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ABSTRACT: Triple OsO,-mediated dihydroxylation of meso- Cef's
tetrakis(pentafluorophenyl)porphyrin formed a non-aromatic hex-
ahydroxypyrrocorphin as a single stereo-isomer. A one-step

oxidative conversion of all three diol functionalities to lactone Ceéfs

moieties generated three out of the four possible porphotrilactone

regioisomers that were spectroscopically and structurally charac-

terized. This conversion recovered most of the porphyrinic Cefs
macrocycle aromatic ring current, as seen in their 'H NMR spectra

and modeled using DFT computations. Stepwise OsO,-mediated dihydroxylations of porpho-mono- and -di-lactones generated
intermediate oxidation state compounds between the pyrrole-three pyrroline macrocycle of the pyrrocorphin and the pyrrole-three
oxazolone chromophore of the trilactones. The aromaticity of these chromophores was reduced with increasing number of
oxazolone to pyrroline replacements, showing the importance for the presence of three lactone moieties for the retention of the
macrocycle aromaticity in the tris-3,4’-modified macrocycles. This work first describes hexahydoxypyrrocorphins, porphotrislactones,
and the oxidation state intermediates between them; furthers the understanding of the roles of f-lactone moieties in the expression
of porphyrinic macrocycle aromaticity; and generally broadens access to chemically stable pyrrocorphins and pyrrocorphin
analogues.

[l Metrics & More ’ Q Supporting Information

B INTRODUCTION

Sequential conversion of up to 2 cross-conjugated f,f'-double
bonds of the 18 + 4 7-aromatic system of a porphyrin to single
bonds through reduction, oxidation, or addition reactions

can be converted to porpholactone 4* and bacteriodilactone
regioisomers S, respectively (Scheme 1).%® Equivalent
syntheses of isobacteriodilactone isomers are available as
well.® A number of alternate syntheses of these oxazolone-

generates chlorins, bacteriochlorins, or isobacteriochlorins
(Figure 1)." In all cases, the inner 18 r-electron Hiickel-
aromatic system responsible for the characteristic electronic
properties of the hydroporphyrins is retained.”

One such conversion reaction is the OsO,-mediated
dihydroxylation of meso-arylporphyrins (or their metal
complexes). Controlled by the stoichiometric ratio of
porphyrin to OsO,, this reaction generates f3,'-dihydroxylated
chlorins® and regioselectively" tetrahydroxylated bacteriochlor-
ins’ or metalloisobacteriochlorins (both as mixtures of
stereoisomers).” All these chromophores conform to the
electronic properties expected for their hydroporphyrin class.
Applied to free-base meso-tetrakis(pentafluorophenyl)-
porphyrin 1%, chlorin 2F and bacteriochlorin stereoisomers 3F
are generated (Scheme 1).*>° The pB,4'-dihydroxylated
pyrroline moieties also proved to be versatile synthetic handles
for a range of transformations, generating, inter alia,
porphyrinoids containing non-pyrrolic heterocycles.”

One reaction that converts the f,4'-dihydroxypyrroline-
based hydroporphyrins to pyrrole-modified porphyrins is their

oxidation. Thus, chlorin diol 2F or bacteriochlorin tetraol 3F

© 2022 American Chemical Society
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containing porphyrin analogues have also been reported.”
Free-base and metalated porpholactones found broad utility in
catalysis,'"’ as chlorophyll or heme models,'" as lanthanide
sensitizers,"? in bioimaging,12 in photochemotherapeutics,13 as
phototheranostic agents,'* as oxygen-sensing dyes,'> or as
optical chemosensors.'® The electronic influence of the lactone
moieties on the chromophore was studied in some
detail 32011217

Importantly, removal of a third f,#’-double bond from a
porphyrin generates the non-aromatic hexahydroporphyrins
(Figure 2). These can exist as two tautomers: the non-
macrocycle-conjugated leuco form, the porphyrinogen (often
preferred for the free bases), or as a macrocycle-conjugated but
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Figure 1. Framework structures of the hydroporphyrin classes
indicated and the numbering system used. Aromatic macrocycle 7-
systems are highlighted in red, and cross-conjugated double bonds are
highlighted in green.

Scheme 1. Stepwise Formation of meso-
Tetrakis(pentafluorophenyl)-mono- and Bis-
porpholactones via a Two-Step Oxidation of the
Corresponding meso-Tetrakis(pentafluorophenyl)porphyrin
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non-aromatic pyrrocorphin (often preferred for the nickel
complexes).'® The pyrrocorphins were discovered to be
precursors in the biosynthesis of vitamin By,.'**'? They were
thus subject of numerous studies by the group of

Hexahydroporphyrins

Porphyrinogen Pyrrocorphin

M=2H,6
M = Ni(ll)Ly, 6Ni

Figure 2. Structure and tautomeric equilibrium found in the
pyrrocorphins. The conjugated but non-aromatic 7-system of the
pyrrocorphin is highlighted in blue. Representative literature-known
(metallo)pyrrocorphins 6/6Ni,”* 7Ni,” and analogue 8.>°

Eschenmoser'®”“*° and Batters-by.'” These included detailed

structural investi§ations of the nickel complexes of (hexa)-
hydroporphyrins.”' The diatropic ring currents of the nickel
pyrrocorphins, as measured by "H NMR spectroscopic shifts,
were recorded by the group of Smith.”> The group of
Stolzenberg reported a series of studies on the formation and
redox chemistry of (multiple isomers of) octaethyl-tetra- and
-hexa-hydroporphyrin metal complexes.'**** The exquisite
sensitivity of the pyrrocorphins (as well as porphyrinogens)
toward oxidation distinguishes these systems from the much
more robust chlorins, bacteriochlorins, and isobacteriochlorins.

The conversion of porphyrins to pyrrocorphins includes the
formation of 1,3-dipolar cycloaddition tris-adducts, such as 6/
6Ni,** or the reduction of a bacteriochlorin bis-adduct 7Ni.>®
Porpholactones with more than two lactone moieties have not
been reported to date, although mixed tris-modified systems,
such as compound 8, have become known.”® Other tris-
substituted systems are the octaethyltriketones prepared by the
oxidation of octaethylporphyrin.”’

Using meso-tetrakis(pentafluorophenyl)porphyrin 1F, we
expand here the OsO,-mediated dihydroxylation of porphyrins
to the generation of a non-macrocycle-aromatic tris-dihydroxy-
lated pyrrocorphin. Further, the oxidation of the hexahydrox-
ypyrrocorphin generated three isomers of the novel trilactones,
thus expanding the porpholactone landscape. These novel
trilactones are aromatic with stark differences between the
isomers, providing a second example of how f-oxo-substituents
change the m-electron conjugation pathway to generate an
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Scheme 2. Synthesis of Hexahydroxypyrrocorphin 9 and Its Oxidative Conversion to a Mixture of the Three Isomeric

Porphotrilactone Isomers 10°
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aromatic macrocycle where no aromaticity could have been
expected.”’ Stepwise dihydroxylations of porpholactone and
bacteriodilactones provide compounds of intermediate oxida-
tion states between the tris-diol and tris-lactone, illustrating the
progression of macrocycle aromaticity with increasing number
of oxazolone moieties. DFT computations of the aromaticity of
these systems shed light on the origin of the aromaticity and
the preferred delocalization pathways.

B RESULTS AND DISCUSSION

Synthesis of Hexahydroxypyrrocorphin. The OsO,
mediated dihydroxylation of meso-tetrakis(pentafluorophenyl)-
porphyrin 1¥ using 4 equiv of OsO, but otherwise standard
reaction conditions®”° quantitatively consumed the starting
material and formed, next to the known green bacteriochlorin
3F.Z (in 45% yield),” a more polar, bright-red compound 9 (in
40% yield) (Scheme 2).

