
duction products formed by reduction of 8-O*'® were intracta-
ble (even using smaller triketone to reductant stoichiometric ra-
tios). However, those formed by reduction of 8-0%"'2 produced
essentially only two readily separable polar fractions in unequal
amounts. Both products possess identical optical spectra (see
SI), identical compositions (C3HsoN4Os for M™, as per ESI+
HR-MS), similar but distinctly different '"H NMR spectra (see
SI) and show the presence of a single carbonyl carbon in their
13C NMR spectra (see SI). Thus, we conclude that only two out



of the three carbonyl groups were regioselectively reduced. The
fractions were assigned to be the syn- (higher polarity product)
and anti-diastereomers (lower polarity product) of the diols 10-
0?-(OH)™', an interpretation confirmed by single crystal X-ray
diffractometry (see below).

The 'H NMR spectra of the bis-reduced products showed the
hallmarks of the losses of macrocycle aromaticity (for a detailed
description, see below). The UV-vis spectra of the bis-reduced

products were drastically blue-shifted compared to the spectra
of the mono-reduced products (Figure 3), showing more simi-
larity in peak shape and position to conjugated oligopyrroles
than macrocycle-aromatic porphyrinoids.'”

An attempt at increasing the stoichiometric excess of LiAlH,4
to beyond 15-fold to generate the tris-reduced systems led to the
degradation of reactant/products, possibly a sign of the instabil-
ity of the resulting ‘true’ pyrrocorphins.
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Figure 3. UV-vis (left) and fluorescence emission (right) spectra (CH,Cl) of trioxopyrrocorphin 8-0%"12 (top, red trace) and 8-O%*™'8 (bot-
tom, red trace) and their corresponding mono- (blue traces) (racemic mixture) and bis-reduced derivative (green trace) (anti-isomer).

Computations provide some indications for the origin of the
regioselective reductions and the difference between the regio—
selectivities of the two triketone isomers. The reduction product
of 8-0%*7'? in which the middle oxo group was reduced, was
computed to result in the most thermodynamically favored of
the three possible reduction products. Reduction of the 2-, 7-,
or 12-positions gave AGr, of -0.05 -3.14, -2.80 kcal/mol, re-
spectively (for details to the computations, see SI). Interest-
ingly, the relative differences between the three regioisomeric
reduction products of 8-O*"'® show a much smaller

differentiation, with AGpy for the reduction at the 2-, 7-, and 18-
positions of -2.79, -2.95, -2.10 kcal/mol, respectively.

Solid State Structures of the Mono- and Bis-reduced
Trioxopyrrocorphin 8-0*"!2

The solid-state  structures of the mono-reduced
(9-0*'2(OH)’-rac) and one diastereomer of the bis-reduced
products (10-0*(OH)""2-anti) of triketone isomer 8-0>"'2 pro-
vide direct proof for the connectivity, regio- and stereochemis-
try of these products (Figure 4).
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Figure 4. Stick representation of the X-ray single crystal structures of the compounds indicated, top and side views; the arrow in the top
view images shows the point of view of the corresponding side view. All disorder and solvents (if present) are removed for clarity; all ethyl-
hydrogen atoms were removed for clarity; for 9-0*'*(OH)’-rac, only one enantiomer of the racemic mixture present in the non-chiral unit
cell shown. NSD analysis'® as implemented by Kingsbury and Senge.!® For details of the structural determinations and structural analyses,

see SL

Reduction of the 3-oxo groups leads to a significantly and
incrementally increased degree of non-planarity of the macro-
cycles, with modest ruffling and saddling modes for the mono-
hydroxy compound 9-0*"2(OH)-rac and significant ruffling
for the bis-reduced analogue 10-O*(OH)""2-anti. An increase
of the conformational flexibility of the macrocycle is expected
to be concomitant with increased framework carbon reduc-
tions.2

Dihydroxylation of Dioxochlorin Isomers 6-0>7, 6-O%7,
and 7-0O"'" and Optical Properties of the Products

The reduction of the triketones generated a number of iso-
mers of mixed-pyrrole/pyrrolinone/pyrroline macrocycles, but
a full set of isomers would be desirable to derive a complete
structure-optical properties relationship (Figure 5).

In an attempt to realize those isomers not accessible by re-
duction of the triketones, we chose to dihydroxylate the three

most readily available B-dioxo-derivatives.’**® Thus, we ap-
plied the OsOs-mediated dihydroxylation protocol developed
for the conversion of octaethylporphyrin to dihydroxychlorins
and tetrahydroxybacteriochlorins,'*® using 2 equiv. of OsO4 to
dioxoisobacteriochlorins 6-0*7 and 6-O*" and dioxobacterio-
chlorin 7-O"'7 (Scheme 3). This produced, as expected, the cor-
responding dioxo-osmate esters, as indicated by the diagnostic
signals of osmium-coordinated pyridine moieties in their
"H NMR spectra (see SI). The oxidation of 6-O* also resulted
in the formation of a small portion of triketone isomer 8-Q*%!8
(one of the rare isomers among the triketones).'® While it is
tempting to assume that the product is the product of adventi-
tious cleavage of the osmate ester/rearrangement of the diol, de-
liberate acid-induced rearrangement of the corresponding diol
formed a different trioxopyrrocorphin isomer, namely 8-0*"'%
(see below).
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Figure 5. Representation of all isomers of the mixed pyrrole-pyrrolinone-pyrroline isomers containing three non-pyrrole building blocks,
with an indication which chromophores were experimentally realized and which we have only computational data for (see below). * Note
This chromophore uses a different numbering system than the same chromophore 11-O7!'’(0-osmate)*? so to allow an orientation that
highlights their origin from the parent chromophores (that each adhere to the numbering system shown in Scheme 1).