The composition of compound 9 (CuH;,F,N,O¢ for M-
H*, as per by ESI* HR-MS) suggests the introduction of six
hydroxy groups, thus supporting it being a hexahydroxylated
pyrrocorphin. Accordingly, the Soret- and Q-band-like features
of its UV—vis absorption spectrum are broadened, show no
significant absorption past 600 nm, and have lower extinction
coefficients when compared to those of typical hydro-
porphyrins, such as bacteriochlorin 3F-Z (Figure 3); the
spectrum resembles that of, for example, free-base pyrrocor-
phin 6.2*

The "H NMR spectrum of 9 provides further insight into its
connectivity and indicates the presence of one pyrrole and
three pB,p’-dihydroxypyrrolidine moieties: two signals at S.1
and 4.9 ppm with an integrated intensity ratio of 1:2 can be
assigned to pyrroline hydrogens and one upfield-shifted singlet
(at 6.5 ppm) to a pyrrole f-hydrogen atom. Two signals
assigned to N—H peaks are significantly downfield-shifted (6.3
and 5.7 ppm, exchangeable with D,0) compared to the usual
position of these protons in 18 z-aromatic porphyrinoids (e.g.,
—2 ppm for the NH protons in 3F-Z). For a further discussion
of the lack of diatropic ring current in compound 9, see below.
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Figure 3. UV—vis spectra of hexahydroxypyrrocorphin 9 (CH;O0H)
and tetrahydroxybacteriochlorin 3¥-Z (CH,CL,).

The 'H NMR spectra of pyrrocorphin 9 match its
assignment as a single diastereomer of twofold symmetry,
even though multiple stereoisomers could be expected for a
tris-vic-cis-dihydroxylated species. We showed previously that
two cis-diol moieties located on opposite pyrrolines (like in 3F-
Z) strongly prefer to be in the same hemisphere defined by the
mean plane of the chromophore,S while those located on
adjacent pyrrolines prefer to point into opposite hemispheres.’
Others have demonstrated stereochemical effects to control
the stereochemistry of cycloadditions to porphyrins.”® Since
only one twofold-symmetric isomer was found and the “down-
up-down” isomer 9 shown fulfills the stereochemical require-
ments of both precedents, we conclude that this non-chiral
isomer (a meso-compound) is formed selectively (cf. also to
the selectivity revealed for the formation of 6/ 6Ni).24b

Unlike S-unsubstituted pyrrocorphins,'® free-base hexahy-
droxypyrrocorphin 9 is chemically robust; it could be
chromatographed without special precautions; no decom-
position or oxidation was observed. The formation of its
tautomeric porphyrinogen form was also not observed.

Synthesis of Porphotrilactones. Treatment of hexahy-
droxypyrrocorphin 9 under the conditions known to convert
B,p’-dihydroxylated hydroporphyrins to the corresponding
porpholactones (MnO,~ in the presence of a phase-transfer
cation)® transformed hexaol 9 in 50% isolated yield into a

https://doi.org/10.1021/acs.joc.2c01202
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Figure 4. Stick representation of top (top row) and side (second row) views of the X-ray single-crystal structures of the pyrrocorphinotrilactone
isomers 10 indicated. Arrows indicate the side view perspective. All meso-substituents are removed in the side view; all disorder and solvents are
removed for clarity. The corresponding out-of-place diagrams are shown in the third row. The bar diagram shows the NSD analysis®® of the
chromophore conformations as implemented by Kingsbury and Senge.** For details of the structural determinations and structural analyses, see the

Supporting Information.

purplish low polarity fraction, 10 (Scheme 2). However, it was
found necessary to wash the crude reaction mixture with conc.
TFA to be able to isolate this fraction; in the absence of this
wash, only the formation of highly polar, green products was
observed (see also below).

Preparative plate chromatographic separation of the purplish
fraction revealed it to contain purple 10-A as the main product
and a smaller blue fraction that proved to be a 2:1 mixture of
two compounds, 10-B and 10-C. Repeated plate chromato-
graphic separation of the latter mixture (silica, 3:2 hexanes—
CH,Cl,) allowed the isolation of pure isomeric forms of 10-B
(blue-colored) and 10-C (brownish colored fraction, trace
quantities).

All three compounds possess identical compositions
(C4H3FN,Of for [M — HJ7, as per ESI” HR-MS),
corresponding to the composition of the pyrrocorphin
trilactone isomers 10. The FT-IR spectra of 10-A through
10-C provided diagnostic signals in the range for the carbonyl
stretching frequencies in porpholactones (see the Supporting
Information for details). Four pyrrocorphintrilactone re-
gioisomers are possible for 10, but the presence of the fourth
possible isomer 10-D was not detected.

Ke et al. succeeded in the separation of the two bacterio—
dilactone isomers 5F by way of their zinc(II) complexes.''* We
thus prepared the zinc complexes of the 2:1 isomeric mixture
10-B/10-C and attempted their separation but found it to be
equally difficult as the separation of the free bases; we thus
abandoned a deeper investigation of these zinc complexes.
Nonetheless, some observations on the formation and
properties of the zinc complexes of the trilactones are notable.
The formation of the zinc complexes of 10-A (or the 10-B/10-
C mixture) required comparably harsh conditions (10 equiv
Zn(OAc),2H,0 in DMF at reflux temperature for 60—75
min). We have previously shown the increase in acidity and
retardations of the metal ion kinetics with increasing f-oxo-
substitution of the macrocycle;”® the finding of the relative
reluctance of zinc(II) to insert into the trilactones fits the
pattern. The optical spectra of the zinc(II) complexes show
13—15 nm bathochromic shifts for their Soret bands upon
metalation, but the position of the longest wavelength band
remained essentially unchanged (see the Supporting Informa-
tion). In this respect, these chromophores resemble metal-
lobacteriochlorins.”” The 'H NMR spectrum of 10-A-Zn is
also very similar to that of the corresponding free base, except

https://doi.org/10.1021/acs.joc.2c01202
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for the disappearance of the inner core NH protons (see the
Supporting Information).

The '"H NMR spectroscopic assignment of the free-base
isomers of 10 is complicated by the fact that the molecules
contain only four hydrogen atoms (2 X -H and 2 X NH). The
number of carbonyl carbon peaks in the '*C NMR spectrum of
these compounds is also not diagnostic. Similarly, the heavily
overlapping '’F NMR spectra of the compounds also do not
allow the assignment of the isomers (for details, see the
Supporting Information). We thus relied on single-crystal X-
ray crystallography for the unambiguous identification of their
connectivities (Figure 4).

The crystal structures of the porpholactones are often
complicated by extensive disorder.” Fortunately, isomer 10-A
crystallized with a simple flip disorder that allowed its
unequivocal assignment. Fortuitously also, the mixture of 10-
B and 10-C crystallized as a mixture of the two compounds in
a way that also allowed their clear distinction (for details to the
X-ray crystal diffractometry, see the Supporting Information).
These circumstances allow their unequivocal assignment.

The chromophores of all three isomers deviate only slightly
from planarity, and all show similar deformation modes.
Analyzing the deformation modes of the chromophore
conformations using normal-structure-deformation (NSD)
analysis®”®' as implemented by Kingsbury and Senge,’” it
can be shown that the deformations are more or less evenly
spread over the saddling, doming, and waving deformation
modes, with only the conformation of isomer 10-A showing a
larger (but in absolute terms still very small) saddling
proportion (Figure 4). Generally, the deformations of the
trilactones are similar in deformation type and extend as
exhibited by the structures of the mono- and di-lactone-
.O811317¢ 15 eqsence, the minor steric interaction introduced
by the lactone groups® is small enough so not to lead to any
major accumulative effects. We do not consider structural
factors to be a major contributor to their differences in
electronic structure.