Scheme 3. Dihydroxylation of the 3-dioxo-derivatives isomers shown and out of the pi 1-pi | rearrang t:

P

of the resulting diols/diol osmate esters. * Note: The numbering chosen for the triketones is consistent with the prior litera-
ture'® and the system delineated in Scheme 1, except that the orientation of the molecule was chosen to highlight its genealogy.
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Reduction of the osmate esters to the corresponding diols
was performed using gaseous H,S,'* generating the
dihydroxylated products. Reduction of the osmate esters re-
sulting from the osmylation of dioxoisobacteriochlorins
6-0>" and 6-O*” was smooth at ambient conditions, generat-
ing diols 13-0*’(OH)'7"-rac and 12-0*(OH)"""®-rac, re-
spectively. Diols 13-O*’(OH)'""®-rac and 12-0*7(OH)'"'8-
rac were characterized by the downfield shift of their inner
NH protons in their 'H NMR spectra, compared to the spectra
of the corresponding diketones (for more details, see below).
Mass spectrometry confirmed them to have the expected com-
position (C3sHasN4Os3 for M*, as per ESI+ HR-MS). On the
contrary, the osmate ester of the dihydroxylated dioxobacteri-
ochlorin, 11-0""7(0-osmate)**-rac was unexpectedly (and
inexplicably) robust; we could not prepare the diol under the
standard conditions. As observed before, the osmate esters are
not susceptible to characterization using ESI+ mass spectrom-
etry; they inevitably lose the osmate ester and show the mass
signal for the diol only (see SI).*!

The dehydroxylated or osmylated chromophores of the di-
oxo-derivatives show UV-vis spectra of aromatic porphy-
rinoid character (Figure 6). They feature, in comparison of
their corresponding dioxo and triketones, distinct split Soret
bands with hypsochromic shifts and well-defined side bands.

Their position generally matches the positions of the side
bands of the corresponding triketone isomers. Again, the flu-
orescence spectra of dihydroxy-p-dioxoderivatives are typical
for hydroporphyrins in that they show a single band, also
largely resembling the emission spectra of the corresponding
triketone isomers. The emission spectrum of the osmate ester
11-0""(0-osmate)*>-rac shows only negligible fluorescence
(see SI).

Several observations are important: The spectra of the two
compounds 11-0™'"(0-osmate)*? (Figure 6)  and
9-0*'2(OH)’ (Figure 3) are near-identical to each other (for a
direct overlay, see Figure S49). Thus, they possess equivalent
chromophore though the pyrroline moiety was realized in two
different ways (dihydroxylation of a pyrrole moiety or reduc-
tion of a pyrrolinone, respectively). The minimal influence of
the B,B’-diol functionality when compared to the mono--hy-
droxyhydroporphyrin or parent unsubstituted hydroporphyrin
was observed before.?? This is the basis for the modeling of
the mono-hydroxylated chromophores to also realistically
represent the spectra of the dihydroxylated analogues (or their
hydroxy-free analogues). On the other hand, the regiochemi-
cal influences of the B-oxo-group on the UV-vis absorption
and fluorescence emission spectra are stark.
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Figure 6. UV-vis (left) and fluorescence emission (right) spectra (CH>Cl,) of dihydroxylated dioxo chromophores (green), their correspond-
ing dioxo (blue traces), and trioxo- derivative (red traces) as indicated. Emission spectrum for 11-O”!'7(Q-osmate)**-rac is not shown due

to its negligible fluorescence (see SI).

"H NMR Spectroscopic Comparison of the Trioxo-
pyrrocorphins and their Reduced Chromophores

In general, the NMR spectra of all reduced products show the
low-field singlets diagnostic for their meso-CH protons, the
pyrroline hydrogen atoms in the region between 4 and 6 ppm,
and the alkyl protons (with some methylene protons of the gem-
diethyl group neighbouring a ketone group clearly identifiable
by their low-field shift signals). The exchangeable protons of
the OH- (were present) and NH-groups were also confirmed by
D-,0 exchange experiments. For further details, see SI.