The UV—vis absorption spectra of all three isomers of
trilactones 10 are much more typically porphyrinic and red-
shifted compared to the spectrum of the parent pyrrocorphin 9
(Figure S). Notably, the spectra of the three isomers are
appreciably different from each other. For instance, the
spectrum of 10-C (4, = 700 nm) is 39 nm red-shifted and
endowed with a much more intense 4,,,, band compared to the
spectrum of 10-B (4., = 669 nm) and is 63 nm red-shifted
with respect to the spectrum of 10-A (A, = 637 nm). The
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Figure 5. UV—vis spectra of trilactone isomers 10-A, 10-B, and 10-C
(all CH,CL,).

strong regiochemical influence of the lactone moieties on the
electronic structure of the chromophores was previously
rationalized for the dilactone isomers;“a’”a’b a similar finding
was also reported for p-oxoporphyrins’’“** or other sub-
stituents on the chlorin chromophore.”

The trilactones are generally stable and easy to handle, but
when exposed for extended periods on silica gel (in CH,ClL,
with small fractions of hexanes or methanol), highly polar
green compounds are formed. Similar to the polar compounds
formed during their synthesis, treatment with a strong acid
(TFA) recovers the trilactones. We surmise that the polar
products are the hydrated forms of the trilactones. The
susceptibility of the lactone moiety in the porpholactones to
nucleophilic attack is very well known;'® we surmise that the
electron-poor trilactones are even more susceptible to
nucleophilic attack than the monolactones. Their evaluation
in chemosensing applications is ongoing.

Conjugation Pathways and Aromaticity of Hexahy-
droxypyrrocorphin and the Porphotrilactones. The
nature of the electronic structure of the pyrrocorphin z-system
in general, and how p-carbonyl functionalities affect it in
particular, received only scant attention.””****>*%% NMR
spectroscopic data and DFT calculations illuminate some
fundamental questions with respect to the degree of macro-
cycle aromaticity (or lack thereof) of hexahydroxypyrrocorphin
9 and trilactones 10.

A comparison of the 'H NMR spectrum of the macrocycle-
aromatic benchmark tetrahydroxybacteriochlorin 3F-Z with
that of hexahydroxypyrrocorphin 9 provides a sense for the
degree of loss of diatropic ring current upon (formal)
dihydroxylation of the bacteriochlorin (Figure 6). The
experimental spread Adsyy between the chemical shifts of
the inner NH protons (at —2.1 ppm) and the S-protons (at 8.3
ppm) in the aromatic bacteriochlorin 3¥-Z is well in excess of
10 ppm (Figure 7). In comparison, Adpnu of the
corresponding protons in pyrrocorphin 9 is only ~0.6 ppm
(taking the average of the two non-equivalent NH protons at
6.0 ppm and the f-protons at 6.6 ppm).

This collapse of the aromatic ring current of bacteriochlorin
3F-Z upon dihydroxylation can also be modeled using current
density susceptibility tensor computations, as implemented in
the GIMIC program (Figure 7).36 The strong aromatic ring
current in bacteriochlorin 3-Z follows the well-known outer-
inner-outer-inner conjugation pathway.”® Upon dihydroxyla-
tion to form pyrrocorphin 9, the ring current collapses; this
pyrrocorphin chromophore is, as expected, essentially non-
aromatic.

Remarkably, upon oxidation of the dihydroxypyrroline
moieties, the Ady_ny value for trilactones 10 widens to ~3.8
ppm for 10-A and to ~6.9 ppm for 10-B (or 10-C, as seen in
the 'H NMR spectrum of the mixtures of the two, see the
Supporting Information). The two “more aromatic” isomers
10-B/10-C are also imbued with the more bathochromically
shifted optical spectra (4,,,, = 698/669 nm) when compared to
that of 10-A (4., = 638 nm), corresponding to observations
made for reduced porpholactones.17b Thus, upon oxidation,
the aromatic ring current was recovered, even though the 3,4'-
double bond needed for a classic description of the aromatic 7-
system of a hydroporphyrin was not restored. This suggests a
non-classic 7-conjugation pathway for the aromatic system in
the porphotrilactones, perhaps similar to that of the recently
described aromatic trioxopyrrocorphins.”’**"
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Figure 6. Comparison of the 'H NMR spectra (400 MHz, 20 °C, CDCL,, except for 9, CD;CN was used) of the compounds indicated, highlighting
the trends of the shifts for the pyrroline protons (green), pyrrolic protons (red), and the NH protons (blue). For the full NMR spectra and details

of the computations, see the Supporting Information.

10-A 10-B

total ring current: 25.9 nA/T  total ring current: 11.3 nA/T  total ring current: 15.1 nA/T  total ring current: 15.7 nA/T  total ring current: 7.2 nA/T

Ad (comp.) =16.3ppm
(exp.) =10.5 ppm

Ad (comp.) = 4.3 ppm
(exp.) = 4.0 ppm

Amax (comp.) = 642 nm
(exp.) = 635 nm

Ad (comp.) = 7.5 ppm
(exp.) = 7.2 ppm

hmax (cOomp.) = 659 nm
(exp.) = 669 nm

Ad (comp.) = 7.9 ppm
(exp.) = 6.9 ppm

hmax (comp.) = 702 nm
(exp.) = 698 nm

Ad(comp.) =2.0 ppm
(exp.) =0.6 ppm

Figure 7. Visualization of the outcomes of the GIMIC ring current computations (BHandHLYP//BHandHLYP) for the compounds indicated.
The relative green line thickness chosen corresponds to the computed ring current values printed next to the corresponding bonds (values in nA/
T). NMR shift values used were computed at the BHandHLYP/def2TZVP//BHandHLYP/ 6-31G(d) level of theory, and the UV—vis spectra were
recorded at the BHandHLYP level of theory. For the full NMR spectra and details to the computations, see the Supporting Information.

Even though Gouterman stated already in his 1989 paper on
the discovery of the meso-C4F;-substituted porpho-mono- and
-dilactones that “... it is fair to say that the oxa and oxo atoms
[of porpholactone] are fully participating in the conjugation,
making the ring more porphyrin-like than chlorin-like,””" it is
remarkable that this effect is strong enough such that the
chromophores with a pyrrocorphin-type arrangement of

double and single bonds around the macrocycle like 10 are
nonetheless rendered aromatic.

The computed ring currents suggest an aromatic inner-
inner-inner-outer conjugation pathway of a 17-membered, 18
m-electron system. How and why this conjugation pathway
appears to be different from the 16-membered, 18 7-electron
inner-inner-inner-inner conjugation pathway deduced for the

https://doi.org/10.1021/acs.joc.2c01202
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Scheme 3. Osmylation of Porpholactone 4" and Bacteriodilactone 5

2.5 eq OsOy,
10% py, CHCl3

11 (~1:1 mixture of two regioisomers), 20%

1) ~10 eq CTAP,
CHClj3, r.t., 15 min
2) 10% TFA/CH,CI,

4:1 ratio of 10-A and 10-B/C, in overall ~50% yield

“py = pyridine.

12 (1:0.6 mixture of 12-A and
12-B regioisomers), 15%

5F (1.4:1 mixture of
5F.A and 5F-B
regioisomers)

6 eq OsOy,
py, CHCI3

12-A  py

py PY

13 (1:1 mixture of 13-A and
13-B regioisomers), 25%

1) ~10 eq CTAP,
CHClj, r.t., 15 min
2) 10% TFA/CH,CI,

octaethylpyrrocorphin triketones we described recently”’® is
not clear at this time. Unlike for the triketones, structural
indications for this conjugation pathway could not be gleaned
from the crystal structures of any of the three trilactone
isomers.