In comparison to the meso-CH signals of the dioxo- and tri-
oxochromophores (Figure 7),%!° the corresponding signals for
the dihydroxylated dioxo-chromophore and reduced triox-
opyrrocorphins are shifted upfield, while the NH signals are
particularly shifted downfield at the same time. This trend is
more pronounced with an increase in the number of pyrroline
building blocks. The gap between the diatropic shifts of the hy-
drogens inside and outside the aromatic macrocyclic n-system,
expressed as AdNH-meso, averages 3.8 or 3.9 ppm for the pyrrole-
two pyrrolinone-pyrroline chromophores (for dihydroxylated
dioxopyrrocorphin product 13-0*"(OH)'"'®-rac and the mono-

reduced triketone 9-0O*'2(OH)’-rac, respectively), whereas this
gap is even much more narrow (1.4 ppm) in the bis-reduced
triketone 10-O*(OH)"'2. In comparison, this gap is significantly
wider (6.3 and 9.0 ppm) for the corresponding weakly aromatic
triketone 8-O*™'% and the fully aromatic diketone 6-O>’, re-
spectively. We interpret this closing of ASnt-meso as a reduction
of the degree of aromaticity of the mixed-pyrrole/pyrroli-
none/pyrroline macrocycles,'® with the bis-reduced triketone
10-O*OH)™'? being essentially non-macrocycle aromatic.

Since the macrocycles are all believed to be planar (as shown
for some, see above) we surmise that the internal H-bond pat-
terns are not altered drastically among the compounds studied
(accordingly, the crystal structures support this, also). Conse-
quently, we can exclude these effects as alternative interpreta-
tions of the observed drastic NH shifts. The chemical shifts of
the meso- and NH protons and, consequently, the experimental
AdH-meso Values, are also in good agreement with those reported
for other B-alkylpyrrocorphins.?® Finaly, the values are also in
excellent agreement with the computed values using structures
with essentially unaltered internal H-bond patterns (see below).
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Computed Optical Spectra and Aromaticity Parameters
of All Mixed Pyrrole-Pyrrolinone-Pyrroline Macrocycles

We performed ground and excited electronic state density
functional theory (DFT) computations (BHandHLYP with ei-
ther def2-SVP or def2-TZVP for geometry optimizations and
response properties, respectively; for details, see SI)** of all iso-
mers of the mixed-pyrrole/pyrrolinone/pyrroline macrocycles
to further shed insight onto the origin of their optical spectra
and aromaticity parameters, particularly for those isomers that
could not be prepared (Figure 8; cf. to Figure 5). The computed
UV-vis spectra of the two triketone isomers 8-0*"'2 and 8-
O*™8 and the corresponding regioisomers of the mono- and
bis-, and tris-reduced pyrrocorphins show the impact of increas-
ing conversions of pyrrolinones to pyrrolines and the strong re-
giochemical influence of the B-oxo moieties on the electronic
structure of the isomers within a given reduction state. Since the
spectra match the experimental data well, we are confident that

the computed spectra of the unrealized chromophores are real-
istic predictions.

The three different regioisomers of the monoreduced deriva-
tives of triketone 8-0>™'2 show comparably fewer differences
than the monoreduced derivatives of triketone 8-0*"'®, which
exhibit considerable shifts (up to 70 nm for Amax, for example).
The situation is slightly different for the bis-reduced series:
Some isomers in both the 8-0*"'2- and 8-O*""®-derived series
are similar to each other, while others are much different from
each other (such as the spectrum of O*(OH)"'> when compared
to that of O*(OH)""®. The spectra of the tris-reduced derivatives
of both triketone isomers (OH)>"'2 and (OH)>""'® are near-iden-
tical, are much hypsochromically shifted and typical for the
non-macrocycle-aromatic pyrrocorphins. The near-identical
spectra again highlight that only the B-oxo-functionalities have
a strong regiochemical influence, as shown previously for a se-
ries of porpholactones/oxazolochlorins.'>?
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The ASnitmeso values of all possible isomers of the 8-O712-
and 8-0>"'8-derived series were also analyzed computationally
(BHandHLYP/def2-TZVP, for details, see SI) with the benefit
that these aromaticity parameters could be experimentally veri-
fied, as opposed to other popular aromaticity parameters, such
as NICS values, ACID plots, or GIMIC ring current suscepti-
bilities (Figure 9).2¢ The-computed ASxi.meso agreed very well
with the experimental data for the compounds that could be ex-
perimentally prepared (cf. also to Figure 7).

The bar diagram highlights two findings: For one, the rapid
degradation of the ASnir.meso Values with increasing reduction
and the large differences between the compounds derived from
the 8-0*""2- and 8-0*"'%-series, with those derived from 8-
O*™18 possessing consistently larger ASxii.meso values and,
thusly, larger degrees of aromaticity.
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Figure 9. Computed chemical shift difference values ASNH-meso be-
tween inner NH and outer meso-proton resonances of the triketones
(O*7X where X = 12,18) and the different regioisomers of their cor-
responding mono- (O(pyrroline)?, bis- (O*(pyrroline)**, and
tris-reduced species (pyrroline)>”* where X = 12, 18) chromo-
phores.



Halochromic Properties of the Reduced Trioxopyrroco-
phins

One experimental evidence that supported the presence of the
16-m, 18-membered dianionic n-system in the trioxoketones
was their unusual susceptibility to base.'” For example, upon
addition of the base tri-n-butylammonium hydroxide (TBAOH)
(in MeOH) to a solution of 8-0*"'2 in CH,Cl,, its UV-vis spec-
trum intensified and shifted significantly (Figure 10). This halo-
chromic response to base is unusual for regular (hydro)porphy-
rins not containing an acidic macrocycle substituent.