Stepwise Syntheses of Porphotrilactones. A reduction
of free-base porphomonolactone 4F using Woolins' reagent
(2,4-diphenyl-1,3-diselenadiphosphetane 2,4-diselenide) gen-
erated tetrahydroporpholactone 8; its NMR data suggested the
presence of an essentially non-aromatic pyrrocorphin (spread
of NH protons and pyrrole S-protons ~0.6 ppm).26 The
cycloaddition adducts to the f,'-position of two isomeric
bacteriodilactones also showed small (and isomer-dependent)
A8 Ny spreads in their 'H NMR spectra (~3.8 and ~1.2 ppm
for each of the two isomers), indicative of a macrocycle with
" This suggests that the
interaction of an increasing number of lactone moieties is

drastically reduced aromaticity.

needed to restore the macrocycle ring current.

We set out to systematically dehydroxylate porpholactone 4*
and bacteriodilactone 5* with the goal of preparing mixed
oxazolone-pyrroline-based chromophores that might provide
deeper insight into how many oxazolones are required in tris-

modified systems to support an aromatic macrocycle ring
current (Scheme 3).

Reaction of porpholactone 4 with 2.5 equiv of OsO, under
the otherwise classic osmylation conditions (CHCl;, 10%
pyridine, r.t. for 24 h) resulted in the formation of bis-osmate
ester 11 in 20% isolated yield, along with the mono-osmate
ester of porpholactone as the major product.® The absorption
spectrum of 11 is highly blue-shifted and less intense compared
to that of the starting porphyrin-like spectrum of porpho-
lactone 4% (Figure 8). It resembles more conjugated
oligopyrroles than macrocycle-aromatic porphyrinoids, indica-
tive for a loss of aromatic character when compared to a
porpholactone. The reaction is expected to form two
regioisomers, 11-A and 11-B, distinguished by the relative
orientation of the lactone moiety. Our previous work showed
that oxidation or osmylation reactions of the porpholactones
show some regioselectivity,’ generally forming hard-to-separate
or inseparable mixtures of regioisomers; we never experienced
any regiospecific reaction. The case for 11 is inconclusive.
Because of the paucity of proton signals that could be
diagnostic (e.g, only 2 f-hydrogens are present—and their
signals are unresolved), the '"H and '"F NMR spectra of bis-
osmate ester 11 are inconclusive whether a mixture of 11-A

12102 https://doi.org/10.1021/acs.,joc.2c01202
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Figure 8. UV—vis spectra (CH,Cl,) of 4F and 11-A/B.

and 11-B was formed (likely), or the reaction was regiospecific
(unlikely) (for details, see the Supporting Information). The
"H NMR spectrum allows, however, the identification of the
NH signals and a determination of the average Ady yyy value of
1.6 ppm. This value is slightly higher than found for
hexahydroxypyrrocorphin 9, but much lower than that of any
of the trilactones (cf. to Figure 7). The molecule can be
considered as non-macrocycle aromatic.

Reaction of bacteriodilactone ¥ (as a 1.4:1 mixture of
regioisomers 5F-A and 5F-B) with a sixfold stoichiometric
excess of OsO, (in CHCl; and 40% pyridine to better
solubilize the dilactones) led to near-quantitative conversion of
the starting material and the formation of two main products,
pink product 12 and blue product 13 (Scheme 3). Despite
their differing appearance on the chromatography plate or
column, the UV—vis spectra of the two compounds are very
similar to each other, but significantly blue-shifted, less intense,
and with a broadened Soret band compared to the spectrum of
the starting bacteriodilactones ¥ (Figure 9). We interpret this

400 500 600 700
Wavelength (nm)

Figure 9. UV—vis spectra of 5F, 12, and 13, each as regioisomer
mixtures (all CH,Cl,).

as the first indication for the loss of aromaticity upon
osmylation. On the other hand, the Soret band extinction
coefficient is significantly higher and paired with better
resolved Q-bands than in hexahydroxypyrrocorphine 9 (cf. to
Figure 3).

'"H NMR spectroscopy showed that the presence of
regioisomers in the starting material was retained in the two
products. This could be clearly seen, for instance, in the
number and coupling patterns for the 'H NMR signal
attributed to the sole pyrrole-type f,/’-bond present in the
products: singlet at 7.3 ppm and doublet at 7.5 ppm for the
products derived from 5F-A and 5F-B, respectively. However,
the original 1.4:1 isomer ratio of the starting material 5% shifted

to a 1:0.6 and 1:1 ratio in 12 and 13, respectively, likely
because of a minor regioselectivity for the osmylation of both
isomers of SF.°

The experimental Adj.y values much vary for both isomers
of 12 and 13 [1.68 ppm for 12-A and 4.26 ppm for 12-B; 1.82
ppm for 13-A (cis-isomer) and 4.36 for 13-B (trans-isomer)].
The (average) values place these molecules between the
starting material S* (aromatic) and the bis-osmate ester
lactone 11 and hexahydroxypyrrocorphin 9 (both non-
aromatic).

The presence of osmate esters in both products 12 and 13
could be deduced by 'H NMR spectroscopy. The spectra
showed (at 7.4—8.6 ppm) the diagnostic doublet, triplet, triplet
signals in 1:2:2 ratio for the pyridines coordinated to the
osmate esters. Based on 'H NMR peak integration, the number
of pyridines that are coordinated to the osmate esters in
compound 13 is double the number observed in compound
12. Another difference between the "H NMR spectra of 12 and
13 is that typical pyrroline protons (at 6.1 and 6.3 ppm for the
two isomers) are visible in 12 but not in 13. This suggests that
compound 12 is a mono-osmate ester and 13 is the
corresponding bis-osmate ester, a proposition corroborated
by single-crystal X-ray diffractometry (Figure 10).

13-A

Figure 10. Stick representation of top (top row) and side (bottom
row) views of the X-ray single-crystal structures of pyrrocorphinodi-
lactone osmate ester 12-A and pyrrocorphinodilactone bis-osmate
ester 13-A. Arrows indicate the side view perspective. Only the
majority isomer is shown; all disorder, all hydrogen atoms of bonded
pyridines of the osmate esters, and solvents (if present) are removed
for clarity. For more information, see the Supporting Information.

The crystal structures of 12 and 13 confirm them to be
osmate esters of bacteriodilactone S¥ and are present as
mixtures of regioisomers defined by the relative orientation of
the lactone moieties to each other. A careful analysis of the
isomers present provides insight in some regioselectivities that
controlled the reaction. While osmylation of mirror-symmetric
isomer 5F-A may result in the formation of two different
isomers, only isomer 12-A resulting from the reaction of
pyrrole facing the oxa-oxygen atoms was observed to form (or
at least crystallized). Reaction of the minor twofold symmetric
isomer 5F-B with OsO, also forms only one isomer, 12-B, that
is observed spectroscopically and as the minor component in
the crystal. The macrocycle of products 12 is idealized planar,
as was also observed for other hydroporphyrin osmate esters.’
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Only a hint of a distortion in the pyrroline moieties to evade a
fully eclipsed arrangement of the pyrroline hydrogen atoms is
detectable.’

The X-ray crystal structure of 13, as a mixture of
regioisomeric products 13-A and 13-B that co-crystallize,
confirms its bis-osmate ester connectivity, whereby both
osmates are located on the same f-carbon atoms. Such double
addition is generally observed by reaction of triple bonds with
0s0,.*>” This structure is the first observation of this bis-
osmate motif resulting from the oxidation of a double bond we
are aware of. Possibly, the pyrroline of the first adduct 12
became oxidized to a pyrrole under the harshly oxidizing
conditions of the reaction and then reacted with a second
equivalent of OsO,.