To determine the effects of the replacement of one or two of
the pyrrolidones in trioxopyrrocorphins by [-hydroxylated

pyrrolines on the halochromic response to base, we added a so-
lution of TBAOH to, for example, 9-O*'*(OH)’-rac, 10-
O*OH)™'*-anti, or 12-0*"(OH)'""*-rac (for additional exam-
ples, see SI). Unlike, the distinct and drastic response of the
triketones, none of the B-hydroxylated di- and mono-ketones
showed any indication for the loss of inner core imine protons;
they either showed no (beyond dilution effects) or only minor
general shifts, possibly indicative of an onset of the deprotona-
tion of the B-hydroxy groups. Their response to the addition of
acid (TFA) is as complex as that of the triketones (see SI).
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Figure 10. UV-vis spectra of the compounds indicated before (CH2Cly, blue traces) and after addition of tri-n-butylammonium hydroxide
(TBAOH) (CH>Cl; + 1 M TBAOH in MeOH, red traces). TBAOH solution was added to a sample until not further shift was observed while

keeping the dilution errors < 2%.

Acid-induced Rearrangement of the Dihydroxy-dioxo-
pyrrocorphins

Treatment of dihydroxy-dioxopyrrocorphins
13-0*"(OH)""8-rac or 11-07'(0-osmate)**-rac with cata-
lytic amount of H,SO, in CH,Cl, generated the triketone isomer
8-0*712  (Scheme 3). Equivalent treatment of diol
12-0%7(OH)'™"®-rac generated the trioxopyrrocorphin isomer
8-0%718, Both trioxopyrrocorphin isomers are the most com-
mon triketone isomers that are also formed by direct oxidation
of OEP.’*!° Curiously, the trioxopyrrocorphin isomer 8-O*"!8
formed via the acid-induced rearrangement  of
12-0*"(OH)""*®-rac is a different isomer than trioxopyrro-
corphin 8-0**® found as a side product during the oxidation of
dioxochromophore 6-O*7 (see also above). We surmise these
two trioxopyrrocorphins were formed along different reaction
trajectories.

Overall, the step-wise syntheses of the triketones is prefera-
ble over the bulk oxidation of OEP and the subsequent chroma-
tographic separation; the yields are overall higher and larger
quantities can be more readily prepared.”'?

CONCLUSIONS

In conclusion, two B-trioxopyrrocorphin isomers could be re-
gioselectively mono-reduced and one of the isomers bis-re-
duced. Some stereoisomers could be separated. More isomers
of the mixed pyrrole/pyrrolinone/pyrroline chromophores could
be prepared by osmium tetroxide-mediated dihydroxylation of
B-dioxo-substituted chromophores. All are believed to be only
minimally distorted from planarity (shown for two compounds
by single crystal X-ray crystallography). Thus, the electronic
differences between the compounds are largely attributed to
electronic substituent effects rather than being conformationally
induced. All isomers and reduction states showed distinctly dif-
ferent optical (UV-vis and fluorescence) spectra. Generally,
with increasing reduction, the graded aromatic character of the
pyrrocorphins deteriorates and is essentially lost in the tris-re-
duced, regular pyrrocorphins. The loss of aromaticity was pri-
marily traced by the loss of diatropic shifts of inner and outer
framework proton signals in their "H NMR spectra. We also
computed the optical spectra and aromaticity parameters of all
possible isomers of the mono- and bis-reduction states of the 8-



0*™12. and 8-0>™# triketone pyrrocorphin-derived series. An
excellent match with the experimental data was observed.

The difference in the absorption spectra and aromaticity pa-
rameters of the different reduction states and regioisomers of a
given reduction state provides another set of clear evidence of
the impact of the number and position of the B-oxo-auxo-
chromes on the conjugation pathway and electronics of the por-
phyrinic chromophores. We could not discern a classic conju-
gation pathway-based rationalization of the enormous influence
of the position of the $-oxo-substituents on the electronic prop-
erties of these mixed single pyrrole-pyrrolinone-pyrroline chro-
mophores.

Thus, this work contributes further insights into the electronic
structure of the 3-oxoporphyrinoids and expands the toolset for
the precise modulation of porphyrinoid electronic properties by
systematically varying the number and relative orientation of
B-oxo-substituents in mixed pyrrole-pyrrolinone-pyrroline
chromophores. The work increases the knowledge of pyr-
rocorphins, a family of less studied hexahydroporphyrins, par-
ticularly those of an oxidation state between the trioxopyrro—
corphins and the classic non-carbonylated pyrrocorphins.

EXPERIMENTAL SECTION

Materials

Solvents and reagents were used as received. Aluminum-backed, sil-
ica gel 60, 250 um thickness analytical plates, 20 x 20 cm, glass-
backed, silica gel 60, 500 um thickness preparative TLC plates, and
standard grade, 60 A, 32-63 um flash column silica gel were used for
purifications.

B-Dioxoderivatives (6-0%7, 6-0%7 and 7-O7!7) and trioxopyrro-
corphins 8-02%712 and 8-0%718 were prepared from OEP (2 g, 3.74 x
107 mol) in H,SO4 (200 mL) with 3% H»0, (36 mL) as described by
Inhoffen and Nolte or Chang,’®* and recently reproduced and ex-
panded by us.9410

Procedures

General Procedure for the Preparation of Hydroxydioxochro-
mophores 9 by Mono-Reduction of Triketones 8-0%712 or 8-027:18,
A solution of trioxopyrrocorphins 8-02%712 or 8-027:18 (50 mg, 8.58 x
10-° mol) in THF (2.0 mL) was stirred under N on an ice bath for sev-
eral minutes. To the chilled solution were added 5 equiv. of NaBH,4 (17
mg, 4.29 x 10 mol) and the reaction mixture was stirred for ~4-5 h at
ambient temperature. After all starting material was consumed (TLC),
the reaction mixture was diluted with CH,Cl, (20 mL) and washed with
a sat’d aqueous solution of NH4Cl. The organic layer was separated,
dried over anhydrous Na,SOa, and filtered. The filtrate was reduced to
dryness using rotatory evaporation. The crude mixture was purified by
silica-gel column chromatography.

3,3,8,8,13,13,17,18-Octaethyl-7-hydroxy-2,12-dioxopyrro-
corphin (9-0%'2(OH)’-rac). Prepared by reduction of 8-0%7-12 (50 mg,
8.58 x 10°° mol) with NaBH,4 (17 mg, 4.29 x 10* mol, 5 equiv.) in
THF (2.0 mL) following the general procedure. The product was iso-
lated as a blue solid in 77% yield (38.5 mg, 6.58 x 10-5 mol). Prepara-
tive TLC conditions: hexanes-CH,Cl, (30:70 v/v) followed by 100%
CH,Cl. MW = 584.79 g/mol; R¢= 0.22 (silica- CH,CL,). "H NMR (400
MHz, CDCL): § 8.15 (s, 1H), 7.80 (s, 1H), 7.16 (s, 1H), 7.03 (s, 1H),
6.57 (d, *Jun = 6.5 Hz, 2H), 5.81 (d, *Juu = 6.5 Hz, 2H), 3.87 (s, 1H),
3.36 (s, 1H), 3.34-3.27 (m, 4H), 2.33-2.08 (m, 11H), 1.89-1.78 (m,
1H), 1.42 (dt, 3Jyp = 14.5, 7.5 Hz, 6H), 1.01 (t, 3y = 7.5 Hz, 3H),
0.64 (t, *Juu = 7.0 Hz, 3H), 0.43-0.33 (m, 12H) ppm. *C{'H} NMR
(101 MHz, CDCL): § 208.3, 207.5, 170.3, 155.5, 153.9, 152.0, 141.1,
134.3,132.0,131.1, 127.6,99.4,99.2, 88.8, 84.6, 76.9, 59.6, 55.6, 53.6,
30.3,30.0,29.3,29.3,28.5,269,17.8,17.6,17.5,8.8,8.5,8.3,8.3,82
ppm. UV-vis (CH>CL) Amax (log £): 384 (5.05), 406 (5.11), 519 (4.08),
554 (4.37), 593 (4.25), 645 (4.43) nm. fluorescence (CH>Cla, Aexcitation
= 406 nm) Amax-emission = 675. IR (diamond ATR, neat): 1690 (vc-0),
3304, 3397 (vn.u) el HR-MS (EST+, 100% CH3CN, TOF): calc’d for
Ci36HagN4O3 [M]* 584.3726, found 584.3664.

3,3,8,8,12,13,17,17-Octaethyl-2-hydroxy-7,18-dioxopyrro-
corphin (9-O718(OH)2-rac). Prepared by reduction of 8-0%7-18 (50 mg,
8.58 x 10 mol) with NaBH, (17 mg, 4.29 x 10 mol, 5 equiv.) in
THF (2.0 mL) according to the general procedure. The product was
isolated as a green solid in 80% yield (40 mg, 6.84 x 10~ mol). Pre-
parative TLC conditions: hexanes-CH,Cl, (20:80 v/v). MW =
584.7913 g/mol; Ry = 0.14 (silica-CH,CL). 'H NMR (400 MHz,
CDCl3): 8 8.11 (d, *Jupn = 5.0 Hz, 2H), 8.00 (s, 1H), 7.65 (s, 1H), 6.01
(d, 3Jun = 6.5 Hz, 1H), 3.54 (q, *Juu = 7.5 Hz, 4H), 2.44-2.31 (m,
10H), 2.24-2.15 (m, 2H), 1.79 (s, 1H), 1.61 (¢, 31 = 7.5 Hz, 6H), 1.28
(s, TH), 1.03 (t, 3Jin = 7.5 Hz, 3H), 0.96 (t, *Jyuy = 7.5 Hz, 3H), 0.52
(q, *Jun = 7.0 Hz, 12H) ppm. 3C{'H} NMR (101 MHz, CDCL): &
209.5, 209.3, 154.6, 154.6, 153.0, 152.9, 152.4, 147.0, 133.5, 133.3,
131.4, 131.3,98.9, 98.4, 87.0, 86.9, 80.3, 57.5, 57.4, 54.6, 31.6, 31.4,
29.3,25.5,18.9, 18.3, 9.4, 9.0, 8.7 ppm. UV-vis (CHyCL) Amax (log £):
422 (4.69), 631 (4.15), 680 (4.16), 727 (3.12) nm. Fluorescence
(CHCla, Aexcitation = 422 nM) Amax-emission = 087. IR (diamond ATR,
neat): 1711 (vc-o), 3301, 3390 (vyu) cmr'. HR-MS (ESI, 100%
CH;CN, TOF): calc’d for C3sHagN4O3 [M]* 584.3726, found 584.3680.