Like for the other osmate esters,’ no ionization technique
could be found for either compound (ESI and MALDI were
tested) that delivered mass spectra showing the parent species
or readily interpretable fragment ions.

B CONCLUSIONS

In conclusion, aggressive dihydroxylation of meso-tetrakis-
(pentafluorophenyl)porphyrin 1F provides first access to an
unexpectedly robust but expectedly non-aromatic hexahydrox-
ypyrrocorphin 9 as a single stereoisomer. Permanganate-
mediated oxidation of hexaol 9 smoothly converted
pyrrocorphin 9 into three out of four possible isomers of the
novel and planar porphotrilactones 10, thus replacing three
ring carbon atoms by oxygen atoms and oxidizing the adjacent
P-carbon atom in a one-pot process. This conversion recovers
the majority of the porphyrinic aromaticity, with the trilactone
regioisomers showing distinctly different degrees of aromaticity
as well as different optical spectra. Experimental "H NMR and
computational data were in full agreement and able to quantify
the diatropic ring currents. A unique 17-membered, 18 7-
electron outer-inner-inner-inner conjugation pathway was
deduced for these compounds.

More generally, this work extends the breaking-and-mending
approach”® toward pyrrole-modified porphyrins to tris-
modified systems and provides further insight into the
electronic structure of porphyrinoids in which f,4’-double or
single bonds were replaced by lactone moieties, highlighting
their unusual electronic influences on the macrocycle
aromaticity. Mixed pyrrole pyrroline (2 or 1)-oxazolone (1
or 2, respectively) macrocycles formed by osmylation of
porpholactone and porphodilactones. The osmylated com-
pounds represent oxidation state intermediates between the
trilactone and hexahydropyrrocorphin. This is also reflected in
their intermediate aromaticity parameters.

This work expands on the knowledge of pyrrocorphins and
pyrrocorphin analogues and highlights the necessity for three
lactone moieties to be present to sustain a strong macrocycle-
aromatic 7-system in these pyrrocorphin analogues.

B EXPERIMENTAL SECTION

Materials. Solvents and reagents were used as received.

Cetyltrimethylammonium MnO,~ (CTAP) was prepared as
described.*® Porphyrin 1% is commercially available;* porpholactone
4F and bacteriodilactone 5F (as a 1.4:1 mixture of regioisomers 5F-A
and 5F-B) were prepared as previously described.*®

Aluminum-backed, silica gel 60, 250 ym thickness analytical plates
and 20 X 20 cm, glass-backed, silica gel 60, 500 pm thickness
preparative TLC plates and standard grade, 60 A, 32—63 um flash
column silica gel were used. Flash column chromatography was

performed manually or on an automated flash chromatography system
using normal-phase silica gel columns.

CAUTION: OsO, is a highly toxic, volatile solid that must be
handled exclusively under a well-ventilated fume hood. Particular
hazards are inhalation and exposure of the eye to OsO, fumes.
Personal protective equipment (nitrile gloves, lab coat, and safety
goggles) is required. The reactions performed by us were frequently
scaled such that the contents of an entire OsO, ampule could be used
all at once; the ampule was broken open (leather gloves over the
nitrile gloves), and the ampule and cap were immediately dumped
into the reaction flask containing all other solvents and reactants; the
empty glass ampule was retrieved by filtration or with pincers before
the solvent was removed by rotary evaporation. When less than the
contents of an entire OsO, ampule was required, OsO, was dissolved
in distilled pyridine in a 10 or 25 mL volumetric flask; aliquots were
retrieved by syringe. The flasks were well sealed, stored cold, and used
up within days. Wastes that might contain unreacted OsO, were
treated with NaHSO; before disposal.

General Procedure A for the Osmylation of Porphyrins and
Porpholactones, meso-Tetrakis(pentafluorophenyl)-2,3-cis-
7,8-cis-12,13-cis-hexahydroxypyrrocorphin (9). meso-Tetrakis-
(pentafluorophenyl)porphyrin (1F) (200 mg, 0.20 X 107> mol) was
dissolved in CHCl; (20 mL) and freshly distilled pyridine (S mL) in a
50 mL round-bottom flask equipped with a stir bar. The mixture was
treated with 4 equiv of OsO, (0.82 X 107> mol; 5.2 mL of a stock
solution of 1.0 g OsO, dissolved in 25 mL of pyridine) (Caution, see
note above). The flask was stoppered, shielded from light with
aluminum foil, and stirred at ambient temperature. The disappearance
of the starting material/appearance of the product was monitored by
TLC and UV-—vis spectroscopy. Once no further progress of the
reaction was detectable (24 h), approximately 50% of the solvent was
removed by rotary evaporation. A saturated solution of NaHSOj; in
MeOH/H,O0 (1:1) (30 mL) was added to the crude reaction mixture,
the flask was stoppered and wrapped in aluminum foil, and the
biphasic solution was vigorously stirred at ambient temperature for 24
h. Once no further progress of the reaction was detectable by TLC of
the organic layer, the mixture was transferred into a 250 mL
separatory funnel. After the addition of CH,Cl, (~S0 mL), the
organic fraction was separated and 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 (silica—CH,Cl,/1.0% MeOH). The
lowest polarity material was meso-tetrakis(pentafluorophenyl)-2,3-cis-
12,13-cis-tetrahydroxybacteriochlorin 3F-Z (45% yield; 96 mg),” and
the second major fraction was pyrrocorphin 9, isolated in 40% (88
mg) yield as a red-color solid. 9: R; (2% MeOH/CH,Cl,) = 0.22; 'H
NMR (400 MHz, CD;CN): § 6.65 (d, J = 2.3 Hz, 2H), 6.31 (s, 1H),
5.75 (s, 1H), 5.12 (d, J = 5.7 Hz, 2H), 4.93—4.87 (overlapping d,
4H), 3.92 (d, ] = 6.1 Hz, 2H), 3.73 (d, ] = 6.5 Hz, 2H), 3.59 (d, ] =
6.5 Hz, 2H) ppm; '’F NMR (376 MHz, CD,0D): § —138.2 (dd, J =
23.18 Hz, 7.56 Hz, 1F), —139.9 (overlapping dd, J = 23.62, 7.33 Hz,
2F), —144.2 (dd, J = 23.35, 7.58 Hz, 1F), —158.8 (t, ] = 20.01 Hz,
1F), —159.1 (t, ] = 20.08 Hz, 1F), —166.1 (overlapping dd, ] = 21.23,
10.70 Hz, 2F), —166.7 (overlapping dd, J = 21.23, 10.70 Hz, 2F)
ppm; *C{'H} NMR (101 MHz, CD;OD): § 171.1, 152.4, 150.3,
147.5, 147.1, 145.9, 145.1, 144.7, 143.6, 142.5, 140.0, 138.8, 1362,
131.7, 1274, 114.7, 114.5, 114.3, 113.5, 113.3, 113.1, 105.4, 94.2,
76.8, 73.9, 73.8, 70.9, 70.9, 70.8, 70.7, 69.9, 69.8, 69.7, 69.6 ppm;
UV—vis (CH;0H) ., (log €): 360.4 (4.78), 464.5 (3.84), 491.7
(3.90), 529.2 (3.84) nm; HRMS (ESI*, 100% CH,CN, TOF) m/z:
[M + H]* caled for C, H,,F,0N,O, 1077.0823; found, 1077.0780.

General Procedure B for the Oxidation of Dihydroxylated
Porphyrins/Porpholactones to Form meso-Tetrakis-
(pentafluorophenyl)pyrrocorphintrilactones 10. meso-Tetrakis-
(pentafluorophenyl)hexahydroxypyrrocorphin 9 (200 mg, 1.86 X
10~ mol) was dissolved in CH,Cl, (50 mL) in a 50 mL round-
bottom flask equipped with a stir bar. The mixture was treated with
~10 equiv of CTAP (1.0 g 2.05 X 107 mol). The flask was
stoppered, shielded from light with aluminum foil, and stirred at
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ambient temperature. The disappearance of the starting material/
appearance of the product was monitored by TLC. Upon
consumption of the starting material (~15—20 min), the reaction
mixture was passed through a short silica column. CH,Cl, was passed
through the column until the filtrate was only little colored; this
fraction contains mono- and di-porpholactones (ignored here). Then,
the eluent was changed to 10% CH3;OH/CH,CIl, until the polar
products were completely removed. The filtrates were condensed
under reduced pressure. The residue was re-dissolved in 10%
trifluoroacetic acid/CH,Cl, (10 mL) and stirred for about 5 min
(this generates/separates the trilactones from presumably manganese-
containing polar precursors). Then the solvent was removed by rotary
evaporation, and the residue was purified via flash chromatography
(silica—CH,Cl,). Two fractions of trilactones were isolated: purple
solid (10-A) (in 40% yield; 75 mg) and a 2:1 mixture of the two
isomers 10-B and 10-C (in 10% yield; 20 mg).

Alternatively, osmate esters 11, 12, or 13 could be oxidized to
provide essentially the same pyrrocorphintrilactone 10 isomer
distribution as described for the oxidation of 9.

meso-Tetrakis(pentafluorophenyl)-3,7,12-trioxa-2,8,13-trioxo-
pyrrocorphin (10-A). Isolated as a purple solid. Ry (1:1, hexanes/
CH,Cl,) = 0.53; '"H NMR (400 MHz; CDCl,): 6 7.82 (d, ] = 2.3 Hg,
1H), 7.75 (d, J = 3.2 Hz, 1H), 4.00 (s, 1H), 3.94 (s, 1H) ppm; “°F
NMR (376 MHz; CDCL,): § —136.9 (d, ] = 16.5 Hz, 2F), —137.9 (d,
] = 11.8 Hz, 2F), —138.9 (overlapping dd, ] = 23.71, 7.44 Hz, 4F),
—148.6 (t, ] = 20.87 Hz, 1F), —149.1 (t, ] = 20.97 Hz, 1F), —149.8 (t,
J = 20.85 Hz, 1F), —150.1 (t, J = 20.74 Hz, 1F), —160.01 to —160.48
(overlapping td, 8F) ppm; “C{'H} NMR (101 MHz; CDCL): §
1632, 163.1, 162.8, 159.0, 157.3, 156.9, 148.0, 146.9, 146.6, 144.4,
144.1, 1419, 141.4, 139.4, 137.3, 136.8, 135.1, 129.5, 128.9, 127.5,
125.3,123.4, 122.0, 115.3, 111.2, 109.3, 109.2, 104.9, 104.7, 93.8, 29.7
ppm; UV—vis (CH,CL) An., (log £): 4104 (4.95), 477.1 (3.60),
506.2 (3.88), 581.2 (3.95), 637.5 (4.22) nm; fluorescence emission
(j’excimtion = j’Soret) (CHZCIZ) ﬂmax: 652 nm; D = 033; IR (neat,
diamond ATR) ve_o = 1777 cm™'; HRMS (ESI, 100% CH,CN,
TOF) m/z: [M-H] caled for C,H;F,N,O4 1026.9733; found,
1026.9732.

meso-Tetrakis(pentafluorophenyl)-3,8,13-trioxa-2,7,12-trioxo-
pyrrocorphin (10-B). Isolated as a blue solid from a 2:1 mixture of
10-B and 10-C using column chromatography with the help of UV—
vis spectroscopy. Ry (1:1, hexanes/CH,CL,) = 0.27; 'H NMR (400
MHz; CDCly): § 8.29 (d, J = 4.8 Hz, 1H), 8.20 (d, ] = 5.7 Hz, 1H),
1.64 (s, 1H), 1.09 (s, 1H) ppm; F NMR (376 MHz; CDCL): §
—137.09 (d, ] = 13.6 Hz, 2F), —138.05 to —138.28 (m, 4F), —138.82
(d, J = 15.0 Hz, 2F), —148.71 (t, ] = 21.1 Hz, 1F), —149.18 (t, ] =
20.4 Hz, 1F), —149.53 (t, J = 21.1 Hz, 1F), —149.80 (t, J = 21.1 Hz,
1F), —159.76 to —159.96 (m, 2F), —160.34 (ddd, J = 64.0, 21.1, 14.3
Hz, 4F), —160.49 to —160.76 (m, 2F) ppm; “C{'H} NMR (101
MHz; CDCL): § 163.7, 162.3, 158.0, 154.9, 152.6, 146.8, 146.1,
144.3, 140.3, 139.4, 137.7, 136.8, 135.7, 127.6, 127.0, 124.5, 119.5,
118.3, 112.1, 93.7, 93.1, 31.3, 22.4 ppm; UV—vis (CH,Cl,) 4, (log
€): 408 (5.03), 543 (3.89), 581 (4.31), 613 (3.98), 669 (4.40) nm;
fluorescence emission (Aeycitation = Asoret) (CHLCL) A 677 nm; IR
(neat, diamond ATR) vc_g = 1789 cm™; HRMS (ESI, 100%
CH,CN, TOF) m/z: [M — H]~ calcd for C,;H;F,,N,Oq, 1026.9733;
found, 1026.9582.

2:1 Mixture of meso-Tetrakis(pentafluorophenyl)-3,8,13-trioxa-
2,7,12-trioxopyrrocorphin (10-B) and meso-Tetrakis-
(pentafluorophenyl)-3,7,13-trioxa-2,8,12-trioxopyrrocorphin (10-
€. R (1:1, hexanes/CH,CL) = 030; 'H NMR (400 MHz;
CDCl,): 6 8.35 (broad d, 1H (10-C)), 8.30 (broad d, 1H (10-B)),
8.28 (broad d, 1H (10-C)), 8.21 (s, 1H (10-B)), 1.45 (s, 1H (10-
C)), 1.12 (s, 2H (10-B)), 1.02 (s, 1H (10-C)) ppm; ’F NMR (376
MHz; CDCly): § —136.95 (dd, 1F), —137.09 (dd, J = 11.04, 6.32 Hz,
3F), —138.2 (dd, J = 24.11, 6.24 Hz, SF), —138.66 (dd, J = 22.20,
6.68 Hz, 1F), —138.83 (dd, J = 22.02, 6.4, 2F), —139.6 (dd, J =
22.00, 6.68 Hz, 1F), —148.8 (t, ] = 28.04 Hz, 2F), —149.2 (t, | =
20.86 Hz, 1F), —149.5 (t, ] = 20.61 Hz, 1F), —149.8 (t, ] = 20.86 Hz,
2F), —159.9 (overlapping td, 3F), —160.4 (overlapping td, 6F),
—160.7 (overlapping td, 3F), —161.0 (overlapping td, 1F) ppm;