Bis-reduction of Triketone 8-0712, Trioxopyrrocorphin 8-Q%712
(80 mg, 1.37 x 10" mol) was dissolved in dry THF (2.0 mL) and stirred
on an ice bath under a dry N, atmosphere. To the chilled solution was
added a suspension of LiAlHs (78 mg, 2.05 x 103 mol, 15 equiv.) in
THF (1 mL) and the mixture was stirred for ~3-5 min at 0 °C. The
reaction was monitored by TLC and UV-vis spectroscopy. After com-
pletion of the reaction, the reaction mixture was quenched by slurring
with Glauber’s salt (Na;SO4-10 H2O, ~1.5 g). The resulting mixture
was filtered through a pad of Celite® and the pad was washed with
CHyCl,. The combined filtrates were passed through anhydrous
Na,SO4 and reduced to dryness by rotatory evaporation. The crude
solid was purified by either column or preparative plate chromato—
graphy.

3,3,8,8,13,13,17,18-Octaethyl-7,12-dihydroxy-2-oxopyrro-
corphin (10-O%(OH)7"2-anti). Isolated as a magenta crystalline solid
in 42 % yield (34 mg, 5.79 x 10 mol). Chromatography conditions:
separation on silica gel preparative TLC plate with 1% acetone in
CH,Cl,. MW = 586.807 g/mol. R¢=0.19 (silica-1% acetone in CH,Cly).
'H NMR (400 MHz, CDCls): 8 7.68 (s, 1H), 6.76 (s, 1H), 6.60 (s, 1H),
6.52 (s, 1H), 6.38 (d, *Jun = 6.0 Hz, 1H), 6.06 (d, *Jun = 6.5 Hz, 1H),
5.71 (s, 1H), 5.58 (d, 3Jin = 6.0 Hz, 1H), 5.24 (s, 1H), 5.16 (d, 3un =
6.5 Hz, 1H), 3.11-2.99 (m, 4H), 2.05-1.94 (m, 9H), 1.85 (dd, 3y =
13.5, 7.0 Hz, 1H), 1.64—1.52 (m, 2H), 1.30 (dd, 3y = 15.0, 7.5 Hz,
6H), 1.04 (t, 3Jun = 7.5 Hz, 3H), 0.93 (t, 3/iun = 7.5 Hz, 3H), 0.59 (dd,
SJun = 16.5, 7.5 Hz, 6H), 0.43 (t, /i = 7.5 Hz, 3H), 0.33 (t, Yy =
7.5 Hz, 3H) ppm. BC{'H} NMR (101 MHz, CDCly): § 206.7, 174.5,
169.5, 158.8, 155.1, 152.0, 139.2, 133.7, 132.0, 126.9, 124.5, 101.2,
97.1, 89.5, 87.5, 80.2, 76.0, 59.4, 53.4, 52.7, 29.2, 29.1, 29.0, 28.5,
28.5,27.7,17.6,17.5,17.3,9.4,9.2,8.8, 8.4, 8.3 ppm. UV-vis (CH,Cl,)
homax (log €): 362 (4.84), 378 (4.97), 525 (4.23), 554 (4.23) nm; fluores-
cence (CHa2Cly, hexcitation = 378 nm) Amax = 587, 628 nm. IR (diamond
ATR, neat): 1666 (ve-o), 3315, 3396 (vyar) cm™. HR-MS (ESI+, 100%
CH;CN, TOF): calc’d for C3sHsoN4O3 [M]* 586.3883, found 586.3810.

3,3,8,8,13,13,17,18-Octaethyl-7,12-dihydroxy-2-oxopyrro-
corphin (10-O%(OH)7'2-syn). Prepared as a magenta crystalline solid
in 40% yield (32 mg, 5.45 x 10 mol). Chromatography condition:
separation on preparative TLC plate with 1% acetone in CHCl,. MW
= 586.8072 g/mol. Ry = 0.14 (silica-2% acetone in CH>Cl;). '"H NMR
(400 MHz, CDCLs): § 7.73 (s, 1H), 6.83 (s, 1H), 6.67 (s, 1H), 6.60 (s,
1H), 6.33 (d, 3un = 5.0 Hz, 1H), 6.04 (d, /i = 6.5 Hz, 1H), 5.48 (s,
1H), 5.45 (d, *Jun = 3.5 Hz, 1H), 5.13 (d, *Juu = 6.0 Hz, 1H), 4.95 (s,
1H), 3.13-3.02 (m, 4H), 2.02-1.64 (m, 10H), 1.78 (dd, /i1 = 14.0, 7.5
Hz, 1H), 1.64 (dd, 3Jin = 14.0, 7.0 Hz, 1H), 1.33 (dd, 3/in = 16.0, 8.0
Hz, 6H), 0.96 (t, 3Jyuy = 7.5 Hz, 3H), 0.87 (d, 3Jiun = 7.0 Hz, 3H), 0.74
(t, *Jun = 7.0 Hz, 3H), 0.66 (t, *Juu = 7.0 Hz, 3H), 0.38 (t, Juu =7.5
Hz, 6H) ppm. 3C{'H) NMR (101 MHz, CDCL): § 206.7, 173.3, 169.5,
159.5, 155.4, 151.6, 139.2, 133.8, 132.0, 127.0, 124.6, 101.0, 97.2,
89.7, 88.0, 80.8, 76.4, 59.4, 52.9, 52.6, 29.7, 29.1, 28.2, 28.0, 26.3,
17.6,17.5,17.3,9.4,9.0, 8.7, 8.6, 8.4, 8.3 ppm. UV-vis (CH;CL) Amax
(log €): 362 (4.64), 379 (4.78), 525 (4.03), 554 (4.03) nm. fluorescence
(CHaCly, Rexcimion = 379 nM) Amay = 588, 630 nm; IR (diamond ATR,