BC{'H} NMR (101 MHz; CDCL): § 163.7, 163.6, 162.3, 162.2,
158.0, 157.9, 157.5, 154.9, 152.6, 151.3, 146.9, 146.1, 146.0, 144.4,
140.3, 139.4, 137.8, 136.9, 136.1, 135.9, 135.7, 131.0, 130.8, 128.7,
127.7, 127.2, 127.0, 125.6, 125.3, 124.5, 123.4, 119.5, 118.4, 117.3,
112.1, 107.6, 102.5, 97.9, 93.8, 93.1, 82.4, 68.1, 38.7, 31.9, 29.7, 23.7,
14.1 ppm; UV—vis (CH,Cl,) A, (log €): 410.4 (5.37), 518.2 (4.54),
668.7 (4.60), 697.9 (4.56) nm; fluorescence emission (Aeycitation =
Asoret) (CH,CLy) A: 675, 706 nm; @ = 0.28; IR (neat, diamond ATR)
Ve—o = 1771.11 em™'; HRMS (ESI-, 100% CH,CN, TOF) m/z: [M
+ HJ* caled for CyHF,N,Of 1028.9884; found, 1028.9896.
[meso-Tetrakis(pentafluorophenyl)-3,7,12-trioxa-2,8,13-
trioxopyrrocorphinatojzinc(ll) (10-A-Zn). Free-base pyrrocorphin-
trilactone 10-A (25 mg, 2.43 X 10~° mol) and Zn(OAc),-2H,0 (54
mg, 2.43 X 107" mol, 10 equiv) were dissolved in DMF (8—10 mL)
and heated to reflux until the reaction was completed (60—7S min;
monitored by UV—vis spectroscopy). After completion, the reaction
mixture was allowed to cool to room temperature and then deionized
water (~50 mL) was added to precipitate the crude product that was
retrieved by microfiltration, followed by drying under vacuum. The
compound was purified by column chromatography (silica—CH,Cl,/
1.0% acetone) to yield 10-A-Zn as a bluish-green solid in 89% yield
(24 mg); Ry (2% acetone/CH,Cl,) = 0.74; '"H NMR (400 MHz,
CDClLy): 6 8.02 (d, J = 4.5 Hz, 1H), 7.95 (d, ] = 4.5 Hz, 1H) ppm; "°F
NMR (376 MHz, CDCl;): § —137.33 (d, J = 16.3 Hz, 2F), —138.50
(d,J=17.7 Hz, 2F), —139.21 (dd, ] = 42.2, 16.3 Hz, 4F), —150.00 (gq,
J=19.8,19.1 Hz, 2F), —150.51 to —150.79 (m, 2F), —160.56 (dt, ] =
23.2, 11.6 Hz, 2F), —160.87 (dq, J = 23.2, 11.6, 8.2 Hz, 6F) ppm;
BC{'H} NMR (101 MHz, CDCL): § 162.8, 162.7, 161.9, 156.9,
156.4, 154.4, 147.9, 147.0, 146.6, 145.8, 144.5, 144.2, 139.3, 139.2,
136.8, 136.7, 133.6, 128.7, 127.3, 123.3, 121.0, 114.4, 111.2, 89.8,
85.1, 29.71, 23.49, 16.83 ppm; UV—vis (CH,Cl,) Ay (log €): 423
(5.07), 534 (3.67), 578 (4.06), 637 (4.40) nm; fluorescence emission
(Aexcitation = Asoret) (CHLCLy) Apa: 649 nm; IR (neat, diamond ATR)
Vco = 1776, 1744 cm™; HRMS (ESI*, 100% CH,CN, TOF) m/z:
[M]* caled for C4H,F,0N,O4Zn, 1089.8946; found, 1089.8937.
meso-Tetrakis(pentafluorophenyl)-
tetrahydroxypyrrocorphinlactone Bis-osmate Ester 11 [1:1 Mixture
of the Regioisomers meso-Tetrakis(pentafluorophenyl)-3-oxa-2-
oxo-7,8-cis-12,13-cis-tetrahydroxypyrrocorphin Bis-osmate Ester
(11-A) and meso-Tetrakis(pentafluorophenyl)-2-oxa-3-oxo-7,8-
cis-12,13-cis-tetrahydroxypyrrocorphin Bis-osmate Ester (11-B)].
Prepared according to general procedure A by osmylation of
porpholactone 4F (50.0 mg, 5.03 X 10° mol) in CHCl; (12 mL)
and freshly distilled pyridine (2 mL) in a S0 mL round-bottom flask
treated with 2.5 equiv of OsO, (1.26 X 10™* mol; 0.8 mL of a stock
solution of 1.0 g OsO, dissolved in 25 mL of pyridine). Purification
via automated flash chromatography (silica cartridge—CH,Cl,/1.5%
MeOH). The lowest polarity material 11 (1:1 regioisomeric mixture)
was isolated in overall 20% (18 mg) yield as a brick-red solid. Ry (2%
methanol/CH,Cl,) = 0.23; "H NMR (400 MHz; CDCl,): § 8.70 (d, J
= 5.4 Hz,2H), 8.65 (d, ] = 5.1 Hz, 2H), 8.59 (d, ] = 5.2 Hz, 2H), 8.55
(d, ] = 5.1 Hz, 2H), 7.96—7.82 (m, 4H), 7.50 (t, ] = 6.2 Hz, 4H), 7.42
(dt, J = 13.9, 7.1 Hz, 4H), 7.14 (d, ] = 42 Hz, 1H), 6.77 (d, ] = 2.2
Hz, 1H), 6.01 (d, ] = 6.8 Hz, 1H), 5.96 (d, ] = 5.0 Hz, 1H), 5.80 (d, J
= 6.9 Hz, 1H), 5.78—5.73 (m, 2H), 5.15 (s, 1H). ’F NMR (376
MHz; CDCly): § —135.15 (overlapping td, ] = 27.2, 26.2, 8.2 Hz, 2F),
—136.58 (overlapping dd, J = 24.2, 7.8 Hz, 1F), —137.92 (dd, ] =
24.5,7.5 Hz, 1F), —139.49 (dd, J = 23.2, 8.2 Hz, 1F), —139.72 (dd, J
=23.8, 8.9 Hz, 1F), —140.32 (dd, ] = 23.8, 8.2 Hz, 1F), —140.65 (dd,
] =24.5,89 Hz, 1F), —153.23 (t, ] = 21.1 Hz, 1F), —154.54 (td, ] =
20.8, 8.5 Hz, 2F), —155.33 (t, J = 21.1 Hz, 1F), —161.99 to —162.79
(m, 4F), —163.44 to —163.97 (m, 2F), —164.33 (dt, ] = 74.9, 21.1 Hz,
2F). BC{'H} NMR (101 MHz; CDCL,): § 174.7, 165.0, 158.6, 156.6,
154.6, 152.3, 149.6, 149.4, 141.0, 140.8, 140.6, 140.5, 138.7, 138.4,
1374, 13622, 135.9, 131.1, 127.7, 125.4, 125.3, 125.2, 125.1, 123.9,
121.1, 1158.8, 113.9, 112.2, 110.9, 110.1, 104.0, 96.0, 95.7, 91.9, 91.3,
90.9, 84.7 ppm; UV—vis (CH,CL,) 4,., (log €): 367 (5.06), 384
(5.26), 519 (4.34), 558 (4.33) nm; IR (neat, diamond ATR) vc—g =
1764 cm™; like all hydroporphyrin osmate esters, no molecular peak
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could be detected in the ESI* or ESI” MS (100% CH,;CN, 5—30 V
cone voltage).
meso-Tetrakis(pentafluorophenyl)-

dihydroxypyrrocorphindilactone Osmate Ester 12 and meso-
Tetrakis(pentafluorophenyl)tetrahydroxypyrrocorphindilactone Bi-
sosmate Ester 13. Prepared according to the general procedure by
the oxidation of bacteriodilactone 5¥ (50.0 mg, 4.95 X 10~° mol) in
CHCl; (12 mL) and freshly distilled pyridine (2 mL) in a SO mL
round-bottom flask and 5 equiv of OsO, (2.50 X 10™* mol; 6 mL of a
stock solution of 1.0 g OsO, dissolved in 25 mL of pyridine).
Purification via automated flash chromatography (silica cartridge—
CH,Cl,/1.0% MeOH). The lowest polarity material 12 (1:0.6
mixture of cis/trans isomers) was isolated in 16—20% (11—14 mg)
yield as a pink-colored solid, and 13 (1:1 mixture of isomers) was
isolated in 21—25% (19—23 mg) yield as a blue-colored solid. 1:0.6
Mixture ofmeso-tetrakis(pentafluorophenyl)-3,12-dioxa-2,12-
dioxo-7,8-cis-dihydroxypyrrocorphin osmate ester (12A) andme-
so-tetrakis(pentafluorophenyl)-2,12-dioxa-3,12-dioxo-7,8-cis-dihy-
droxypyrrocorphin osmate ester (12B). 12 (1:0.6 mixture of 12-A
and 12-B isomers): isolated as a pink-colored crystalline solid (16%;
11 mg yield). R (5% methanol/CH,Cl,) = 0.89; 'H NMR (400 MHz,
CDClLy): 6 8.61 (d, ] = 5.3 Hz, 4H (12-B)), 8.59 (d, ] = 5.2 Hz, 2H
(12-A)), 8.00 to 7.97 (overlapping t, 3H (12-A and 12-B)), 7.68 (d,
= 1.7 Hz, 1H (12-B)), 7.64 (t, J = 0.7 Hz, 1H (12-B)), 7.50
(overlapping dt, J = 12.6, 6.5 Hz, 6H (12-A and 12-B)), 7.30 (d, ] =
2.0 Hz, 2H (12-A)), 6.37 (d, ] = 6.9 Hz, 1H (12-B)), 6.31 (d, ] = 6.9
Hz, 1H, (12-B)), 6.14 (s, 1H (12-A)), 6.12 (s, 2H, (12-A)), S.14 (s,
1H, (12-A)), 3.69 (s, 1H, (12-B)), 3.13 (s, 1H, (12-B)) ppm; “F
NMR (376 MHz; CDCl,): § —135.42 (dd, J = 24.10, 6.59 Hz, 1F
(12-B)), —135.55 (dd, J = 24.10, 6.59 Hz, 2F (12-A)), —136.28 (dd, |
= 24.10, 6.59 Hz, 1F, (12-B)), —136.92 (dd, J = 24.10, 6.59 Hz, 1F,
(12-B)), —137.33 to —137.44 (overlapping dd, J = 24.10, 6.59 Hz, 2F
(12-B)), —139.10 to —139.20 (overlapping dd, J = 24.10, 6.59 Hz, 2F
(12-B)), —139.29 (overlapping dd, J = 22.96, 7.76 Hz, 4F (12-A)),
—139.75 (overlapping dd, J = 23.71, 6.90 Hz, 2F (12-A)), —139.94
(dd, J = 23.79, 6.86 Hz, 1F (12-B)), —140.3 (dd, J = 23.80, 7.04 Hz,
1F (12-B)), —151.0 (t, J = 20.93 Hz, 1F (12-B)), —151.55 to
—151.84 (m, 2F (12-A) & 1F (12-B)), —152.86 (t, ] = 20.99 Hz, 2F
(12-A)), —153.16 (t, J = 21.04 Hz, 1F (12-B)), —160.67 to —160.96
(overlapping td, J = 22.45, 11.04 Hz, 2F (12-B)), —161.06 to
—161.74 (overlapping td, ] = 21.96, 7.24 Hz, 6F (12-A)), —162.10
(td, J = 22.31, 6.74 Hz, 1F (12-B)), —163.10 (td, J = 21.44, 7.18 Hz,
2F (12-A)), —163.16 (d, ] = 24.15, 8.20 Hz, 1F (12-B)) —163.71 to
—164.03 (m, 2F (12-B)) ppm; *C{'H} NMR (101 MHz; CDCl,): §
1647, 1642, 162.8, 159.1, 156.5, 154.8, 154.4, 151.1, 149.8, 147.8,
146.7, 1454, 144.1, 141.4, 141.3, 139.3, 136.8, 134.9, 134.4, 128.1,
1269, 126.5, 125.7, 122.9, 121.7, 121.5, 112.1, 92.2, 91.6, 86.4, 29.8
ppm; UV—vis (CH,Cl,) Ap.o (log €): 388.9 (4.94), 4852 (3.62),
514.8 (3.99), 553.7 (4.27), 579.6 (3.78), 624.1 (3.95) nm;
fluorescence emission (Aecition = Asorer) (CHLCL) A 561, 605,
637 nm; @ = 0.04; IR (neat, diamond ATR) vc_o = 1768 cm™; like
all hydroporphyrin osmate esters, no molecular peak could be
detected in the ESI* or ESI” MS (100% CH;CN, 5—30 V cone
voltage). 1:1 Mixture ofmeso-tetrakis(pentafluorophenyl)-3,12-
dioxa-2,13-dioxo-7,7,8,8-bis(cis-dihydroxy)pyrrocorphin bisos-
mate ester (13-A) andmeso-tetrakis(pentafluorophenyl)-2,12-
dioxa-3,13-dioxo-7,7,8,8-bis(cis-dihydroxy)pyrrocorphin bisos-
mate ester (13-B). (cis/trans (1:1) mixture of isomers): isolated as
blue-colored powder (25%; 23 mg yield). Ry (5% methanol/CH,Cl,)
= 0.48; '"H NMR (400 MHz; CDCl,): 6 8.79—8.75 (overlapping d, |
= 8.75 Hz, 8H (13-A and 13-B), 7.91—-7.86 (overlapping t, ] = 7.38
Hz, 4H (13-A and 13-B)), 7.66 (d, ] = 4.40 Hz, 1H (13-B)), 7.45 (d,
] = 440 Hz, 1H (13-B)), 7.47—7.42 (overlapping td, ] = 6.37, 1.90
Hz, 8H (13-A and 13-B)), 7.29 (d, ] = 2.30 Hz, 2H, (13-A)), 5.95 (s,
1H (13-A)), 5.00 (s, 1H (13-A)), 3.55 (s, 1H (13-B)), 3.08 (s, IH
(13-B)) ppm; "’F NMR (376 MHz; CDCL;): § —134.97 (d, ] = 23.2
Hz, 2F), —135.06 to —135.29 (m, 4F), —135.71 (d, ] = 24.5 Hz, 2F),
—137.39 (d, ] = 24.5 Hz, 2F), —139.09 to —139.34 (m, 6F), —151.74
(t, ] = 21.8 Hz, 1F), —152.20 to —152.39 (m, 3F), —154.68 (t, ] =
20.4 Hz, 3F), —155.21 (t, ] = 21.8 Hz, 1F), —161.26 (t, ] = 18.4 Hz,

2F), —161.50 to —161.94 (m, 6F), —165.18 to —165.57 (m, 6F),
—166.02 (t, ] = 19.1 Hz, 2F). ppm; “C{'H} NMR (101 MHz;
CDClL,y): § 1652, 164.8, 163.3, 159.8, 157.6, 154.6, 153.0, 151.9,
150.9, 150.5, 150.1, 149.9, 147.9, 146.8, 145.4, 144.2, 142.5, 141.1,
139.3, 1382, 136.8, 135.8, 134.7, 134.2, 133.9, 131.4, 131.3, 130.8,
128.3, 126.8, 125.3, 122.4, 121.1, 120.8, 110.7, 109.6 ppm; UV—vis
(CH,CL) Apew (log €): 385.6 (4.91), 486.1 (3.62), 520.1 (3.95),
560.6 (4.20), 625.4 (4.0) nm; IR (neat, diamond ATR) vc—q = 1770
cm™; like all hydroporphyrin osmate esters, no molecular peak could
be detected in the ESI" or ESI” MS (100% CH,CN, 5—30 V cone
voltage).
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