neat): 1673 (ve-o), 3305, 3388 (van) cm'. HR-MS (ESH, 100%
CH3CN, TOF): calc’d for C36HsoNsO3 [M]* 586.3883, found 586.3864.
General Procedure for the Dihydroxylation of Dioxochlorins
(6-0%7, 6-0%7, 7-O7-7). Dioxochlorin (100 mg, 1.67 x 10+ mol) was
dissolved in a round bottom flask equipped with a stir bar in CHCI; and
pyridine (7:3, v/v). The mixture was treated with 2 equiv. (3.34 x 10
mol) of OsO; (stock solution made of 1.0 g OsO, dissolved in 20 mL
of pyridine). The reaction flask was stoppered, protected from light
with aluminum foil, and stirred at ambient temperature. The appearance
of the product was monitored by TLC and UV-vis spectroscopy. After
~24 h, once no further progress was observed in the reaction and the
solvent was purged with H,S for 2-3 minutes. The reaction mixture was
filtered through a short plug of diatomaceous earth (Celite). The solvent
was then removed to dryness by rotary evaporation. A gentle stream of
N, for several hours ensured that the crude material was thoroughly
dried before it was purified via flash chromatography (sil-
ica—CH>Cl/1.0-5.0% acetone)
3,3,8,8,12,13,17,18-Octaethyl-17,18-dihydroxy-2,7-dioxopyrro-
corphins (13-0%7(OH)!"!8-rac). Prepared by osmylation of dioxoiso-
bacteriochlorin 6-0%7 as a purple solid in 72% yield (72 mg, 1.19 x 10~
4 mol) according to the general procedure. About 10-15% (10-15 mg)
of the starting material 6-O%7 was recovered from the column as the
first fraction. Chromatography conditions for the product: CH,Cl, fol-
lowed by 5% acetone in CH,Cl,. MW = 600.804 g/mol; R¢=0.71 (sil-
ica- 10% acetone in CH>CL). '"H NMR (400 MHz, CDCls): & 8.49 (s,
1H), 7.67 (s, 1H), 7.58 (s, 1H), 7.12 (s, 1H), 4.08 (s, 1H), 3.78 (s, 1H),
3.40—3.25 (m, 4H), 2.56 (dd, 3y = 14.4, 7.4 Hz, 1H), 2.45—-2.35 (m,
4H), 2.33 - 2.08 (m, 8H), 1.90 (dd, 3Jiu = 14.1, 7.3 Hz, 1H), 1.48 (q,
SJun = 7.5 Hz, 6H), 1.41 (t, 3Jiun = 7.4 Hz, 3H), 0.71 (t, 3/in = 7.5 Hz,
3H), 0.66 (t, *Jin = 7.4 Hz, 3H), 0.57 (t, *Juu = 7.4 Hz, 3H), 0.44 (dt,
SJun = 124, 7.5 Hz, 6H). BC{'H} NMR (101 MHz, CDCly): 5 208.4
(C=0), 205.3 (C=0), 174.3, 167.3, 157.3, 151.8, 141.5, 137.8, 134.0,
133.6,131.2, 128.0, 104.3,97.6,90.9, 89.1, 87.4, 82.0, 60.8, 58.4, 31.8,
31.5,30.2, 30.0, 28.8, 26.4, 18.6, 18.4, 18.0, 17.6, 8.9, 8.8, 8.74, 8.6,
8.4, 8.0. UV-vis (CHCL) Aoy (log €): 359 (4.84), 376 (4.92), 408
(4.82), 503 (4.01), 538 (4.21), 603 (4.13), 660 (4.30); fluorescence
(CHyCl, A =376 nm) A =707 nm. IR (diamond ATR,
neat): 1725, 1701 (vc-o), 3394, 3305 (vx.ir) cm-!. HR-MS (ESI+, 100%
CH;CN, TOF): calc’d for C3HasN4O3 [M]*600.3676, found 600.3552,
[M+H]* 601.3748, found 601.3615.
2,2,8,8,12,13,17,18-Octaethyl-7,18-dihydroxy-3,7-diox-
opyrrocorphins (12-0%7(OH)!"!8-rac). Prepared by osmylation of di-
oxoisobacteriochlorin 6-O37 as a reddish-brown solid powder in 38%
yield (38 mg, 6.32 x 10 mol) according to the general procedure.
About 5% (5.1 mg, 8.34 x 10 mol) of one of the rare triketones!®
(8-0%%1%) and 44% (44 mg) of the starting material 6-O3” were recov-
ered from the column as first and second fractions, respectively. The
desired product was isolated as the third fraction using 10% acetone in
CH,Cl,. Chromatographic conditions: CH,Cl, followed by up to 10%
acetone in CH>Cl,. MW = 600.804 g/mol; Ry = 0.71 (silica-10% ace-
tone in CH,Cly). '"H NMR (400 MHz, CDCl;): § 8.60 (s, 1H), 8.18 (s,
1H), 8.15 (s, 1H), 7.53 (s, 1H), 3.87 (s, 1H), 3.57 — 3.47 (m, 4H), 2.65
(dd, 3Jiy = 14.4,7.3 Hz, 1H), 2.55 — 2.46 (m, 3H), 2.41 —2.26 (m, 7H),
2.04 (dd, 3Juy = 143, 7.3 Hz, 1H), 1.82 (s, 1H), 1.61 — 1.55 (m, 7H),
1.41 (d, 3Jun = 7.4 Hz, 3H), 0.77 (t, 3Jun = 7.5 Hz, 3H), 0.58 — 0.41
(m, 12H). BC{'H} NMR (101 MHz, CDCl): § 208.6 (C=0), 204.2
(C=0), 171.7, 158.6, 155.4, 150.9, 149.3, 136.7, 134.6, 132.5, 131.0,
130.4, 101.0, 96.2, 90.3, 88.9, 87.2, 83.0, 59.4, 58.4, 31.8, 31.7, 31.3,
31.2,28.7, 26.9, 19.0, 18.7, 18.3, 17.8, 8.7, 8.6, 8.5, 8.4, 8.2. UV-vis
(CH2Clz) Amax (log €): 364 (4.62), 404 (4.71), 509 (3.59), 543 (3.60),
660 (3.93), 730 (4.58). Fluorescence (CH2Cly, Aexcitation = 404 nm) Ay
emission = 755 nm. IR (diamond ATR, neat): 1694, 1679 (vc-o0), 3391,
3291 (vn-n) cm'. HR-MS (ESI+, 100% CH;CN, TOF): calc’d for
C36HasN4O3 [M]* 600.3676, found 600.3654, [M+H]* 601.3748, found
601.3711.
2,3,8,8,12,13,18,18-Octaethyl-2,3-dihydroxy-7,17-dioxo-pyr-
rocorphin (11-0O7'7(OH)??) osmate ester. Prepared by osmylation of
dioxobacteriochlorin 7-O%17 as a purple solid in low yield (11%, 19 mg,
1.94 x 10-5 mol) according to the general procedure. About 85% (85
mg) of the starting material 7-O717 was recovered from the column as
the first fraction. Chromatography conditions for the product: CH>Cl,

followed by 10% acetone in CH2Cl,. MW = 977.204 g/mol; Ry = 0.29
(silica- 10% acetone in CH>Cl,). "H NMR (400 MHz, CDCl):  8.86
(d, Jin = 8.7 Hz, 2H), 8.69 (d, Jin = 10.9 Hz, 2H), 8.43 (s, 1H), 7.88
(s, 1H), 7.74 (s, 1H), 7.65 (d, 3Jiun = 4.5 Hz, 2H), 7.48 (d, 3Jyun = 9.0
Hz, 2H), 7.35 (s, 2H), 7.05 (s, 1H), 3.61 (s, 1H), 3.41 — 3.31 (m, 4H),
3.20 (s, 1H),2.95 - 2.81 (m, 2H), 2.71 — 2.61 (m, 2H), 2.31 — 2.15 (m,
8H), 1.53 — 1.46 (m, 9H), 0.92 (t, 3y = 7.4 Hz, 3H), 0.58 — 0.42 (m,
12H). BC{'H} NMR (101 MHz, CDCl3): 8 209.7 (C=0), 209.4 (C=0),
169.6, 155.4, 154.6, 152.4, 152.2, 150.8, 149.7, 142.8, 142.1, 135.1,
131.9, 129.2, 126.9, 125.4, 102.0, 100.4, 99.0, 98.1, 89.3, 85.9, 60.5,
56.4, 31.4, 30.6, 30.4, 29.8, 27.2, 18.6, 18.5, 18.0, 17.9, 9.4, 8.9, 8.8,
8.7, 8.7. UV-vis (CHyCly) Amax (log €): 379 (4.64), 402 (4.68), 513
(3.69), 549 (3.91), 594 (3.85), 648 (4.01); fluorescence (CHCla, Aexcita
ton = 402 M) Aax-emission = 689 nm. IR (diamond ATR, neat): 1675
(Vc=0), 3458, 3366 (vnn) cr!. As with other osmate esters,?! we could
not acquire a [M]* or [M-H]* mass spectrum of this species albeit we
observed [M]* for the corresponding dihydroxy species 11-
O717(OH)?>*: HR-MS (ESI+, 100% CH;CN, TOF): calc’d for
C36HasN4O3 [M]* 600.3676, found 600.3578.
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